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and always o↵ers me invaluable assistance.

I wish to thank my family for their endless support and encouragement during my entire

life.

i



Abstract & Keywords

Abstract

The highly flexible nature of intrinsically disordered proteins (IDPs) confers them func-

tional advantages complementary to those resulting from the presence of a stable three

dimensional structure. This is becoming evident thanks to recent active research in the

field of IDPs, introducing a new dimension to the structure-function paradigm to account

for the existence of protein disorder. NMR thus becomes a strategic tool of investigation.

Nevertheless, the particular properties of IDPs, such as high flexibility and solvent expo-

sure of the backbone, should be taken into account when optimizing and designing NMR

experiments.

During my doctorate I focused on the development of NMR methods for the characteriza-

tion of IDPs and on their application to study challenging systems. The new experiments

developed address the issues of the NMR studies conducted at close to physiological con-

ditions (temperature and pH). Longitudinal relaxation enhancement techniques are ex-

ploited to increase sensitivity of exclusively heteronuclear experiments, and to study local

compactness and solvent accessibility of di↵erent regions in IDPs. New high dimensional

experiments for sequence specific assignment of IDPs are proposed completing the suite

of 4D/5D experiments that exploit correlations involving carbonyls and nitrogens (“CON-

CON” strategy).

NMR experiments, tested on ↵-synuclein, a well characterized IDP, were also applied for

the investigation of two IDPs of viral origin that play crucial roles in carcinogenesis, the E7

protein from human Papillomavirus and the E1A protein from human Adenovirus. IDPs

are extensively exploited by viruses to imitate interaction sites of the host regulatory and

signaling proteins, and thus force the infected cell to create friendly environment for viral

replication. However, the molecular basis of how this is achieved is still not fully under-

stood. The atomic level characterization of the structural and dynamic properties of IDPs

involved in viral infection is expected to contribute to the understanding of underlying
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molecular mechanisms.

Keywords
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Chapter 1

Introduction

Our current understanding of protein function is largely influenced by the vast amount of

three dimensional structures of proteins deposited in the PDB.1 The information available

in the PDB contributed to the formulation of the so-called “structure function paradigm”

which essentially states that the function of a protein is uniquely determined by its three

dimensional structure (Amino acid sequence ! 3D structure ! Function). Indeed the

three dimensional structures available in the PDB contribute to explaining the molecular

basis related to protein function in a variety of di↵erent cases. Moreover the information

on protein structure has contributed to the design of new drugs. However, recent evidence

accumulating at an increasing speed shows that proteins characterized by a stable three

dimensional structure constitute only a fraction of the functional proteins, with many of

them being intrinsically disordered (IDPs) or harboring intrinsically disordered regions

(IDPRs). The high flexibility and the many conformations accessible to these proteins at

room temperature can provide them functional advantages that are highly complementary

to those deriving from the presence of uniquely defined local environments associated to a

stable three dimensional structure. This idea now seems so simple and intuitive that one

may ask why it took such a long time to be accepted by the scientific community. Indeed,

the propensity of a protein to adopt a more compact or disordered conformation is written

directly into its primary sequence as it has recently been proved through bioinformatics

studies on a large number of proteins sequences. [1, 2] The initial key studies confirming

the importance of protein intrinsic disorder, the variety of functional advantages deriving

from protein intrinsic disorder, and the role of intrinsic disorder in several diseases are

discussed in this first chapter.

1http://www.rcsb.org/pdb/statistics/holdings.do
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1.1. Intrinsically disordered proteins (IDPs) coming on the scene

1.1 Intrinsically disordered proteins (IDPs) coming on the

scene

Despite the fact that proteins or protein regions without a stable 3D structure but still

biologically active were repeatedly observed and reported in the literature, they were taken

more as rare exceptions than as a general phenomenon. Just to name a few, nonhistone

chromosomal proteins [3–5], microtubule associated protein 2 (MAP2) [6], calmodesmon

[7], cAMP-dependent protein kinase inhibitor [8], tau protein [9], heat shock transcription

factor [10], and ↵S-casein [11], they all share the common feature of disorder being crucial

for their function. A complete overview of such proteins is summarized in several recent

reviews. [12, 13]

Even though several scientists pointed out that many critical cellular events cannot

depend upon the precise three dimensional structural complementarity of the interacting

proteins [14,15], the importance of structural disorder has not been recognized for a long

time. The situation changed at the turn of the century. The thorough investigation of the

available literature data and a comprehensive bioinformatics analysis disclosed the com-

mon features of disorder in proteins. [12,16] Paradoxically, the data available in the PDB

were also very useful for this purpose as most of the bioinformatic tools to predict intrinsic

disorder come from studying regions of missing electron density maps in the deposited 3D

protein structures. The combination of the low content of hydrophobic residues (leading

to low hydrophobic driving force for protein compaction) and high content of charged

residues (leading to strong electrostatic repulsion) represent important prerequisites for

the absence of a compact structure in a protein under the physiological conditions. On this

basis the first neural network predictors of structural disorder were developed and applied

to the Swiss Protein Database. [1, 2] Disordered regions of at least 40 consecutive amino

acids were identified in more than 18% of the deposited protein sequences. [2] These find-

ings were further supported when bioinformatic predictors of disorder, such as PONDR,

were applied on the set of protein sequences from 34 complete genomes indicating that

eukaryotes have a higher percentage of proteins with long disordered regions (27-41%)

than archaea (4-24%) or bacteria (2-21%). [17] This ultimately leads to the formulation

of the important hypothesis that naturally flexible proteins, instead of being just rare

exceptions, represent a very broad class of proteins. [12, 18, 19]

Since the information about such proteins was very sparse, a multitude of di↵erent

terms was used in the literature to describe these non-traditional proteins. [20] Recently

it was proposed to use the term intrinsically disordered protein (IDP) or intrinsically dis-
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1.2. Functional basis of IDPs

ordered protein region (IDPR) to indicate polypeptide chains that lack a stable, unique,

well defined 3D structure. Their native state resembles the denatured state of globular

proteins, which enables them to carry out important biological functions, highly comple-

mentary to those generally associated to the presence of a stable 3D structure, such as

signaling and regulation. As the final step of the general acceptance of the importance of

IDPs, the DisProt database [21] was created to collect all scattered experimental data on

IDPs. The latest release (May 2014) of DisProt contains 1539 disordered regions in 694

IDPs.2 More recently the pE-DB [22] was also created to host, in addition to experimen-

tal data containing structural and dynamic information such as NMR and SAXS data,

also the three dimensional structural ensembles that can be generated with a variety of

di↵erent approaches in agreement with experimental data. [23] As the field of IDPs is in

fast development this database is expected to stimulate further progress in this area.

IDPs can be described as dynamic ensembles of multiple conformations separated by

low free-energy barrier, which constantly undergo non-cooperative conformational changes.

Structural disorder is present in the proteins to the various extent, ranging from fully

disordered proteins to partially folded pre-molten globules with various amounts of sec-

ondary/tertiary residual structure to rather compact states similar to molten globules

(Figure 1.1). [24, 25]

Figure 1.1. A continuous emission spectrum representing the fact that functional proteins can be

disordered to di↵erent extents ranging from fully ordered to completely disordered, highly flexible proteins,

with many intermediate states. Adapted from [26]

1.2 Functional basis of IDPs

Certain biological functions, such as enzyme catalysis, immunological recognition, or

molecular discrimination by receptors, demand precise control of 3D structure. In con-

2http://www.disprot.org
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1.2. Functional basis of IDPs

trast, the conformational plasticity of IDPs and IDPRs provides them with a wide range

of exceptional functional advantages over the functional modes of ordered proteins and

domains, as extensively discussed in several recent reviews. [26–28] Some examples are

schematically summarized hereafter:

• the ability of IDPs and IDPRs to adapt their conformations to the template provided

by binding partners (binding plasticity);

• the possibility of overlapping binding sites due to their extended conformations;

• the ability of a single disordered region to bind several structurally diverse partners

(one-to-many binding);

• the possibility of many di↵erent IDPRs to bind to a single structured protein (many-

to-one binding);

• increased interaction surface per residue respect to globular proteins;

• accessible sites for post-translational modifications (PTM), a feature that allows

e�cient structural and functional regulation (phosphorylation, acetylation, ubiqui-

tination, etc.);

• the combination of high specificity and low a�nity, especially useful in regulatory

interactions where turning a signal on is of the same importance as turning it o↵;

• production of functionally diverse forms of IDPs by alternative splicing (given the

existence of multiple functions in a single disordered protein, and given that each

functional element is typically relatively short, alternative splicing could readily

generate a set of protein isoforms with a highly diverse set of regulatory elements).

[29]

IDPs are thus related to the many functions that are di�cult to be encoded by stable

3D structures such as cellular control, signaling, regulation and recognition. [24, 30–32]

The various protein functions, in which intrinsic disorder is involved, are summarized in

Figure 1.2. The ability of an IDP to fulfill more unrelated, or at least not obviously

related, functions, sometimes described as “moonlighting ability”, represents a possible

way to increase the organisms complexity without expensive expansion of the genome

size. [33, 34]

The structural flexibility of IDPs and IDPRs allows them to participate in various, at

first sight, unrelated events, where disorder has opposite e↵ects (inhibition or activation)
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1.2. Functional basis of IDPs

Figure 1.2. A schematic representation of intrinsic disorder in protein function. Adapted from [27]

on di↵erent partners or even on the same partner molecule under di↵erent conditions. [34]

The peculiar properties of IDPs/IDPRs allow them to in play key roles in cellular signaling

networks acting as hub proteins. Indeed signaling interactions inside the cell can be

considered as “scale-free” networks, which have hubs with many connections, and ends

connected just to one neighbor. [35–37] The suitability of IDPs to act as hub proteins is

supported by the systematic analysis of known hub proteins and by a several comprehensive

bioinformatics studies. [38, 39]

The highly dynamical nature of IDPs in their native state, has also important conse-

quences on the mode of interaction with partners, definitely di↵erent from the lock and

key mechanism that has for so long influenced our minds. Indeed, IDPs are character-

ized by very diverse range of binding modes respect to those involving globular proteins.

The term “molecular recognition features” (MoRFs) has been introduced to define com-

pact intrinsically disordered interaction interfaces (less than 30 residues) that undergo

disorder-to-order transitions upon specific binding into a grove at the surface of the or-

dered partner. [40] This phenomenon is often referred to as folding upon binding and many

examples have appeared in the literature. Structurally, MoRFs are classified according to

their fold upon binding: ↵-MoRFs form ↵-helices, �-MoRFs form �-strands, and i -MoRFs

form structures without a classic secondary structure pattern. [13] Generally, each MoRF

contains at least one short linear motif (SLiM), a short sequence (three to ten residues)

with the function encoded in the highly evolutionary conserved amino acid pattern. [41,42]

However, contrary to the initial belief that folding would be necessary for binding, a va-

riety of di↵erent examples showed that some IDPs/IDPRs do not fold upon interaction,

but that they rapidly probe the surface of their interaction partner while simultaneously
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1.2. Functional basis of IDPs

changing multiple low-a�nity binding sites and forming so-called fuzzy complexes. [43,44]

Finally, IDPs/IDPRs can form relatively static complexes, which however display a much

larger range of interaction modes respect to complexes involving globular proteins. This

vast range of interaction modes, described through a variety of terms, such as wrappers,

chameleons, penetrators, huggers, intertwined strings, long cylindrical containers, connec-

tors, armature, tweezers and forceps, grabbers, tentacles, pullers, stackers or �-arcs, and

MoRFs, is schematically shown in FIgure 1.3. [45]

Figure 1.3. An illustrative examples of various interaction modes of intrinsically disordered proteins.

a. MoRFs; b. wrappers; c. penetrator; d. huggers; e. intertwined strings; f. long cylindrical containers;

g. connectors; h. armature; i. tweezers or forceps; j. grabbers; k. tentacles; l. pullers; m. chameleons; n.

stackers or �-arcs; o. fuzzy complexes. Adapted from [45]
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1.3. IDPs and diseases

1.3 IDPs and diseases

Since disorder is highly abundant in eukaryotes and often plays crucial roles in many

biological processes, it is not surprising that IDPs are also implicated in various human

diseases.

The most well-known diseases in which they are involved are neurodegenerative dis-

eases, such as Alzheimers and Parkinsons diseases. They are caused by misfolding and

aggregation of an IDP, an IDPR or even a short exposed loop that can change conforma-

tion, and lead to the formation of amyloid fibrils. [46–48] These pathologies then manifest

themselves when significant amounts of filamentous aggregates accumulate in the a✏icted

tissue, e.g. in the case of the Alzheimers and Parkinsons diseases in brain tissue. [49, 50]

IDPs are also involved in pathologies associated with cell cycle deregulation as many of

them are engaged in recognition, regulation, cellular signaling processes. One of such ex-

amples is the well-characterized tumor suppressor p53 protein, which occupies the center

of a large signaling network. When p53 function is lost, either directly through muta-

tions or indirectly through several other mechanisms, the cell often undergoes cancerous

transformation. [51, 52] Many other examples of IDPs involved in cancer, cardiovascular

diseases, neurodegenerative diseases, amyloidosis have recently been identified through

bioinformatics tools for protein disorder predictions. [53]

IDPs have interesting properties also for viruses. The latter are generally characterized

by small genomes, encoding only a few proteins, and need “economical ways” in terms of

genome usage to carry out a variety of di↵erent functions, interfere with the host cell and

hijack cell regulation. One powerful strategy that viruses have developed in order to seize

control over the host cell is based on the extensive mimicry of host proteins short linear

motifs (SLiMs). [54] Therefore the exposed backbones of IDPs make a larger number

of SLiMs accessible in comparison to folded proteins of similar size. The possibility to

harbor a variety of di↵erent SLiMs in protein sequences is also related to the role of viral

IDPs as hub proteins, another interesting property to interfere with the metabolism of the

host cell. Many viral IDPs have been recently extensively characterized revealing several

interesting mechanisms related to viral infection. [54] Some viruses have the potential to

deregulate cellular pathways and thus induce uncontrolled proliferation as an unfortunate

side e↵ect of the infection leading to cancer. [55] On the other hand, the viruses with

anti-carcinogenic e↵ect were identified as well. [56] The two protein target selected for

NMR characterization in this thesis are of viral origin and related to oncogenic processes

(E7 from human Papillomavirus and E1A from human Adenovirus). They are described

7



1.4. High resolution structural and dynamic investigation of IDPs

more in detail in Chapter 4.

1.4 High resolution structural and dynamic investigation of

IDPs

The detailed characterization of such diverse structural and dynamical properties of IDPs

is not a simple task. X-ray crystallography, historically the main technique to access high-

resolution information on large biomolecules, is not suitable for IDP investigation as they

rarely crystalize and even if they would, the spatial constrains in the crystal would trap

IDP in one of its many conformations. This would provide just information on one of the

many states that the protein can adopt, giving a very inaccurate picture of the protein.

Therefore, NMR provides a unique spectroscopic technique to access atomic-resolution

information on structurally and dynamically heterogeneous biomolecules. It allows the

study of the structural and dynamic properties of IDPs in conditions close to the physio-

logical ones, or directly inside the cell, as well as their interactions with multiple binding

partners. [57] For a long time, under the influence of structure-function paradigm, most

of the investigated proteins were characterized by a stable 3D structure and guided the

optimization of NMR experiments. [58] Thus, new NMR methods need to be designed,

or conventional techniques developed for folded proteins need to be adapted to account

for the particular spectroscopic properties of IDPs. This topic is discussed in detail in

Chapters 2 and 3.
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Chapter 2

NMR challenges to study 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 experiments provide the natural

starting point for the NMR investigation of IDPs. However, the peculiar properties of

IDPs have a strong impact on NMR experiments and spectral parameters. This means

that conventional NMR experiments need to be improved for the specific properties of

highly disordered proteins in order to study IDPs of increasing size and complexity.

In order to better explain the impact of di↵erent extents of local mobility, structural

order and disorder on the NMR spectral parameters, the principal features that distinguish

a well-folded globular protein from a largely unfolded and highly flexible IDP are illustrated

in Figure 2.1.

Hydrophobic interactions and the formation of hydrogen bonds are the main driving

forces for the folding process of a polypeptide chain into a 3D structure, and for the sta-

bilization of compact globular folds. The main consequences of a compact structure, that

are of importance for the NMR properties of the molecule, are a higher proton density, the

exclusion (to a large extent) of water from the interior of the protein, and, to a first rough

approximation, the possibility to describe the random motions of a structured protein by

an overall rotational correlation time. The high proton density and the large rotational

correlation time makes the 1H-1H NOEs the main source of structural information for

globular proteins, whereas they are only of little use in IDP research, where the e↵ect is

mainly restricted to proton pairs that are close in the primary sequence and is on average

smaller than for globular proteins.

The dynamic behavior of IDPs is significantly di↵erent from that of structured proteins,

as a result of the di↵erent energy landscape that is responsible for the high flexibility

9



Figure 2.1. Schematic illustration of di↵erences between structured and intrinsically disordered pro-

teins (for clarity reasons the molecules of water were omitted in the ensemble of IDP conformers).

typical of IDPs and allows easy inter-conversion between a many di↵erent conformations.

Therefore, even to a first approximation, a single overall rotational correlation time cannot

be defined for IDPs and local e↵ective correlation times are on average smaller respect to

those used to describe structured proteins of similar size. The di↵erences in 1H density and

molecular dynamics have also a strong influence on the chemical shifts and the relaxation

parameters. Conformational averaging drastically reduces contributions to chemical shifts

deriving from the local environment and causes problems of severe resonance overlap.

The high flexibility of IDPs has a strong impact on nuclear relaxation rates. Depending

on the time scale of motions, several situations can be encountered, ranging from very

large contributions to relaxation rates due to exchange processes, up to the case where

lines are broadened beyond detection, to very fast motions that instead largely reduce

contributions to relaxation rates, as often encountered for highly flexible IDPs amenable

to NMR characterization. The latter type of IDPs result thus very good targets for

NMR investigations as a variety of complex experiments can be planned and the narrow

line-widths contribute to the better resolution of the NMR spectra. Finally, IDPs are

also characterized by non-compact, elongated conformations and the exposure of labile

protons, e.g. amide protons, to the solvent results in higher exchange rates. Indeed, the

measurement of solvent exchange rates is used routinely to distinguish between highly

structured and disordered regions of proteins by identifying solvent exposed and solvent

10



2.1. Spectral resolution

protected amide sites. [59, 60] Approaching physiological pH and temperature, exchange

rates of solvent exposed amide protons may broaden resonances beyond detection and in

this case alternative nuclear spins respect to amide protons should be detected to access

information through NMR.

The amino acid sequences of IDPs also have distinctive features that have an impact

on NMR spectra. They can be highly repetitive [19] with long amino acid stretches

constituted by only one or by a few amino acid types (low-complexity regions), that are

expected to cause further problems of cross peak overlap. In addition, IDPs are typically

characterized by large proline content [61] (Figure 2.2), which also needs to be accounted

when choosing the most appropriate experimental strategy as amide protons are lacking

in prolines which means that they cannot be monitored through 2D 1H-15N correlation

experiments. The main bottlenecks for NMR studies of IDPs will be briefly discussed in

the following paragraphs.

Figure 2.2. Fractional di↵erence in the amino acid composition between the typical IDPs from Disprot

database [21] and a set of proteins with the stable 3D structure [62] calculated for each amino acid type.

Fractional di↵erence was calculated as: (C
DisProt

� C
PDB

)/C
PDB

, where C
DisProt

is the content of a

given residue type in a DisPropt database and C
PDB

is corresponding content in the dataset of well-folded

proteins. Positive bars correspond to residues found more abundantly in IDPs, whereas negative bars show

residues, in which IDPs are depleted. Adapted from [61]

2.1 Spectral resolution

In order to extract structural and dynamic information for single nuclear sites in an IDP,

su�cient spectral resolution to distinguish individual resonances (or correlation peaks) is

required. The first consequence of the lack of a stable structure is the averaging of a large

11



2.1. Spectral resolution

part of the contributions from the local chemical environment to the chemical shift. This

results in a drastic reduction of the chemical shift ranges for the di↵erent nuclear spin

species (1H, 13C, 15N), and thus in strong overlap in the corresponding NMR spectra.

This resolution problem is especially pronounced for 1H NMR. It is well known from

studies of unfolded protein states that 13C and 15N nuclei show superior chemical shift

dispersion compared to 1H. [63, 64] This is definitely an interesting property provided

it also holds for IDPs. As an example, Figure 2.3 shows the chemical shift dispersion

observed for three backbone nuclear spins, 1HN, 13C' and 15N in ↵-synuclein, a well-

characterized IDP. It is clear that also in the absence of a global structure the chemical

shift dispersion increases from 1HN to 13C' to 15N. The same holds for aliphatic and

aromatic spin pairs, with 13C yielding a higher resolution in the NMR spectrum than the

attached 1H. Therefore the improved frequency resolution in 13C and 15N dimensions on

multidimensional NMR spectra will be crucial for the study of IDPs.

Figure 2.3. The di↵erence of the 1H, 13C and 15N chemical shift dispersion of the IDPs is illustrated

on the 1D spectra of ↵-synuclein. Adapted from [65]

Moreover, because of the lack of structuring chemical environments, the nuclei within

the repetitive elements in the primary sequence will resonate at nearly identical NMR

frequencies. As a consequence, to obtain resolved NMR correlation peaks for such peptide

stretches, more than three dimensions in NMR experiments might be required.

In general, identifying strategies to overcome the problem of resonance/cross-peak

overlap is of key importance to be able to study IDPs of increasing size and complexity.

Several strategies can be used to address this critical point: exploitation of the favorable
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2.2. Experimental sensitivity

resolution of heteronuclei in NMR spectra; high-dimensional experiments; selection of
15N spin states with favorable transverse relaxation properties; the use of semi-constant

time editing in indirect dimension to enhance the spectral resolution while still exploiting

spin evolution during a coherence transfer delay; correlation of nuclei of neighboring amino

acids; amino acid selection to simplify spectra and identify residue types.

2.2 Experimental sensitivity

From an NMR sensitivity point of view the high flexibility of IDPs has both advantages and

disadvantages. The fast timescale molecular motions in IDPs are responsible for reduced

e↵ective rotational correlation times, a feature that contributes to long spin coherence

lifetimes (long T2) 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

of large size. 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 regions with a significant amount of transient structure, this

is no longer the case. This results in a large dynamic range of peak intensities observed

in the NMR spectra.

This feature becomes even more pronounced for more complex NMR experiments in-

volving an increasing number of transfer steps and frequency editing periods. The e↵ect

of partially structured peptide regions and of extensive conformational dynamics on the

NMR spectra can become so pronounced that most of the nuclear spins are a↵ected. No

solutions, or only very limited ones, remain to study by NMR proteins characterized by

strongly line-broadened resonances. Examples that falls 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.

In some cases, sensitivity can also be reduced because of protein aggregation. Ten-

dencies for aggregation can hamper NMR studies of these proteins, because it limits the

maximal protein concentration in the NMR sample tube. On the other hand, in some

cases higher molecular mass aggregates become amenable to other NMR techniques, such

as solid-state MAS NMR. [66–68]
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2.3. Experimental time requirements

2.3 Experimental time requirements

Sample stability problems are often encountered because of aggregation, as mentioned

before, or proteolytic degradation of IDPs. If the temperature stability of the protein

permits, the proteases can be deactivated by heat denaturation. However, if the IDP

retains significant residual structure, this is often not a valuable option as extensive heat

treatment may result in irreversible changes of the structural features. 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,...) experiment seem

to be contradictory, but they can be reconciled by the use of fast NMR data acquisition

techniques such as longitudinal relaxation enhancement [69–71] and non-uniform sampling

[72,73].

2.4 Sample optimization

The conformational dynamics and transient structure of IDPs are highly sensitive to ex-

perimental conditions such as bu↵er composition, salt concentration, pH, or temperature.

Under certain conditions, some parts of the IDP may undergo 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 experimental conditions, one may want to study the IDP under physiological con-

ditions, such as neutral pH and high temperature. Also IDPs are frequently subjected to

post-translational modifications, thus to study such events elevated pH and temperature

are often required to ensure optimal enzyme activity.

The lack of a stable 3D structure, in combination with increased temperature and

neutral pH leads to fast exchange of amide (and other labile) protons with water protons.

The chemical exchange rates also depend on the chemical environment (amino acid com-

position), and they cover a range of two orders of magnitude even for unprotected amide

sites. Fast hydrogen exchange leads to extensive line broadening of amide resonances,

resulting again in missing correlation peaks and, more generally, a heterogeneous peak

intensity distribution.

Finally, in-cell NMR can be used in order to experimentally show that IDPs remain
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2.5. High content of proline residues

flexible in vivo and that disorder is not just an artifact of the chosen sample conditions.

2.5 High content of proline residues

Further problems occur because of the typically large proline content in the amino acid

sequence of IDPs as mentioned before. As prolines do not have backbone amide protons,

they do not give signals in amide 1H detected NMR spectra and thus present breakpoints

in the common sequential backbone resonance assignment strategy based on 1HN detected

triple-resonance experiments. In addition proline residues cannot be investigated through

2D 1H-15N correlation experiments, nor though their many variants to determine di↵erent

kinds of observables (15N relaxation rates, 1H-15N residual dipolar couplings, etc.)

Therefore, numerous approaches have been proposed to tackle this problem. The

strategy exploiting 1HN detection is based either on the “bridging” proline residues [74,

75] or on the selective observation of the signals originating from residues preceding of

following proline [76,77]. Nevertheless, when the stretches of several prolines in row occur

in the protein sequence, this approach becomes ine�cient. Thus strategies employing
1H↵ or 13C detected experiments were proposed. [78–80] and will be discussed in more

detail in the following chapter.

2.6 Fingerprint spectra of an IDP

Even in the absence of a sequence-specific resonance assignment, recording simple 2D

NMR “fingerprint” spectra of the IDP provides some useful information on the protein

and allows to evaluate the overall sample properties and the feasibility of a subsequent

high resolution NMR study. Indeed, the number of cross-peaks detected in the spectrum

compared to the number of peaks expected from the primary sequence, indicates whether

the majority of the peptide sequence is NMR-visible under the chosen sample conditions,

or only part of it. The latter case occurs quite often as many proteins exhibit a significantly

heterogeneous nature in terms of structural and dynamic properties leading to conforma-

tional exchange and/or aggregation induced line broadening. The observed dispersion of

chemical shifts allows identifying whether the protein is structured, partly structured, or

highly unstructured.

For such a fingerprint spectrum, a single correlation peak detected per residue, good

signal dispersion and a reasonable acquisition time are desired. Nuclear spins at the

junction of two adjacent residues are the most suitable for this purpose. The most common
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2.6. Fingerprint spectra of an IDP

experiments used are therefore 1H detected 1H-15N (HN), and 13C detected 13C-15N (CON)

correlated spectra, as shown in Figure 2.4 for human securin, a 200 amino acids IDP with

more than 20% proline residues. [81]

Figure 2.4. The schematic illustration (top) of the correlations observed in the basic 2D 1H-15N HSQC

and 13C-15N CON-IPAP experiments. The 1H-15N HSQC (left) and 13C-15N CON-IPAP (right) spectra

acquired on the 13C, 15N-labeled sample of the intrinsically disordered human securing. [81] The experi-

ments were acquired at Bruker AVANCE 700 MHz spectrometer equipped with the CPTXO probe.

While the HN experiment is much more sensitive and can be recorded in a significantly

shorter time, proline residues are only detected in the CON spectrum that also shows a

better spectral resolution. In addition, the CON spectrum does not su↵er 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, as shown in Fig-

ure 2.5 that reports the HN and CON spectra acquired on ↵-synuclein with increasing

temperature, approaching physiological conditions.

On the other hand, high-quality HN correlation spectra can be recorded on protein
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2.6. Fingerprint spectra of an IDP

Figure 2.5. The series of 2D HN (a) and 2D CON (b) spectra acquired on ↵-synuclein at pH 7.4 at

three di↵erent temperatures (285.7 K, 295.5 K and 304.8 K).

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 of information content. These 2D correlation experiments can be

acquired in a variety of di↵erent ways. The most appropriate variants for applications to

IDPs are discussed in detail in Chapter 3.

These 2D spectra can also be used to follow changes in the properties of the IDP

for changing the experimental conditions such as temperature, pH, ionic strength, bu↵er,

reducing/oxidizing environment, or upon adding potential partners such as metal ions,

small molecules, nucleic acid fragments and proteins. They also enable to follow chemical

reactions such as the occurrence of post-translational modifications. Finally, they provide

an invaluable tool to take a snapshot of a protein inside an entire cell.

Modifications of these basic 2D experiments (HN and CON) enable to determine a va-

riety of observables that report on di↵erent properties of the IDP at atomic resolution once

sequence-specific assignment becomes available. These include 15N relaxation rates, scalar

couplings, residual dipolar couplings (RDCs) [82], paramagnetic relaxation enhancements

(PREs) [83] and cross-correlation rates (CCR) [84], as well as solvent exchange rates. All

these NMR observables report on the structural and dynamic features of the IDP.
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Chapter 3

Methodological aspects

As discussed in the previous chapter the study of IDPs by NMR brings several challenges.

Extensive resonance overlap and high exchange rates of the exchangeable protons with the

solvent are two major problems, which significantly a↵ect the quality of the spectra, and

should be always considered when choosing the set of NMR experiments for investigation

of a particular IDP.

During recent years several approaches have been developed in order to exploit favor-

able properties of IDPs and minimize negative e↵ects originating from the lack of stable

3D structure. Long evolution delays in indirect dimensions of NMR experiments are nowa-

days routinely used either exploiting real-time or semi-constant time evolution. Proton

detected experiments employing transverse relaxation-optimized spectroscopy [85] in com-

bination with the longitudinal relaxation enhancement techniques [86] (BEST-TROSY),

have proven to be a powerful tool for IDP characterization, providing well-resolved spec-

tra in relatively short experimental time. [77] These experiments are well suited for low

concentrated samples or when time stability of the IDP is the issue. On the other hand,

the use of 1HN detected experiments limits the range of potential sample condition, since

increasing temperature and pH promotes fast hydrogen exchange causing broad lines and

sensitivity losses. As mentioned before, proline residues, often abundant in IDPs, are not

observable as they lack the amide proton. In order to overcome these problems, the non-

exchangeable 1H↵ protons can be exploited. 1H↵ detected experiments have thus been

proposed for sequence-specific assignment of IDPs. [79,87] These experiments can be used

to characterize IDPs at elevated temperature and pH, and also enable us to detect peaks

deriving from proline residues, unlike in the 1HN detected experiments. However, the poor

chemical shift dispersion when going from amide to alpha proton detection and the signal

of the water protons resonating in the middle of the H↵ region, represent the limiting
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3.1. 13C detected experiments

factor for the amount of the residue-specific information that can be extracted from the

spectra.

Hence, 13C direct detection represents a valuable alternative. Actually, if sample con-

centration is su�cient, as in many situations of practical interest, 13C detection represents

the ideal tool of investigation of IDPs due to a very good compromise between resolution

and sensitivity, in particular approaching physiological conditions of temperature and pH.

The larger chemical shift dispersion of 13C nuclei compared to that of protons, and in-

trinsic insensitivity of heteronuclear experiments to the chemical exchange induced line

broadening are in favor of using 13C detection for the characterization of IDPs. The
13C direct detected experiments allow to access atomic resolution information even on

large IDP studied at elevated temperature and pH, the point where amide proton de-

tected experiments provide only little information on the investigated system. Of course,

when using heteronuclear experiments the issues of homonuclear decoupling and sensitivity

arise. These aspects are addressed in detail in the following paragraphs.

Naturally, if the IDP sequence contains many repetitive fragments, or the size of IDP

reaches certain limit, the 3D experiments are not able to provide su�cient resolution and

the use of an additional indirect dimension is necessary. In this case standard sampling

scheme would lead to unacceptably long experimental times, thus non-uniform sampling

methods are exploited. [72,73] Strategies for acquisition of multidimensional (>3) experi-

ments, and procedure used to analyze multidimensional spectra, are briefly introduced in

the last section of this chapter.

3.1 13C detected experiments

The first aspect to consider when performing 13C direct detected experiments on uniformly

labeled protein samples consists in the presence of large splittings of the 13C resonances

in the direct acquisition dimension due to the presence of large homonuclear one-bond

couplings, a feature that definitely represents a novelty with respect to what encountered

in 1H direct detection. Indeed, despite 13C-13C couplings are very useful in the design of

multidimensional NMR experiments, they are responsible for large signals splitting that,

as evident from Figure 3.1, need to be suppressed in order to preserve high resolution in

the direct acquisition dimension.
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3.1. 13C detected experiments

Figure 3.1. Example of 2D 13C detected CON spectra of ↵-synuclein acquired without and with

homonuclear decoupling in direct dimension.

3.1.1 Homonuclear 13C decoupling

To achieve homonuclear 13C decoupling in the direct dimension is more complex than in

the indirect dimensions, because it typically requires the application of radiofrequency

pulses at a similar frequency than those of the nuclear spins that are in the process of

being detected. A possible solution to this problem consists in sharing the detection

period between data acquisition and decoupling pulses (band-selective homonuclear de-

coupling). This, however, reduces the overall sensitivity of the experiment, and introduces

Bloch-Siegert phase shifts [88] and decoupling side bands [89] in the spectrum. Recently

improved variants exploiting this general idea that however use hard pulses applied at reg-

ular intervals during the acquisition period have been proposed. [90] Alternatively, post-

acquisition methods, such as data deconvolution using maximum entropy reconstruction,

may be used. [91] A last, and arguably the elegant class of methods for 13C homonuclear

decoupling uses spin-state selection, also known as “virtual decoupling”. [92]

Virtual JCC decoupling uses an spin evolution delay prior to detection, and the record-

ing of, at least, two experiments with di↵erent parameter settings. In the first experiment,

spin evolution under the JCC coupling is suppressed resulting in an in-phase (IP) line split-

ting in the detected spectrum, while in the second experiment the JCC coupling evolves for

a time 1/(2 JCC) 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 di↵erence

of the two recorded spectra. Finally, the two resulting (sum and di↵erence) spectra are
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3.1. 13C detected experiments

shifted by an amount JCC/2 with respect to each other and added up to yield a single line

at the correct chemical shift position. [93, 94] This approach, illustrated in Figure 3.2 for

virtual decoupling of 13C↵ in the NMR spectrum of carbonyls, is at the basis of most of

the 13C detected multidimensional experiments used for the characterization of IDPs. [92]

Figure 3.2. 13C detected 1D and 2D experiments with implemented IPAP decoupling sequence.

Implementation of 13C'-13C↵ IPAP virtual decoupling building blocks in the 1D mode (a) and 2D mode

(c, d). 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 noted di↵erently. b The

schematic illustration of the post-acquisition processing for obtaining decoupled spectra. [92]

In order to work properly, virtual JCC decoupling requires quite uniform JCC couplings

in the protein, which is the case of the large one-bond coupling between alpha carbons and

carbonyls (1JC0C↵ ⇡ 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 perturbation due

to pulse imperfections and spin relaxation e↵ects. Another prerequisite of this technique

is that the two nuclear spins, e.g. 13C' and 13C↵ are su�ciently well separated to allow

their selective manipulation through band-selective pulses. There is also a price to pay in
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3.2. Improving sensitivity of 13C detected experiments

terms of sensitivity for the virtual decoupling method, as during the linear combinations

necessary to achieve homonuclear decoupling the thermal noise is increased, thus leading

to a reduction of the signal-to-noise ratio.

Virtual decoupling can be included in any pulse sequence ending with in-phase 13C' trans-
verse coherence. Most of the triple resonance experiments based on 13C' direct detection
end with a coherence transfer step that involves refocusing of either 13C'-15N or 13C'-
13C↵ anti-phase coherence (or both). Therefore, virtual decoupling can be implemented

by slightly changing the position of the 13C↵ inversion pulses in the last coherence transfer

steps, as illustrated in Figure 3.2.

Finally, it is worth noting that as these spin state selective approaches to achieve

homonuclear decoupling perform so well, they can also be implemented for heteronuclear

decoupling. Indeed, a variant to achieve heteronuclear 15N decoupling has been proposed

for both, 1HN and 13C' direct detection experiments. [95,96] This can be useful when the
13C' coherence lifetimes allow for long acquisition times and/or to reduce the radiofre-

quency load/heating on the 15N channel during acquisition, which results particularly

useful in the fast pulsing regime. [97]

3.2 Improving sensitivity of 13C detected experiments

The sensitivity of NMR experiments is defined as the signal-to-noise ratio (SNR) obtained

in the fixed amount of time and is given by the following equation [98]:

SNR / C ·N ·B3/2
0 · �exc · �3/2det · n1/2

scan (3.1)

where C is the constant reflecting thermal noise, probe design and electromagnetic

properties of the sample, N is the number of nuclei in the active volume of the sample, B0

the static magnetic field, �exc the gyromagnetic ratio of the excited nuclei and �det that

of the detected nuclei, and n scan the number of scans.

General conclusions for improving the sensitivity of an NMR experiments derived from

equation 3.1 can be divided into two groups depending to what extent they can be influ-

enced by common user. The first group is related to the NMR hardware (magnetic field

strength and probe design) and sample conditions (salt content, protein concentration,

etc.), which are determined by the available NMR instruments in the laboratory and by

inherent properties of the studied system. The second group is related to the properties

of the molecule under investigation (size, folded/unfolded, local mobility, etc.) and to the

design of the NMR experiments, where improvements in sensitivity can be achieved by
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3.2. Improving sensitivity of 13C detected experiments

appropriate choice of the polarization source and by employing techniques, which allow

increasing number of scans in the given amount of time, as will be discussed in the follow-

ing paragraphs. The other important aspect driving the selection of the most appropriate

experiments strategy to be adopted is the resolution. Therefore optimal experiments for

the study of IDPs are always the result of compromises between optimal sensitivity and

optimal resolution.

3.2.1 Starting polarization source

The 13C detected experiments can be designed in the 13Cstart versions, which befits from

the fact that carbon atoms are not directly involved in chemical exchange processes and

thus e↵ect of exchange line broadening is minimal. The high flexibility of IDPs result in

the short T1 values (of the order of about 1 s), so that not too long recovery delays can

be employed. In addition, the 1H-13C NOE e↵ect can be exploited to enhance SNR just

by irradiating protons during the recovery delay. Therefore, in many cases of practical

interest the sensitivity of 13C start-13C detected versions of experiments, in particular

for the simplest 2D experiments such as the CON, CACO and CBCACO, is su�cient to

obtain good spectra.

The sensitivity of the 13C detected experiments can be further improved by using

protons as starting polarization source. The large one-bond 1JCH scalar couplings can

be easily used to transfer polarization from 1H to the directly bound heteronuclei while

still keeping experiments “exclusively heteronuclear”. This means that only heteronuclear

chemical shifts are frequency labeled in all the spectral dimensions to take advantage of

their larger chemical shift dispersion compared to that of 1H, but still exploiting the larger
1H polarization. [96]

However, the use of 1HN as starting polarization source renders the experiment suscep-

tible to the loss of information about proline residues and reintroduces a dependence on

exchange rates of amide protons with the solvent that impacts on the experimental sensi-

tivity. An alternative solution consists in exploiting 1H↵ as starting polarization source.

In this way, all backbone sites can be sampled (including prolines) and exchange processes

with the solvent are avoided. [71]

With protons exploited to increase the experimental sensitivity, it is worth thinking

about the possibility to implement 1H longitudinal relaxation enhancement (LRE) tech-

niques to reduce the duration of NMR experiments or to increase the sensitivity per unit

of time or to increase the resolution. [71, 97]
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3.2.2 Longitudinal relaxation enhancement

Usually, a large part of the experimental time in NMR is consumed by the inter-scan

delay during which the system is allowed to restore su�cient spin polarization to restart

the experiment for a subsequent scan. Its duration depends on the longitudinal relaxation

processes. Thus the dependency of the experimental sensitivity on the number of scans

can be approximately expressed in the terms of longitudinal relaxation, provided this can

be described by a single exponential function with T1 as the longitudinal relaxation time:

SNRmax / 1p
T1

(3.2)

Thus, enhancing the longitudinal relaxation e�ciency of the excited spins provides a way

for increasing experimental sensitivity, and additionally reduces the minimal data acqui-

sition time.

The focus is given to the 1H excitation experiments as they are most widely used. In

order to understand the experimental schemes that have been proposed for longitudinal

proton relaxation enhancement, the spin interactions that govern proton relaxation are

briefly discussed.

There are essentially two main relaxation mechanisms that are responsible for proton

longitudinal relaxation in a protein: (i) 1H-1H dipolar interactions; and (ii) hydrogen

exchange processes between labile protein 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 Bloch-McConnell equations [99, 100]:
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where Hiz denotes the z-component of the polarization of proton i and H0
iz is its thermal

equilibrium value. The di↵erent ⇢ and � 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. Wz stands for the bulk water polarization, and kex,i are the hydrogen exchange

rates for individual protons with the water.

Equation 3.3 indicates that the relaxation of an individual proton spin depends on the

spin state of all 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 e�cient

spectroscopic tool for enhancing longitudinal proton spin relaxation.

The contributions of solvent exchange and dipolar cross-relaxation of amide protons de-

pend on the size and residual structure of the IDP, and the samples conditions. Figure 3.3

shows inversion recovery curves of amide protons measured for ↵-synuclein sample upon

selective or non-selective inversion of di↵erent sets of proton spins. At low temperature

and pH, the dipolar interactions contribute to the e↵ective longitudinal relaxation, while

this situation changes as solvent exchange becomes more e�cient, at higher temperature

and pH.

Figure 3.3. Inversion recovery profiles of 1HN acquired with the variant of HN-flipCON, resp.

H↵�flipCON, under di↵erent initial conditions. Inversion recovery profiles of Alanine 27 of ↵-synuclein

are shown. Di↵erent initial conditions of 1HN inversion recovery profiles are indicated with the following

symbols: (•) HN-selective, (⌅) HN-HC-selective, (N) HN-Hwater-selective and (⌥) non-selective. The pH of

the sample, and temperature at which experiments were conducted are specified in each graph.

When dipolar interactions provide the dominant relaxation mechanism, the selective

spin manipulation allows to reduce e↵ective 1HN T1 by a factor three to four. [101, 102]

This di↵erence becomes even more pronounced in the case of fast hydrogen exchange.
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Under these conditions, the non-selective 1HN T1 approach the T1 of bulk water (⇠ 3 s at

25�C), while the selective T1 is roughly reduced by a factor of 38, resulting in a potential

sensitivity gain of a factor of six, according to equation 3.2. This clearly motivates the

use of pulse schemes that leave protons that are not exploited as polarization source

unperturbed throughout the NMR experiment.

There are several way how to selectively manipulate di↵erent kind of proton spins,

and thus achieve longitudinal relaxation enhancement. One possibility is the use of band-

selective 1H 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.

[69,70] This approach has been implemented for all basic pulse sequence elements (building

blocks), e.g. INEPT, sensitivity-enhanced reverse-INEPT (SE-RINEPT or planar mixing),

and TROSY (or double-S3CT) required for setting up most of the common triple-resonance

experiments. [69, 70, 77,103]

However, 1H↵ are not easy to be irradiated selectively from the other protons through

band-selective pulses. A solution consists in exploiting the one-bond scalar coupling

(1JC↵H↵) with the attached carbon (13C↵) to selectively manipulate 1H↵ protons and

flip-back all other protons that are not actively used in the magnetization transfer path-

way (Hflip approach). [71] Hence by a simple modification of the initial INEPT block in

any 1H↵-start pulse sequence, the longitudinal relaxation enhancement can be achieved.

Of course this approach can be as well implemented for amide protons (HN-flip). [71]

3.3 Multidimensional experiments and non-uniform sam-

pling

As previously mentioned the large signal overlap is one of the major problems when

IDPs are investigated through NMR. Multidimensional experiments then represent a utile

method to increase resolution. Typically, the amplitude of the NMR signal in each di-

mension of a multidimensional experiment is measured (sampled) at discrete, uniformly

spaced time points. Uniform sampling is required for data processing using the fast Fourier

transform (FFT). Hence, the sampled data points form a Cartesian grid with the spac-

ing between time points in each dimension given by the Nyquist theorem. As a result

of this uniform data sampling procedure, the experimental time requirement increases by

about two orders of magnitude for each additional dimension, making four- and higher-

dimensional experiments impractical, or requiring strong compromise for the spectral res-
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olution in the indirect dimensions.

In order to overcome time limitations, alternative sampling strategies combined with

appropriate processing tools have been developed over the past two decades. [104] These

sparse or non-uniform sampling (NUS) techniques have in common significant 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 Figure 3.4.

Figure 3.4. Examples of di↵erent 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 conventional

time-domain sampling grid required to build the two indirect dimensions. Each point on the grid corre-

sponds to a single repetition of the basic pulse sequence. b Some NUS patterns to reduce the experimental

time are shown. The linear under sampling is used to fold chemical shifts in an advantageous man-

ner, whereas radial sampling is generally employed in Automated Projection Spectroscopy (APSY) [105].

Instead, random non-uniform sampling schemes are most commonly used with non-linear methods for

spectral reconstruction such as MDD [106,107] or MFT [108]. Adapted from [109]

Some of these sampling grids, e.g. linear under sampling or radial sampling, still yield

data sets that can be processed using FFT. [110–112] However, general NUS scheme, where

a certain percentage of the grid points is chosen randomly requires alternative, non-linear

processing tools. Currently, several non-linear algorithms for processing non-uniformly

sampled data are available and well-established, such as multidimensional decomposition

(MDD) [106,107], compressed sensing (CS) [113,114], multidimensional Fourier transform

(MFT) [108]. The common feature of all these methods is that they aim to find the NMR

spectrum that, when applying inverse Fourier transform, best reproduces the measured

time data points. As in the case of sparse data sampling, this is an underdetermined

computational problem. Therefore, some additional assumptions have to be made to

choose the most likely spectrum out of the manifold of possible solutions. MDD exploits

the prior knowledge that NMR signals are the direct product of Lorentzian (or Gaussian)

line shapes in each frequency dimension. CS performs an l1-norm minimization to recover

the sparsest spectrum. Both methods have been implemented in the lasts versions of the
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3.3. Multidimensional experiments and non-uniform sampling

Bruker TopSpin software and are particularly useful for processing of 2D and 3D spectra

acquired in NUS mode. For processing of 4D and 5D spectra the MFT, which performs

discrete multidimensional Fourier transform of the data using appropriate data weighting

and filtering for the reduction of sampling noise, has proven to give better results.

3.3.1 Analysis and inspection of multidimensional spectra

One of the main barriers to the use and di↵usion of high dimensional NMR experiments has

always been the idea that more than three dimensions could be conceptually very di�cult

to handle. Indeed, while it is easy to visualize three-dimensional objects, the same does

not hold for objects characterized by a higher number of dimensions. A possible solution

consists in breaking them down into combinations 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 the time,

at a specific frequency. In a similar way, higher dimensional NMR experiments can be

visualized by inspecting two dimensions at a time, which are instead associated to more

than one frequency (for example a peak in a 2D or 3D reference spectrum). This is possible,

as in most cases, higher dimensional experiments are extensions of 2D or 3D spectra in

which additional information is encoded in the additional indirect dimensions. This idea

is at the basis of the approach known as Sparse Multidimensional Fourier Transform

(SMFT) [115], proposed to process spectra of higher dimensionality than three and help

in the visualization and analysis of multidimensional spectra.

SMFT proposes an innovative strategy to manually examine four- or five-dimensional

spectra in a very simple and intuitive way. NUS data are processed with the MFT al-

gorithm, but only at some arbitrarily chosen frequencies (hence the prefix “sparse”): in

this way, the inspection of the full spectrum is reduced to inspection of a limited num-

ber of spectral regions, a small subset with respect to the n-dimensional space of the full

spectrum. For convenience, these cross-sections are processed as two-dimensional spectra.

Therefore, four- and five-dimensional spectra appear as a series of 2D spectra to which two

or three further frequencies are associated, respectively. Of course, a prior knowledge of

these frequencies is needed. Hence, together with the 4D or 5D experiment, respectively

a 2D or 3D spectrum, called “basis spectrum”, which shares the same correlations with

the higher dimensional one, should be acquired to retrieve them. In this way, the dimen-

sions 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

position of the signals are unknown there. So, for example, a 4D spectrum in which �i,
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�j , �l and �m chemical shift evolutions are frequency labelled is transformed as a series of

2D cross-sections (e.g. �i and �j), each one extracted at a specific pair of the other two

frequencies (�l and �m) collected in the basis spectrum. Analogously, a 5D spectrum can

be conceptually split into a 3D basis spectrum in which each peak is then coupled to a

further 2D spectrum, containing the new information with respect to the basis spectrum.

This approach is schematically illustrated in Figure 3.5.

Figure 3.5. A schematic illustration of a possible methods how to visualize multidimensional NMR

spectra. Spectra up to three dimensions are visualized in the standard way, whereas 4D and 5D spectra

are presented as processed by SMFT algorithm. A 4D spectrum is imagined as a 2D basis spectrum, which

shares two dimensions with the 4D spectrum (�
i

and �
j

), in which each peak is associated to another 2D

spectrum containing the two further dimensions (�
l

and �
m

). Similarly, a 5D spectrum can be analyzed

as a series of two-dimensional spectra (�
l

and �
m

), each one correlated to a given peak of the related 3D

basis spectrum (�
i

, �
j

and �
k

). Adapted from [65]

Therefore, SMFT can be successfully exploited to facilitate the analysis of high-dimen-

sionality spectra, since this method provides a way to retrieve all the spectral information

content without the need to explore all the vast n-dimensional space of the full spectrum.

The visualization of the spectrum through inspection of 2D cross-sections provides also

further advantages. For example, it enables the use of automatic peak picking tools, which

perform in a very reliable and e�cient way, as the signals are well-resolved thanks to the

high dimensionality of the experiment. In addition, it allows saving great amounts of disk

space, since just a small subset of the full spectrum is actually processed, thus high digital

resolution can be set in all the indirect dimensions.
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Chapter 4

Viral IDPs

Viruses as obligate intracellular parasites unconditionally rely on the host cellular machin-

ery. Each step of their life cycle is dependent on the high number of diverse interactions

with the host signaling and regulatory proteins in order to force the infected cell to create

favorable conditions for viral replication. To this goal, viruses need to highjack the host

regulatory system, which seems to be a di�cult task to achieve with their small genomes.

As discussed in the first chapter, the hub proteins often contain long disordered regions

or are even fully disordered. Their function is frequently encoded into brief sequences of

amino acids with a specific pattern, called Short Linear Motifs (SLiMs). [41,42] The evo-

lutionary plasticity of the SLiMs allows easily adding functionality to the protein and thus

to quickly rewire cellular pathway, which probably enabled the evolution of the complex,

yet highly tuned and robust regulatory systems in higher eukaryotes. [116,117]

Ironically, this creates an opportunity for the viruses to e�ciently alter many regulatory

processes by simply mimicking the host motifs. Since SLiMs generally consist of 3 to 10

residues in length, only one or two mutations are su�cient to form a novel motif. In

combination with the high mutation rates of virus genome and fixation of advantageous

motifs, the hosts SLiMs mimicry represents a very fruitful viral strategy of hijacking

the cellular machinery of the infected cell (Figure 4.1). The comprehensive analysis of

the highly studied viruses responsible for severe human diseases (human Papillomavirus,

Epstein-Barr virus, human T-cell lymphotropic virus, adenovirus, HIV and influenza)

revealed that 52 out of ⇠150 SLiMs in Eukaryotic Linear Motif database [42] are mimicked

by investigated viral systems. [54]

Many viruses use mimicry, for example, to rewire and deregulate signaling pathways,

to block apoptosis, to drive cellular proliferation, to highjack the ubiquitination system in

order to promote degradation of anti-viral and delay degradation of pro-viral proteins, and
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4.1. Human Papillomavirus E7 protein

Figure 4.1. Examples of the SLiMs, which are mimicked by various viruses in order to successfully

infect the host cell. The motifs are roughly classified by their functions. Adopted from [54]

to deregulate tightly controlled cellular processes, e.g. interaction with the pRB protein

releasing E2F transcription factor in order to promote cell cycle to the S phase and set

optimal conditions for viral replication. [118]

Unfortunately, some viruses have the potential to trigger uncontrolled proliferation as

side e↵ect of altering the cellular signaling network, which then ultimately leads to the

tumorigenesis. [119] Generally, only specific subset of the viral hub proteins are responsible

for cancer development. Hence, the high resolution characterization of these proteins can

help understanding the mechanisms standing behind carcinogenesis. Two IDPs that were

identified to play crucial roles in carcinogenesis, and yet not fully characterized on atomic

level resolution were chosen as biomedically relevant targets for our study.

4.1 Human Papillomavirus E7 protein

Human Papillomaviruses (HPVs) are small icosahedral non-enveloped viruses with circu-

lar double-stranded DNA genome, which are involved in the infection of skin and mucous

membrane keratinocytes (the predominant cell type in the epidermis). Infection by ma-

jority of the HPV types doesnt cause any physical symptoms and passes without noticing,

however in some cases HPV infection drives the development of benign warts or di↵erent
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4.1. Human Papillomavirus E7 protein

kinds of cancer. The sexually transmitted HPV infection has been identified as a causative

agent responsible for more than 95% of cervical cancer cases, the second most common

womens cancer worldwide. Not least, HPV were also detected in anal, vaginal, vulvar,

and penile carcinomas. [120,121]

Recently, a large number of studies that associate HPV infection also with the squa-

mous cell carcinoma in the head and neck region have been published. [122,123] However

the direct connection between HPV infection and oropharyngeal cancer remains contro-

versial. [124] Overall, it has been estimated that around 10% of cancers are associated

with the HPV infection. [121]

More than 170 types of HPV have been identified till now.1 The HPV types are clas-

sified based on their capacity to immortalize human keratinocytes. The types frequently

present in cervical and anogenital cancers are called as “high risk” (HR), the types that

havent been found in the human tumors are referred as “low risk” (LR). [121] The most

prominent member of the HR group is types 16, which is found approximately in 57% of

patients with the invasive cervical cancer. [125,126]

The entire genome of HPV 16 consists of 7.9 kilo base pairs (kbp), encoding six non-

structural (early proteins E1, E2, E4, E5, E6 and E7) and two structural proteins (late

proteins L1 and L2) constituting the viral capsid. The E1 protein possesses helicase ac-

tivity and is essential for papillomavirus replication. [127] The interaction with E2 protein

facilitates E1 binding to the origin of replication and thus stimulates viral DNA replica-

tion. [128] Additionally, E2 acts also as transcription factor that positively or negatively

regulates expression of early genes. [129] The E4, most highly expressed HPV protein, plays

a significant role in promoting viral genome amplification and S phase maintenance during

di↵erentiation. [130] The E5 protein modulates viral amplification and gene expression in

the late phases of the viral life cycle. [131]

The E6 and E7 proteins are crucial for cellular growth regulation, control of the im-

mune system, and progression to a cancerous state. Coordinate action of both proteins is

necessary to the development of an invasive carcinoma. [132] However, they are also able

to immortalize infected cells independently. [133, 134] The E6 protein promotes carcino-

genesis by binding to the p53 tumor suppressor and stimulating its degradation by cellular

ubiquitin proteolysis system [135], while E7 interacts with retinoblastoma tumor suppres-

sor protein (pRb) [136], an important regulator of cell growth. Each of the early HPV

proteins interacts with a high variety of cellular partners, their interactome was recently

reviewed by Xue et al. [137] Despite of the importance of both proteins, E6 and E7, only

1http://pave.niaid.nih.gov/
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E6 has been fully characterized by high resolution techniques.

E7 is a small protein (98 residues in the HPV 16 variant) constituted by 3 conserved

regions (CRs), which share substantial amino acid sequence similarities throughout di↵er-

ent HPV types. [138] The CR1 and CR2 localized in the N-terminal region exhibit high

propensity to be disordered. The CR3, localized in the C-terminal region, contains two

zinc binding CxxC motifs separated by 29 amino acids [139], and is expected to be less

disordered. [140] High resolution structural studies have been done solely on the isolated

CR3 region, the variant from LR HPV 1a was characterized by X-ray crystallography [141]

and HR HVP 45 variant by NMR [142]. However, no 3D structure is available for the HR

HPV 16 variant. In addition, the full length protein has never been characterized by high

resolution techniques, despite its importance for the understanding of the molecular basis

of the many interactions in which it is engaged (Figure 4.2).

Figure 4.2. Schematic illustration of the human Papillomavirus 16 E7 protein including the amino acid

sequence and its division into the three conserved regions (CR1 is in blue, CR2 in green and CR3 in red).

In order to present the idea of the complex interaction network of E7, the subset of its cellular targets are

shown. The color-coding reflects what part of E7 is involved in the interaction with the particular binding

partner.

As mentioned before, the most prominent interaction of E7 is the one with the pRb.

The structure of the complex between short oligopeptide from the disordered CR2 region

containing the LxCxE motif [136] and pRb was determined and provided useful hints on the

interaction mechanism. [143] However, it was shown that full-length E7 has significantly

higher a�nity for pRb respect to the isolated LxCxE fragment [136] indicating that also

other parts of E7 are involved in binding to pRb. [144]

Nevertheless, the binding of pRb is not su�cient for cell immortalization [145] and

interactions with other cellular proteins is required for malignant transformation. To en-
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hance pRB degradation E7 binds to several other partners, such as the cullin 2 ubiquitin

ligase complex bound by the CR1 and C-terminal regions of the E7 protein. [146] The inter-

action of CR3 region with the subunit 4 (S4) ATPase enhances APTase activity of the S26

proteasome, thus providing additional pRb degradation pathway. [147] E7 interact with a

wide range of other cellular signaling and regulatory proteins, such as retinoblastoma re-

lated tumor suppressors p107 [148] and p130 [149], a cell cycle regulator cyclin-dependent

kinase 2 (CDK2), and its inhibitors p21 [150] and p27 [151]. These represent just a few

examples of how E7 prevents apoptosis and promote cellular proliferation. The more com-

prehensive picture of the complex interaction network of E7 is provided in recent review

by Roman et al. [152] Hence, it is of high importance to obtain high resolution informa-

tion on this oncogenic protein in order to elucidate the molecular basis of the complex

mechanisms behind HPV associated diseases.

4.2 Human Adenovirus E1A protein

Other viruses exploit similar strategy to the one used by HPV to highjack cellular regula-

tion, and proteins carrying similar features can be found throughout the viral realm. The

analogous regions to CR1 and CR2 from HVP E7 can be found in the adenovirus E1A

protein. [149]

Human adenoviruses (HAdVs) are large non-enveloped viruses that cause a variety of

gastrointestinal, respiratory and eye infection. In addition, recombinant versions of aden-

ovirus have been extensively used as vectors for gene therapy and nowadays are the most

frequently used viral vectors in clinical trials. [153] Since the late sixties, when the first

HAdV serotypes were identified to promote tumor genesis in hamsters [154], more than

50 other serotypes were found to cause malignant transformation of rodent cells. These

findings established HAdV as a model system to study processes leading to the cancer de-

velopment. Investigation of its viral function has contributed to reveal important aspects

of cellular physiology such as the immunological response of the infected cell, cell cycle

control, apoptosis and so on. [155] The HAdV 2 was one of the first adenovirus serotype

with the completely sequenced genome and since then each of its protein has been exten-

sively investigated, mainly by molecular biology techniques (biological assays, mutation

studies, etc.). Nowadays HAdV 2 and 5 (high homology between the two genomes [156])

are the most studied serotypes.

The HAdV 2 and 5 genome consists of approximately 36 kbp linear double stranded

DNA stored inside of an icosahedral nucleocapsid. The five early (E1A, E1B, E2 early, E3,
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E4) and three delayed-early genes (IX, Iva2, E2 late) are successively transcribed early

after infection by the host RNA polymerase II and are responsible for creating an opti-

mal environment for viral replication. [157] Each of the early transcripts is alternatively

spliced, generating several mRNAs. The capsid components and proteins involved in cap-

sid assembly encoded by L1-L5 transcription units are expressed later in viral reproductive

cycle. [158] The products of the E1A gene are the first proteins expressed early after in-

fection and are essential for productive viral infection. They are primarily responsible

for the modulation of the host transcription machinery, promoting transcription of suc-

ceeding viral genes, and for reprogramming cell cycle regulation, forcing the cell to enter

into S phase. [159, 160] They also play important roles in suppressing the inflammatory

response and in blocking apoptosis.

The two major proteins of 289 and 243 amino acids encoded by E1A gene are expressed

at high levels right after infection. These proteins arise from alternative splicing of the

same pre-mRNA and di↵er only by the presence of a 46 residue long internal region in

the larger one. They are referred as E1A-13S and E1A-12S, based on the sedimentation

coe�cient of their respective mRNAs. The E1A gene encodes three additional proteins

of 217 (11S), 171 (10S) and 55 (9S) residues that are expressed in the latter stage of

adenovirus infection. All E1A proteins are spliced keeping the same translational reading

frame except of 9S, which shares only 28 common residues with the other forms of E1A, but

surprisingly is still able to independently activate expression of viral genes and promote

HAdV replication. [161]

The primary sequence alignment of E1A-13S protein from several HAdV serotypes

revealed four conserved regions (CR1-CR4) connected by less conserved segments (Fig-

ure 4.3). [162] Further bioinformatics analyses using disorder predictors suggest that a

large portion of E1A has a high propensity to be disorder, and only short region in N-

terminal part and CR3 are expected to be structured. [12,163] This prediction is supported

by the extensive analysis of high number of mutation studies, which has shown that in-

sertions or deletions generally do not globally a↵ect the activity of E1A, but interfere

only with specific subsets of function. [164] The E1A has been reported to alter or inhibit

the function of more than 50 distinct cellular proteins. [165] These interactions are me-

diated through SLiMs, hence the identification of binding motifs throughout the primary

sequence is important for the understanding of the function of E1A and of hub proteins

more in general. A brief description of the main SLiMs identified in E1A sequence, their

interaction partners and their functional role in the context of the cellular interaction

network follows bellow.
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Figure 4.3. Schematic representation of the 13S and 12S forms of E1A protein from HAdV 2, their

division into the conserved regions including amino acid sequence. The SLiMs involved in the interactions

with the important cellular target are indicated in black.

The first SLiM of the HAdV E1A found in the N-terminal region is LxxLIxxxL (residues

20-28), so called CoRNR box motif, which binds to the unliganded thyroid hormone recep-

tor (TR) and thus deregulate gene transcription. [166] Overall, a large repertoire of more

than 15 cellular targets including transcriptional co-activators p300/CBP [167], transfor-

mation/transcription domain-associated protein (TRRAP) [168], p400 [169], pCAF [170]

and TATA box binding protein (TBP) [171], and the S4 and S8 subunits of the 19S pro-

teasome regulatory component [172], have been reported to date to interact with E1A,

reflecting the high functional heterogeneity of this short amino acid region. This region

is also predicted to contain a partially populated amphipathic ↵-helix that contributes to

the interaction with some of its many binding partners.

The CR1 cooperates with the N-termini in binding of several transcriptional regula-

tors. It interacts with the p300/CBP via FxDxxxL (residues 66-72) SLiM [173] and with

the TRRAP via ELYD (residues 45-48) [168]. The latter motif partially overlaps with

the Retinoblastoma tumor suppressor protein binding ↵-MoRF, LxELY (residues 43-47),

which directly competes for the same interaction site as E2F. [174] Additionally, the tight

interaction between the pRb and the CR2 region of E1A actually increases the apparent

local concentration of pRb, which allows lower-a�nity pRb binding motif of CR1 to bind

and further stimulates the release of E2F. Free E2Fs then activates transcription of the
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early viral genes and genes specific for the cellular S-phase. [174]

The CR2 binds to the pRb through the well-known and well-characterized LxCxE

(residues 122-126) SLiM. [175] This was the first interaction identified for the E1A protein.

[176] This important motif was subsequently found also in other viral and cellular proteins

that also interact with pRb, like the above mentioned E7 from HPV. [136] The mutation

studies in the pRb binding motif additionally showed that E1A regions interacting with

the small ubiquitin-like moeity (SUMO) conjugase UBC9 [177] and the region interacting

with S2 component of the 19S regulatory complex of the 26S proteasome [178] partially

overlap with LxCxE SLiM. Another SLiM found in CR2 is the PxLxP motif (residues

113-117) that mediates the interaction with the transcriptional repressor BS69, which

however also requires CR3 for successful binding as E1A-12S (missing CR3) exhibit much

lower a�nity. [179] Through these interactions CR2 interferes with several crucial cellular

pathways such as the SUMO pathway that basically regulates all aspects of cell function

[180], and is thus essential for a number of E1A functions that are necessary for virus

replication like activation of viral early gene expression and stimulation of the infected cell

to enter the cell cycle. [164] In addition, CR2 mediates the oncogenic transformation of

rodent cells, stabilizes p53, and induce apoptosis. [178,181–183]

The CR3 region, unique for the E1A-13S form, involved in transcriptional activation

contains two CxxC zinc-binding motifs (residues 154-157 and 171-174) creating a minimal

zinc-finger subdomain. The fact that almost any deletion mutant cause loss of func-

tion [184] and that no SLiMs were identified in this region points to conclusion that CR3

structure is required to interact with its cellular targets such as transcriptional activators

TATA binding protein (TBP) and p300/CREB-binding protein (CBP) [185], transcrip-

tional repressors BS69 [179] and GCN5 [186]. Moreover it was shown that not only the

N-terminal part, but also the CR3 interacts with the 19S proteasome subunit and thus

contributes to its potent transcriptional activation by promoting proteolysis of E1A and

other locally associated factors bound to chromatin. [187] These observations indicate that

the CR3 region uses a complex mechanism to modulate transcription of the early genes.

In contrary to the previous E1A regions, relatively little is known about the function

and binding partners of the CR4 region. There are only a few known proteins that asso-

ciate with this region. The best described interaction of the CR4 is with the transcriptional

co-repressor CtBP, which binds to a PxDLS motif of CR4 (residues 279-283 in E1A-13S

or 233-237 in E1A-12S, respectively). This interaction dissociates CtBP from sequence

specific transcription factors, inducing repression of cellular genes. [188] The other cellu-

lar targets of CR4 are tyrosine-regulated kinase (DYRK) proteins and importin-↵. The
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DYRK proteins are implicated in regulation of cell survival, proliferation and di↵erentia-

tion, and when bound to the short E1A region that overlaps with CtBP binding site their

kinase activity increases. [189] The CR4 interacts with the importin-↵ through KRPRP

motif (residues 285-289 in E1A-13S or 239-243 in E1A-12S, respectively), promoting rapid

import of E1A to the cellular nucleus. [190]

Our understanding of the function of E1A is mainly based on biological studies and

only very little high resolution information on E1A is available. The atomic resolution

study of the short E1A fragment interacting with TAZ2 domain of CBP/p300 complex

has helped to better understand of the molecular basis of this interaction. [191] However,

it is important to investigate interactions in the context of the full length E1A protein,

as it seems likely that it employs a complex system of multiple SLiMs, which bind with

low a�nity to similar targets, such as p300, in order to form strong and highly specific

interactions.
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Chapter 5

Results

The scientific context introduced in the previous chapters provided the motivation for

my research activities during the doctoral studies. The results are summarized in several

scientific publications and in a book chapter presented in the next paragraphs. I would

like here to briefly outline the overall general lines of development followed throughout my

research work.

The development of new NMR methods for the characterization of IDPs and their

application for the study of biologically relevant proteins were the two main lines of my

research activities. Needless to say that these two lines of research are highly intercon-

nected, as novel NMR methods are generally inspired by biologically relevant questions,

developed on well-known proteins which allow the assessment of their performances, ap-

plied to tackle the characterization of challenging proteins, which in turn provides new

hints for further developments.

As extensively discussed in the previous chapters, NMR represents a unique spectro-

scopic tool for the high resolution investigation of IDPs. However the overall general

properties of IDPs have strong impact on NMR observables, posing new questions with

respect to the study of structured proteins. So it is worth to consider the critical points,

evaluate which spin properties are the most appropriate to overcome them and design new

NMR methods that allow exploiting at best the unique features of this powerful spectro-

scopic technique and in this way contribute to the exciting field of research on IDPs.

The major consequences of the lack of a three-dimensional structure and of the pro-

nounced flexibility characteristic of IDPs include extensive resonance overlap and fast

exchange processes with the solvent. In this frame 13C detected experiments provides a

valuable tool to address the critical points and thus provided the starting point for the de-

velopment of new experimental variants. The observation that approaching physiological
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conditions of pH and temperature 2D CON experiments were able to provide information

that cannot be accessed through 2D HN correlation experiments constituted a solid basis

in support of the usefulness of the whole suite of 13C detected NMR experiments to study

IDPs close to physiological conditions. The observation of such pronounced e↵ects due

to exchange processes with the solvent, which represents a general distinctive feature of

highly flexible IDPs, motivated further investigation of their impact on di↵erent NMR ob-

servables to identify weather they could be actively exploited to achieve new information

or to improve the existing experiments.

Simple 1D 1H inversion recovery (IR) profiles acquired on di↵erent proteins character-

ized by di↵erent structural and dynamic properties (both folded and unfolded/IDP), in

di↵erent conditions (pH and T) revealed that exchange e↵ects have a strong impact on the

IR profiles of exchangeable protons. In particular, by selective manipulation of amide pro-

tons in IDPs near physiological conditions amazing longitudinal relaxation enhancement

(LRE) e↵ects can be monitored with 1HN T1 passing from values close to the T1 of water

protons (about 3 s) to about 100 ms by selective inversion of amide protons rather than

through non-selective inversion. These observations therefore motivated a more accurate

study of 1H longitudinal relaxation in IDPs, on the origin of LRE e↵ects and on how

these are modulated by the sample conditions and by the local properties of the molecule.

The study of 1H longitudinal relaxation properties in IDPs, of general interest for optimal

design of NMR experiments, was exploited for the design of additional 13C detected ex-

periments, still keeping them exclusively heteronuclear in order to benefit by contribution

of heteronuclear chemical shifts to improving the resolution of NMR spectra of IDPs.

A first application of the impressive LRE e↵ects identified for amide protons under near

to physiological conditions consists in exploiting it to reduce the duration of NMR exper-

iments (Paragraph 5.1.1). The BEST approach was thus implemented for the acquisition

of 2D CON spectra and this combination revealed interesting general properties (discussed

in detail in the publication) and most importantly provided impressive reduction of the

minimal duration of an NMR experiment. The potential of this new experiment, the

HN-BESTCON, is also demonstrated by applications to the study of IDPs in-cell as well as

for monitoring the occurrence of post-translational modifications in real time.

Along similar lines, 13C detected NMR experiments were designed to accurately mon-

itor at atomic resolution 1H longitudinal relaxation involving not only 1HN but also
1H↵ protons (Paragraph 5.1.2). These experiments, setup and tested on ubiquitin and

↵-synuclein as representatives of a well-folded and of disordered protein, provide a picture

of the major contributions to 1H longitudinal relaxation in IDPs as well as the major
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di↵erences respect to folded proteins. These data provide valuable information for the

study of local properties of structurally and dynamically heterogeneous proteins such as

local compactness, local flexibility and solvent accessibility. In addition, the knowledge of
1H longitudinal relaxation in IDPs also provides a guide to the design of new experiments

optimized for the study of IDPs. In particular, while for 1HN detected experiments LRE

is a useful technique both for IDPs and for folded proteins, it is not useful for 1H↵. On the

other hand, 1H↵ are not influenced by exchange processes with the solvent and thus can

be studied at higher temperature; the increase in temperature itself causes pronounced

enhancement in the longitudinal 1H↵ relaxation without the need of implementing ap-

proaches to exploit LRE in pulse sequences. These findings therefore can be of general

interest for the selection and design of the most appropriate experimental strategy for

specific conditions. For example 1HN provide a good probe to investigate IDPs at T and

pH values where solvent exchange contributes to LRE but does not excessively contribute

to linewidths; 13C and 1H↵ instead o↵er complementary useful probes to study IDPs at

higher T and pH values as they are not sensitive to solvent exchange e↵ects and at higher

temperatures benefit by faster longitudinal relaxation and narrower lines.

Therefore these ideas were exploited for the design of additional multidimensional

NMR experiments for the sequence specific assignment of IDPs (Paragraph 5.1.3). A

suite of multidimensional experiments based on 13C detection was recently developed to

contribute to overcoming the problem of extensive overlap in spectra of IDPs of large size.

These experiments of higher dimensionality than 3 (4D, 5D), which exploit non-uniform

sampling (NUS) of the data and 1H polarization as a starting source, provide an excellent

resolution not only in the direct acquisition dimension but also in indirect dimensions of

NMR experiments. However, in case of IDPs characterized by limited solubility or short

lifetime, 13C detected experiments may not be su�cient for the complete investigation of

the protein (on the grounds of the lower gyromagnetic ratio of 13C). Therefore two new

experiments, either based on 1HN start-1HN detect or 1H↵ start-1H↵ detect, that exploit

the good resolution of C'i-Ni+1 cross-peaks in indirect dimensions for sequence specific

assignment were developed. This can thus be achieved correlating C'i-Ni+1 cross-peaks

to the following (C'i+1-Ni+2) or previous (C'i�1-Ni) ones. The two experiments, tested

on ↵-synuclein, give optimal result in di↵erent experimental conditions (H2O, low T for

the 1HN-based variant, D2O, high T for the 1H↵-based variant) and provide an additional

contribution to the overall “CON-CON” strategy for the sequential assignment of IDPs

combining experiments based on 13C', 1HN or 1H↵ detection.

The investigation of the major di↵erences between folded and unfolded systems, of how
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the unfolded state impacts on nuclear spin relaxation, of which are the critical points that

need to be overcome are at the basis of the development of the new experiments described

in this thesis. As a conclusion, in collaboration with researches from CNRS and Bruker,

a chapter for the book “High resolution tools to understand the functional role of protein

intrinsic disorder”, edited by Springer, has been written (Paragraph 5.1.4).

NMR was then exploited for the study of IDPs of high biomedical relevance: E7 from

HPV 16 (Paragraph 5.2.1 and 5.2.2) and E1A from HAdV (Paragraph 5.2.3). Despite doc-

umented attempts, the characterization of these proteins either through NMR or X-ray

crystallography failed due to their heterogeneous structural and dynamic properties of the

two proteins. Therefore these two proteins provided good targets to test the novel NMR

methods optimized for the study of IDPs. The highly flexible regions of both proteins

were readily characterized by a combination of 1H and 13C detected experiments, despite

challenging features such as the highly repetitive sequences, the high amount of proline

residues present in the primary sequence and, particularly for E1A also the quite large

size for NMR investigation. The study of these proteins however also revealed new chal-

lenges for further developments of NMR methods. Indeed a more structured module, the

CR3 domain containing a zinc binding motif, with common elements in the two proteins,

initially escaped detection through NMR. A combination of sample optimization, molec-

ular biology and simple and sensitive NMR experiments successfully contributed to the

characterization of most (70%) of the CR3 domain of E7 from HPV 16 (Paragraph 5.2.2)

and lays the basis for the characterization of the analogous module in E1A.

New challenges are thus emerging for further development of NMR methods to be able

to also focus on proteins characterized by significant structural and dynamic heterogeneity

hosting both largely disordered as well as partially ordered domains. Finally, the sequence

specific assignment and characterization of the E7 from HPV 16 and E1A from HAdV

open the way to understanding the molecular basis responsible for their function. The

two proteins have the common feature of their overall organization in conserved regions

and harbor many common SLiMs responsible for their role as molecular hubs in biological

processes.
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Intrinsically disordered proteins (IDPs) have recently
attracted the attention of the scientific community because
of their peculiar features that expand our view of how protein
function is determined by the conformational properties of
a polypeptide chain. The discovery of numerous physiological
functions performed by IDPs has challenged the traditional
structure–function paradigm.[1–4] The lack of a unique stable
3D structure and the high extent of local mobility provide
functional advantages to IDPs in terms of structural plasticity
and binding promiscuity.

Among the experimental techniques available to obtain
atomic-resolution information on IDPs, solution-state NMR
spectroscopy plays a predominant role. As a spectroscopic
method, NMR is equally well applicable to structured as well
as highly disordered proteins. However, the absence of
a stable 3D structure and the highly dynamic nature of
IDPs causes averaging of NMR chemical shifts, resulting in
extensive cross-peak overlap in the NMR spectra.[5–9] Fur-
thermore, fast hydrogen exchange of the solvent-exposed
amide and other labile protons with water protons causes
extensive line broadening or even complete disappearance of
the corresponding resonances in the NMR spectra. Therefore,
new NMR methods need to be derived or conventional
techniques developed for folded proteins need to be adapted
to account for the particular spectroscopic properties of IDPs.

To reduce the spectral overlap problem, uniform isotopic
enrichment of the IDP with stable isotopes (13C, 15N) is
mandatory. Indeed, 13C and 15N nuclei are characterized by an

increased chemical shift dispersion with respect to protons.
Therefore, proton-detected triple-resonance experiments[10,11]

provide the spectral resolution required for site-resolved
investigation of IDP structure, dynamics, and interaction
modes.[12–14] Recently, the advent of more sensitive NMR
instrumentation has brought carbon detection in the suitable
sensitivity range for biomolecular NMR applications.[15–17]

13C-Detected exclusively heteronuclear NMR experiments
have been developed and offer valuable ways for the
characterization of IDPs.[18–21]

The impact of hydrogen protein–solvent exchange pro-
cesses on the NMR spectra of IDPs has never been discussed
in detail, despite its importance, as most NMR experiments
used to characterize IDPs are based on amide proton
detection. Hydrogen exchange rates are highly dependent
on the sample pH and temperature,[22] and changes in these
two parameters can thus strongly influence the quality of the
spectra. Inspecting the IDP literature reveals that most NMR
studies have been performed at low temperatures and
(slightly) acidic pH to reduce exchange-induced line broad-
ening in the 1H–15N spectra, and in triple-resonance experi-
ments that are based on amide 1H detection.

The ensemble of conformers that an IDP adopts in
solution and its ability to bind to molecular partners, may be
strongly dependent on the environmental conditions. There-
fore, it is important to have NMR methods to access atomic-
resolution information under conditions that more closely
approach physiological conditions (neutral pH, body temper-
ature). In this context, 13C detection provides a valuable
method of investigation as 13C nuclei are not only charac-
terized by a good chemical shift dispersion even in absence of
a stable 3D structure but they are also insensitive to hydro-
gen-exchange-induced line broadening.[23–27] With increasing
temperature and pH, the quality of 2D 1H–15N correlation
spectra deteriorates owing to the more efficient hydrogen-
exchange mechanism, resulting in increasing number of peaks
that are extensively line broadened, while at the same time
the quality of the 13C-detected 13CO–15N spectra is main-
tained, if not improved. This is illustrated in Figure 1, which
shows 1H–15N and 13CO–15N spectra recorded in the temper-
ature range of 285.7 K to 304.8 K (pH 7.4) for the IDP a-
synuclein, a 140 residue human protein implicated in neuro-
degenerative diseases.[28] This comparison, which is a general
behavior observed for IDPs, demonstrates that 13C-start 13C-
detected experiments enable us to recover atomic resolution
information that is not available from amide 1H-detected
experiments, thus opening new possibilities for the character-
ization of IDPs under close to physiological sample con-
ditions.
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A major drawback of 13C-detected experiments remains
their low intrinsic sensitivity owing the approximately four
times lower gyromagnetic ratio of 13C with respect to 1H (gC!
gH/4). Therefore, it has been proposed to use the larger 1H
(instead of 13C) polarization as a starting point of the
coherence transfer pathways to increase the sensitivity of
13C-detected experiments.[15, 18] The sensitivity of these 1H-
start, 13C-detected experiments can be further improved by
longitudinal 1H relaxation enhancement techniques.[29–34]

These methods are based on the selective manipulation of
a subset of proton spins that then relax back to thermody-
namic equilibrium much faster owing to an energy transfer
mechanism from the excited protons to the protons that
remained unperturbed by the pulse sequence. The extent of
longitudinal relaxation enhancement obtained by selective
manipulation of amide 1H spins in a-synuclein is shown in
Figure 2. 1H polarization inversion recovery has been mea-
sured for individual amide sites by inverting different pools of
1H spins, followed by a relaxation delay, and a 2D HN-flipCON
readout sequence (Supporting Information, Figure S2) at
pH 7.4 and 295.5 K (additional profiles at pH 6.4 are shown in
the Supporting Information, Figure S3). Selective inversion of
amide protons results in very fast 1H recovery with effective
T1 time constants of about 60 ms (1.4 times the zero-crossing
time point), instead of T1! 2 s measured for non-selective 1H
inversion. This circa 30-fold decrease in 1H T1 is impressive,
and much higher than what is typically observed for folded
proteins with reported selective amide 1H T1 of 200–400 ms
compared to non-selective 1H T1 of 1.0 to 1.5 s.[35, 36] Our
inversion recovery data also demonstrate that the major
source of 1H relaxation enhancement under these experi-
mental conditions can be attributed to hydrogen-exchange
processes rather than 1H–1H dipolar interactions. The latter
are responsible for the observed relaxation-enhancement
effects in globular proteins,[30–32,34] as well as in IDPs studied at
low temperature and acidic pH values.[14]

Inversion recovery curves
also show that perturbation of
the water resonance dramati-
cally slows down recovery of
amide protons to equilibrium.
This has a strong impact on the
performance of NMR spectra
of IDPs, in particular when
approaching physiological con-
ditions. Therefore avoiding
perturbation of water protons
becomes a key general aspect
to consider in the design of
NMR spectra optimized for
the study of IDPs.

The extremely short recov-
ery times observed for amide
1H in a-synuclein at close to
physiological conditions
prompted us to design new
1HN-start 13C-detected experi-
ments with minimal perturba-

tion of the water 1H spins that are expected to yield
significantly improved sensitivity. A particularly useful exam-
ple is the 2D HN–BESTCON experiment shown in Figure 3a
that yields “fingerprint” spectra of the protein backbone that
can be used for chemical shift mapping purposes. The
acronym BEST[31] refers to the use of band-selective amide
1H pulses to achieve longitudinal relaxation enhancement.
The BEST technique was preferred over alternative solutions,
for example, flip-back approaches, as it performs best with
respect to the remaining amount of water 1H polarization
after one scan. Because of the long 1H T1 of water (ca. 3 s at

Figure 2. Inversion recovery profiles of amide protons acquired with
the variant of the HN–flipCON (described in the Supporting Information,
Figure S2) for selected amino acids of a-synuclein: a) Val 40;
b) His 50; c) Leu 100. Different initial conditions are indicated as
follows: ! non-selective, ? HN–Hwater-selective, $ HN–HC-selective,
* HN-selective.

Figure 1. 2D spectra correlating the backbone amide nitrogen either with the directly bound amide proton
or with the directly bound carbonyl. a)–c) 1H–15N HSQC and d)–f) 13C–15N CON acquired on a-synuclein
at pH 7.4 are shown as a function of increasing temperature: a),d) 285.7 K; b),e) 295.5 K; c), f) 304.8 K.
Each spectrum was acquired with one scan per increment, and the same spectral resolution (in Hz) was
chosen for the two experiments. Similar behaviour is observed employing different variants of 2D 1H–15N
correlation experiments (Supporting Information, Figure S1).
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room temperature),[37, 38] even minimal perturbation of the
water 1H results in significantly reduced steady-state water 1H
polarization under fast-pulsing conditions, and thus in
a reduction of the longitudinal enhancement effect required
for optimal sensitivity.

In fact, 1H recovery starts right after the last 1H pulse, well
before the end of the pulse sequence, in contrast to 1H-
detected experiments that typically end with 1H pulses.
Therefore, at the end of the HN-BESTCON pulse sequence
(including signal acquisition), sufficient 1H polarization may
already have built up to immediately start the next scan
without any additional delay. To allow for long 13C acquisition
times to take benefit of the favorable transverse relaxation
properties of IDPs, and avoid problems related to probe
heating owing to 15N decoupling during acquisition, we have
implemented virtual 15N decoupling in the pulse
sequence.[18, 39]

The performance of the new experiment in terms of
sensitivity was evaluated by recording a series of 2D 13CO–15N
correlation spectra of a-synuclein with different inter-scan
delays, ranging from 0 to 1 s, using either HN-BESTCON, the
analogous experiment employing non-selective 1H pulses, HN-

startCON, or the 13C-start CON pulse schemes. The results
obtained for selected residues of a-synuclein are shown in
Figure 3b–d. The first observation from these data is that
starting with 1H as a polarization source in the HN-startCON
experiment does not result in a significant sensitivity increase
with respect to the 13C-start CON version under these
experimental conditions. This is mainly explained by the
long non-selective 1H T1 of about 2 s compared to the 13CO T1

of about 1 s (estimated value), and by additional 1H relaxation
occurring during the 1H-start pulse sequence. It is interesting

to note how under these conditions, amide 1H polarization
recovery for IDPs may become slower than 13C recovery of
carbonyl nuclei. Much larger signal gains are obtained for the
HN-BESTCON experiment that benefits from the extremely
short selective recovery times of amide 1H that are used as
starting polarization. The observed sensitivity gains (HN-BEST-

CON over 13C-start CON), determined for short recycle times
of 150 ms, vary between different sites from a factor of 4 to
a factor of 12 (Supporting Information, Figure S4). The
example curves shown in Figure 3b–d have been chosen to be
representative of residues characterized by solvent exchange
rates of different magnitude. For residues characterized by
(relatively) slow exchange under these conditions (for
example, Leu 100), a higher sensitivity increase is observed
than for residues with faster exchanging amide protons (for
example, His 50). This demonstrates that starting from amide
1H introduces again a dependency on the solvent exchange
rates, and that there is an optimal exchange regime for the use
of such BEST-type 1H-start 13C-detected experiments. Max-
imal sensitivity is achieved if the exchange rate is large with
respect to the longitudinal relaxation rate R1, but still small
compared to the transverse relaxation rate R2 (1 s"1< kex<
102 s"1). In the presence of even faster hydrogen exchange,
experimental variants exploiting 13C,[23, 25] or non-exchange-
able 1H,[18] as the starting polarization source are expected to
yield higher sensitivity.

The HN-BESTCON experiment is particularly useful to
study the behavior of IDPs inside living cells (in-cell NMR) or
to monitor post-translational modifications occurring either
in vitro or in vivo, because to be biologically relevant, all of
these studies are preferably performed under sample con-
ditions that are close to physiological pH and temperature.

In-cell NMR spectroscopy provides a unique spectroscop-
ic method to investigate the fate of a protein in a cellular
context. In particular, it allows changes induced by different
cellular stimuli to be monitored or protein spectra obtained
for different cell types to be compared.[40–44] A number of
techniques, for example bacterial over-expression, injection,
electroporation, or direct expression of proteins in human
cells, have been developed during recent years that allow to
introduce isotopic labeled protein into various cell types.[40–44]

The extensive line broadening that is typical for in-cell
spectra, in combination with the drastically reduced chemical
shift dispersion and high solvent exchange rates of IDPs, has
a strong negative impact on the amount of residue-specific
information that can be obtained through 2D 1H–15N
correlation experiments. 13C-detected experiments offer a val-
uable solution to this problem thanks to the higher chemical
shift dispersion and reduced sensitivity to exchange broad-
ening.[25, 45] However, high sensitivity is required to ensure
short experimental times to cope with the limited lifetime of
meaningful in-cell NMR samples. The use of 1H as a starting
polarization source as well as longitudinal relaxation en-
hancement are important features for the study of IDPs in
cells through 13C-detected exclusively heteronuclear NMR
experiments.[46] An example of an in-cell HN-BESTCON spec-
trum of a-synuclein over-expressed in E. coli cells is shown in
Figure 4. The inset clearly shows how the HN-BESTCON
experiment enables to detect correlations that were lost

Figure 3. a) HN-BESTCON pulse sequence. The delays are:
t1 =1/(4 JNH)"0.5d1"0.5d2, t2 =1/(4 JNH)"0.5d2, D1 = 1/(2 JCON),
33.2 ms, D2 = 1/(2 JCOCa), 9 ms, D = 1/(4 JCON)"1/(4 JNH)"t1/2, T = 1/
(4 JCON). The delays d1 and d2 correspond to the lengths of the PC9 and
REBURP pulses that are used for 908 and 1808 pulses, respectively.
The phase cycle is f1 = x, "x ; f2 =2(x), 2("x); f3 = 4(x), 4("x);
f4 = 4(y), 4("y); frec = x, "x, x, "x. Quadrature detection was obtained
by incrementing phase f2 (t1) in States-TPPI manner. For the 15N
virtual decoupling version, two 908 15N radio-frequency pulses are
applied (white rectangles) instead of the one 908 15N rf pulse
preceding IPAP block and 15N decoupling during acquisition. b)–
d) Intensity normalized accordingly to Tscan time, for CON (*), HN-

startCON (?), and HN-BESTCON (*) for selected amino acids of a-
synuclein, b) Val 40, c) His 50, and d) Leu 100 at pH 7.4 and 295.5 K.
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under the spectral noise in the corresponding HN–flip imple-
mentation of the experiment.

Another interesting application of NMR spectroscopy at
nearly physiological conditions consists in following post-
translational modifications modulating protein function.
Among them, recent studies have focused on monitoring
phosphorylation events involving intrinsically disordered
proteins.[47–49] Also in this case, 13C-detected NMR experi-
ments complement well the 1H-detected experiments for
obtaining site-resolved information on phosoporylation
events in intrinsically disordered proteins (for an example,
see the Supporting Information, Figure S5).

In conclusion, we have shown here that 13C-start 13C-
detected experiments do not suffer from fast hydrogen
exchange between amide and solvent protons in IDP samples
studied at close to physiological conditions, thus enabling us
to recover information that would be difficult or even
impossible to obtain through amide 1H-detected experiments.
Furthermore, in favourable cases the fast hydrogen exchange
rates can even be turned into a spectroscopic advantage. By
combining longitudinal 1H relaxation optimized BEST-type
techniques with 13C-direct detection pulse schemes, important
sensitivity improvements can be achieved, and experimental
times can be significantly reduced. This opens up new
applications for monitoring chemical shift changes in IDPs
upon interaction to a binding partner, chemical modification,
or by changing the environment, under sample conditions that
were inaccessible by conventional techniques. This concept
can be easily extended to other 1HN-start 13C-detected experi-
ments. Furthermore, 13C-detected NMR experiments can be
used to obtain semi-quantitative information about hydrogen-
exchange rates without directly detecting the exchangeable
amide 1H by quantifying the signal enhancement observed in
HN–BESTCON with respect to HN-startCON spectra.[18,33] This
may become useful to monitor changes in the exchange rates
after for example, some binding event, reflecting a change in
the solvent accessibility at the binding site of the IDP.
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Protein samples  
 
α–synuclein was expressed and purified as previously described.[1] NMR experiments were acquired on a 
1.0 mM 13C, 15N- labeled sample (550 µl) in 20 mM Pi buffer and 200 mM NaCl at pH 7.4; 5% D2O was 
added for the lock. To assess the effect of pH on the inversion recovery profiles, a sample in exactly the 
same conditions except for pH, that was set at 6.4, was also prepared. 
 
In-cell NMR experiments were acquired on E.coli cells overexpressing α–synuclein, grown in 13C, 15N 
isotopically enriched minimal medium after induction of protein expression. For the preparation of the 
NMR sample, a single colony from a freshly transformed BL21(DE3) gold E. coli harbouring the 
expression plasmid was inoculated in 70 ml of LB medium supplemented with 100 µg/ml of carbenicillin 
in a 250 ml flask and grown overnight in thermostatised shaker at 27°C at 380 rpm (20 mm oscillation 
amplitude). The day after the cell density reached OD600 between 4 and 6. 35 ml of the culture (OD600 =6) 
were centrifuged gently (2000 x g) at 4°C for 20 minutes. The cells were re-suspended in 50 ml of labeled 
medium in a 250 ml flask and the flask was put back in the shaker (37°C 380 RPM). After 10-15 minutes 
of temperature recovery the culture was induced by addition of IPTG to a final concentration 1 mM. Cells 
were collected 4 hours after the induction. Two NMR samples were prepared from the same flask. Cells 
were centrifuged (2000 x g) at 4°C for 20 minutes and then re-suspended using 300 -500 µl of their 
culture medium so that the amount of cells was 50% of the entire sample volume (600 µl). A 10% v/v of 
deuterium oxide was added for lock circuit. The cells viability was checked by spreading the same 
amount of sample on LB agar plate containing 50 µg/l carbenicillin before and after the NMR 
experiments. The absence of protein leakage to the culture medium was verified. The cells were removed 
from the NMR tube and centrifuged at 1500 x g for 10 minutes. The supernatant was further centrifuged 
at 10000 x g for additional 10 min and checked by NMR analysis. 
 
NS5A was expressed and purified as previously described.[2] NMR experiments were acquired on a 100 
µM NS5A  sample (300 µl) in a buffer solution containing 50 mM Tris-HCl, 10 mM MgCl2, 5 mM DTT 
and 5 mM ATP. The CK1 kinase (8 µl) was added to follow the phosphorylation process (8000 units); 
5% D2O was added for the lock. In order to ensure appropriate conditions for the kinase activity, the 
reaction has been conducted at 25°C and pH 7.0. 
 
NMR experiments 
 
NMR experiments were performed at 16.4 T on a Bruker Avance spectrometer operating at 700.06 MHz 
1H, 176.03 MHz 13C and 70.9 MHz 15N frequencies, equipped with a triple-resonance cryogenically 
cooled probehead optimized for 13C-direct detection.   
 
The new pulse schemes, the inversion recovery HN-flipCON and the HN-BESTCON  are illustrated in Figure 
S2 and in Figure 3 in the main text respectively. All pulses were applied with phase x, unless otherwise 
specified. In all the panels reported, unless otherwise specified, band-selective 13C pulses are denoted by 
rounded shapes and rectangular symbols represent hard pulses. The wide and narrow pulses correspond to 
π and π/2 flip angles. Pulsed field gradients (PFG line) are also indicated by rounded shapes. The 
common parameters used for all experiments are described in detail in this paragraph, while those specific 
for each experiment are reported in the captions of the figures.  
 
Unless otherwise specified, for 13C band-selective π/2 and π pulses, Q5 (or time reversed Q5) and Q3 
shapes[3] were used with durations of 300 and 220 µs, respectively. The 1H carrier was placed at 4.7 ppm 
and the 15N carrier was placed at 118 ppm or at 122.5 ppm to also include signals of prolines. Adiabatic π 
pulse was used to invert both CO and Cali [4] (500 µs, 25% smoothing, 80 kHz sweep, 11.3 kHz strength). 
The change in the position of the 13C carrier (39 ppm for Cali, 55 ppm for Cα and 173 ppm for CO, 100 
ppm for the adiabatic pulse) is indicated by vertical arrows. All proton-selective pulses were applied 
centered at 9 ppm, covering a bandwidth of 4 ppm with PC9 shaped pulses for π/2 [5] and Reburp shaped 



pulses for π.[6] Decoupling of 1H and 15N (when appropriate) was achieved with Waltz-16 [7] (1.7 kHz) 
and Garp-4 [8] (1.0 kHz) sequences, respectively. All the experiments employ the IPAP approach to 
suppress the Cα-CO coupling in the direct acquisition dimension[9-12] where the in-phase (IP) and 
antiphase (AP) components are acquired and stored separately, doubling the number of FIDs recorded in 
one of the indirect dimensions.[13] To allow for long 13C acquisition time, 15N virtual decoupling was 
implemented as previously described.[14] The phase cycle, the method used for quadrature detection, the 
duration of the delays shown in the pulse sequences, and the relative strengths of the gradients used (all 
gradients had a duration of 1ms and sine shape) are reported case-by-case. 
 
The 2D spectra correlating the backbone amide nitrogen either with the directly bound amide proton or 
with the directly bound carbonyl shown in Figure 1 of the main text (1H-15N HSQC [15;16]and 13C-15N 
CON[17]) were acquired on α-synuclein at pH 7.4 as a function of increasing temperature (285.7K, 295.5K 
and 304.8K). The 1H-15N HSQC experiment used in Figure 1 was the sensitivity improvement 
echo/antiecho version which also includes a water flip-back pulse [15;16]. Each spectrum was acquired with 
one scan per increment with enough increments to obtain the same resolution in the indirect dimension 
(512 increments for a spectral width of 26 ppm in the 2D 1H-15N HSQC and 688 increments for a spectral 
width of 35 ppm in the 2D 13C-15N CON; in the latter case each increment needs to be repeated twice to 
perform homonuclear virtual decoupling). The interscan delay was set to 1 s and 1.2 s respectively for a 
total duration of 12 min and 10 s, and 35 min and 18 s for the 1H-15N HSQC and 13C-15N CON, 
respectively. 
Repeating the acquisition of 2D 1H-15N correlation experiments with two scans per increment to compare 
spectra acquired in the same amount of time, as well as with different experimental variants [18;19] the 
overall result does not change: with increasing temperature the quality of the 2D 1H-15N spectrum 
decreases while the quality of the 2D 13C-15N spectrum remains unchanged or even improves and all the 
cross peaks can be detected. 
 
The reference pulse sequence HN-flipCON, preceded by different variants for inversion recovery 
(inversion-recovery HN-flipCON), is shown in Figure S2. Spectra were acquired at 295.5 K with standard 
parameters, using an interscan delay of 5 s to ensure complete recovery to thermal equilibrium, 
acquisition time of 100 ms with four scans per increment. In the 15N dimension, 200 increments were 
acquired for a spectral width of 35 ppm resulting in a maximal evolution time of 40.3 ms. Spectra were 
recorded with 16 relaxation delays, ranging from 0.05 to 5 s in non-selective and HN-Hwater-selective and 
0.02 to 5 s in HN-selective and HN-Hali-selective. The same inversion recovery profiles were acquired also 
at pH 6.4 and at 285.7 K, all other experimental conditions being the similar (same sample conditions, the 
experiments were acquired with 128 increments in the 15N dimension for a spectral width 35 ppm 
resulting in a maximal evolution time of 25.7 ms, and for 13 different relaxation delays ranging from 0.05 
to 5 s in non-selective and HN-Hwater-selective and 0.02 to 5 s in HN-selective and HN-Hali-selective). All 
relaxation curves were fitted to a mono-exponential function using the Bruker Dynamics Center 2.1.1 
program. 
 
Sensitivity curves of HN-BESTCON, HN-startCON and 13C-start CON were acquired at 295.5K with 24 
recycle delays from 0.005 to 1s for a total duration of 3 hours and half for the series. Spectra were 
acquired with an acquisition time of 50 ms, with two scans per increment. In the 15N dimension, 128 
increments were acquired for a spectral width of 35 ppm resulting in a maximal evolution time of 25.8 ms. 
All proton-selective pulses were applied centered at 9 ppm, covering a bandwidth of 4 ppm with PC9 
shaped pulses  for π/2[5] and Reburp shaped pulses for π rotations.[6]  
 
The in-cell HN-BESTCON spectrum acquired on E.coli cells overexpressing α-synuclein was acquired with 
16 scans per increment and 116 increments for a spectral width of 26 ppm and maximal evolution time 
31.4 ms. The relaxation delay was 160 ms, and the acquisition time 66.4 ms. 15N decoupling was applied 
during acquisition. The total duration of the experiment was 23 minutes. For comparison the HN-flipCON 
was acquired with the same parameters. 



 
The series of HN-BESTCON and CON spectra on NS5A to follow the phosphorylation reaction were 
acquired at 298.0 K. HN-BESTCON with 200 scans per increment and 110 increments for a spectral width 
of 24 ppm, maximal evolution time 32.3 ms and recycle delay 50 ms while CON were acquired with 60 
scans per increment and 128 increments for a spectral width of 34 ppm, maximal evolution time of 26.5 
ms and recycle delay 1s. In the HN-BESTCON experiment each increment needs to be repeated four times 
to perform simultaneous 13C homonuclear and 15N virtual decoupling while for the CON experiment they 
need to be repeated twice to perform 13C homonuclear virtual decoupling. The total duration of each CON 
experiment was 6 h 11 min and 13 s while each HN-BESTCON spectrum was acquired for a total duration 
of 6 h 4 min and 55 s. After addition of the kinase (start of the reaction) the CON and HN-BESTCON 
spectra were acquired alternatingly, seven times each, as long as changes (due to phosphorylation) could 
be observed in the acquired spectra.  
 
Experimental data were acquired using Bruker TopSpin 1.3 software and processed with Bruker TopSpin 
3.1 software. 
 
  



Figure S1. The 2D spectra correlating the backbone amide nitrogen either with the directly bound amide 
proton or with the directly bound carbonyl 1H-15N HSQC [15;16] and 13C-15N CON[17]), acquired on α-
synuclein at pH 7.4, are shown as a function of increasing temperature (from left to right 285.7K, 295.5K 
and 304.8K). The spectra were acquired in the same conditions as reported for Figure 1, the only 
difference being that the sensitivity improved 2D 1H-15N HSQC was acquired with two scans per 
increment in order to compare 1H-detected and 13C-detected data obtained in comparable amount of time 
(top panels on the left-hand side). In addition, two different variants of the 2D 1H-15N HSQC experiments, 
namely a different variant of the 2D water flip-back 1H-15N HSQC experiment (FHSQC, middle panels 
on the left-hand side) and the 2D 1H-15N SOFAST-HMQC experiment (SF-HMQC, bottom panels on the 
left-hand side) were acquired.[18;19] These additional spectra show that with increasing temperature the 
quality of the 2D 1H-15N correlation experiments decreases, while that of the 2D  13C-15N CON does not. 

 
  



 
Figure S2. A) Inversion recovery blocks implemented previous to the HN-flipCON pulse sequence. (a) non-selective 
(b) HN-selective, (c) HN-Hwater-selective and (d) HN-Hali-selective inversion recovery blocks. The set of 1H spins 
inverted by every block is shown with red arrows. ΔHN = 1/(2JNH), ΔC = 1/(2JCH), Δ´ = ΔN − ΔC. Gradient power 
relative to 53.5 G/cm was G1:G2:Gstrength = 11: 7:1%.  A weak gradient was applied during the inversion recovery 
delay to suppress radiation damping. 
B) The HN-flipCON pulse sequence. The delays are: ΔNH=1/(2JNH), 5.4 ms, Δ1 = 1/(2JCON), 33.2 ms, Δ2 = 1/(2JCOCα), 9 
ms. The phase cycle is φ1= x, -x; φ2= -x, x; φ3 = y,y,-y, -y; φIPAP(IP) = x; φIPAP(AP) = -y; φrec = x, -x,x, -x. Quadrature 
detection was obtained by incrementing phase φ3 (t1) in States-TPPI manner. Gradient power relative to 53.5 G/cm 
was G1:G2:G3:G4 = 5:17:33:50%.  
 

 
  



Figure S3. a-c) Inversion recovery profiles of amide protons acquired with the variant of the HN-flipCON described 
in Figure S2 for selected amino acids of α-synuclein, (a) Glu 13, (b) Thr 54, (c) Asp 135, at pH 7.4 (left column) 
and pH 6.4 (middle column), at 295.5 K, and at pH 6.4 at 285.7 K (right column). Different initial conditions are 
indicated with the following symbols: (♦) Non-selective, (�) HN-Hwater-selective,  (�) HN-HC-selective, and (�) 
HN-selective. 
d) The inversion recovery profiles acquired with the pulse sequence described in Figure S2 were fitted to a mono-
exponential function to have an estimate of the “effective” T1 for the amide protons of α-synclein at pH 7.4 and 
295.5 K. The distribution of values obtained is shown in form of histograms. 
 

 
 

 



 
Figure S4.  Histogram of the improvement in sensitivity obtained through the HN-BESTCON experiment respect to 
the CON experiment for recycle times of 150 ms and of 1 s respectively. Data were acquired on α-synuclein at pH 
7.4 and 295.5 K. 
 

 
 
  



Figure S5.  Phosphorylation reaction of NS5A protein from hepatitis C virus by the CK1 kinase 
monitored by NMR. We have recorded 2D HN-BESTCON, CON, and 1H-15N correlation spectra during the 
in vitro phosphorylation reaction of a NS5A construct comprising residues 191 to 447 that is 
phosphorylated on multiple serine residues in HCV infected cells[20;21]. In order to ensure appropriate 
conditions for the kinase activity, the reaction has been conducted at 25°C and pH=7.0. Panels (a) and (d) 
show spectral regions extracted from 2D HN-BESTCON spectra recorded before (black) and 4 days after 
initiating the phosphorylation process by adding CK1 kinase (red). In panels (b) and (e) the corresponding 
spectral regions extracted from CON experiments recorded before (black) and after (red) phosphorylation 
are shown. Finally, panels (c) and (f) show spectral regions (same 15N chemical shift range) extracted 
from conventional sensitivity-enhanced water-flip-back HSQC spectra. All spectra were recorded in an 
interleaved manner. The 1H-detected experiments still show higher sensitivity than the 13C-detected 
versions for most of the correlation peaks, but suffer from higher spectral overlap. For the phosphoserines 
new correlation peaks appear in the spectra, while peak shifts are observed for neigbouring residues and 
for residues that experience phosphorylation-induced structural changes. The 13CO chemical shift 
differences thus provide a direct information on changes in secondary structural propensities upon 
phosphorylation. The spectra illustrate the overall significantly higher signal-to-noise ratio obtained by 
HN-BESTCON with respect to CON. This allowed, for example to detect chemical shift changes in the 
peptide region 298-300 that are due to some conformational changes upon phosphorylation of remote 
serine residues. The corresponding cross peaks are either very weak or undetectable in the CON spectra. 
On the other hand these spectra also illustrate the limitations of the HN-BESTCON approach. Residues with 
amide protons that exchange very fast with the solvent are not observable in HN-BESTCON (or 1H-15N 
HSQC), while they still give rise to correlation peaks in the CON spectra. Overall, the combination of the 
three techniques allows monitoring the phosphorylation event for the majority of residues within this 
NS5A construct. 
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Abstract

Intrinsically disordered proteins (IDPs) are functional proteins containing large fragments

characterized by high local mobility. Bioinformatic studies have suggested that a signifi-

cant fraction (more than 30%) of eukaryotic proteins has disordered regions of more than

50 amino acids in length. Hence, NMR methods for the characterization of local com-

pactness and solvent accessibility in such highly disordered proteins are of high impor-

tance. Among the available approaches, the HET-SOFAST/BEST experiments (Schanda

et al. 2006, Rennella et al. 2014) provide semi-quantitative information by monitoring lon-

gitudinal 1H relaxation of amide protons under di↵erent initial conditions. However, when

approaching physiological sample conditions, the potential of these amide 1H detected ex-

periments is reduced due to rapid amide proton solvent exchange. 13C direct detection

methods therefore provide a valuable alternative thanks to a higher chemical shift disper-

sion and their intrinsic insensitivity toward solvent exchange. Here we present two sets of
13C detected experiments, which indirectly measure HN and H↵ inversion recovery profiles.

The experiments consist of an initial spin inversion recovery block optimized for selective

manipulation of di↵erent types of proton spins followed by a CON read-out scheme. The

proposed experiments were tested on human ↵-synuclein and ubiquitin, two representative

examples of unfolded and folded proteins.

Keywords

Longitudinal relaxation enhancement, 13C direct detection, Intrinsically Disordered Pro-

teins, IDPs
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Introduction

Intrinsically disordered proteins (IDPs) are characterized by the lack of a unique stable

three-dimensional structure under physiological conditions. [1–3] The high local mobility

of these proteins provides advantages in terms of binding promiscuity, and allows them

to interact with a large variety of binding partners. [4–8] This enables IDPs to play an

important role in regulatory and signalling processes. Bioinformatic predictions show

that a significant fraction of eukaryotic proteins is constituted by disordered regions of

more than 50 amino acids in length. [9, 10] This has stimulated considerable interest in

the development of novel NMR methods optimized for the study of IDPs or intrinsically

disordered protein regions (IDPRs). [11–14]

The lack of a stable three-dimensional fold, the high flexibility, and the solvent exposed

backbones typical of IDPs have a strong impact on the NMR observables. For highly

flexible IDPs, the favorable transverse relaxation properties enable the design of complex,

high dimensional NMR experiments with a large number of transfer steps and frequency

editing periods. However, the poor chemical shift dispersion and the fast exchange rates

of labile protons with the solvent pose challenges that need to be taken into account when

designing NMR experiments. Several approaches have recently been proposed to overcome

experimental limitations and to exploit at best the capabilities of NMR spectroscopy

to characterize IDPs. For example, experiments of high dimensionality, exploiting non-

uniform data sampling (NUS) strategies, longitudinal-relaxation enhancement (LRE), and

either 1H or 13C direct detection, provide highly resolved NMR spectra. [14–31]These

tools now enable the sequence specific assignment of large (up to about 400 residues)

IDPs. [30, 32]

A main goal of the NMR investigation of an IDP is the characterization of the het-

erogeneous structural and dynamic properties throughout the polypeptide chain, often

linked to its function. This is by no means a trivial task, due to the strong interplay

between structural and dynamic contributions to the NMR observables, as illustrated be

recent progress in the field. [13, 33–40] Therefore, new ways of accessing and describing

the conformational heterogeneity of IDPs are required.

In this context, an interesting approach to access information about local compactness

and solvent accessibility was proposed, based on the comparison of amide 1H longitudi-

nal relaxation rates under di↵erent initial conditions. [41, 42] This HET-SOFAST/BEST

approach was shown to be a robust and solid method to discriminate between folded and

unfolded proteins, and to recognize protein regions of di↵erent local compactness and
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solvent accessibility. However, when focusing on complex IDPs approaching physiologi-

cal conditions, the low chemical shift dispersion in the amide 1H dimension and solvent

exchange-induced line-broadening of the peaks in 2D 1H-15N correlation spectra reduce

the amount of atomic resolved information that can be obtained by this method.

Here we propose a complementary method based on 13C detection to determine lon-

gitudinal relaxation properties of 1HN and 1H↵ by measuring inversion recovery profiles

under di↵erent initial conditions. Since proton spins are only used as a starting polar-

ization source, the 13C detected read-out schemes enable the detection of fast exchanging

amide sites, and benefit from the good spectral resolution obtained for IDPs by exclu-

sively heteronuclear NMR experiments. [43, 44] We show that these experiments provide

information on the local structural and dynamic properties, in particular on local proton

density, local correlation time, and solvent exchange rates. The experiments were tested

on two well-studied proteins ubiquitin and ↵-synuclein as representative examples of a

folded and of an unfolded protein.

Materials and methods

Samples

↵-synuclein and ubiquitin were selected as representatives of an intrinsically disordered

protein and of a structured protein, respectively.

Samples of 1.0 mM uniformly 13C, 15N labeled human ↵-synuclein in 20 mM phosphate

bu↵er at pH 7.4 and 6.4 were prepared as previously described. [45] 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 signal. A sample of 0.5 mM uniformly 13C, 15N labeled human

ubiquitin prepared as previously described [46] in 20 mM HEPES bu↵er at pH 7 (10%

D2O was added for the lock signal).

NMR Experiments

NMR experiments were performed at 16.4 T on a Bruker Avance spectrometer operating

at 700.06 MHz 1H, 176.03 MHz 13C and 70.9 MHz 15N frequencies, equipped with a

cryogenically cooled probehead optimized for 13C direct detection.

The inversion recovery blocks, shown in Figure 1, were implemented before HN-flipCON

and H↵-flipCON [47, 48] read-out schemes, respectively. The two reference pulse schemes

are shown in the Supplementary Material (Figure S1 and S2). The common parameters
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used for all experiments are described in detail in this paragraph, while those specific for

each experiment are reported in the captions of the figures.

All pulses were applied with phase x, unless otherwise specified. In all the figures

reported, band selective 13C pulses are denoted by rounded shapes and rectangular symbols

represent hard pulses. The wide and narrow symbols correspond to ⇡ and ⇡/2 flip angle

pulses. Pulse field gradients (GZ line) are also indicated by rounded shapes. For 13C band-

selective ⇡/2 and ⇡ pulses, Q5 (or time reversed Q5) and Q3 shapes [49] with durations

of 300 and 220 µs, respectively, were used, except for the ⇡ pulses that should be band-

selective on the C↵ region (Q3, 860 µs) and for the adiabatic ⇡ pulse to invert C', Caro and

Cali (smoothed Chirp 500 µs, 25% smoothing, 80 kHz sweep width, 11.3 kHz RF field

strength). [50] The 1H carrier was placed at 4.7 ppm, the 15N carrier was placed at 116 ppm,

or at 122.5 ppm to also include signals of proline residues, the 13C band-selective pulses

on Cali, C↵ and C' were given at the center of each region and the adiabatic pulse was

adjusted to cover the entire 13C region. Decoupling of 15N was achieved with Garp-4

(1.0 kHz) sequences. [51] All experiments employ the IPAP approach to suppress the C↵-

C' coupling in the direct acquisition dimension [43, 52, 53], where the in-phase (IP) and

antiphase (AP) components were acquired and stored in an interleaved manner, doubling

the number of FIDs recorded. The phase cycle, the method used for quadrature detection,

the duration of the delays shown in the pulse sequences and the relative strengths of

the gradients used (all gradients had sine shape and duration of 1 ms, unless otherwise

specified) are reported case-by-case in the figure captions.

Carbon and nitrogen chemical shifts were referred indirectly to the 1H standard using

the conversion factor derived from the ratio of NMR frequencies. [54] Proton resonances

were calibrated with respect to the signal of 2,2-dimethylsilapentane-5-sulfonic acid (DSS).

The carbon signal of dioxane at 69.31 ppm was used as secondary reference for carbon

chemical shifts.

Experimental data were acquired using Bruker TopSpin 1.3 software, processed with

Bruker TopSpin 3.1 software and analysed with Bruker Dynamics Center.

Results and Discussion

13C detected 1H inversion recovery experiments

Two versions of the 2D HflipCON experiment, either starting with 1HN or with 1H↵ magne-

tization, [47,48] are reported in Figures S1 and S2. These pulse schemes provide the basic

experiments that were modified to measure longitudinal relaxation of 1HN and 1H↵, respec-
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tively, by inserting an inversion-recovery (IR) building block before the start of the pulse

sequence. Di↵erent IR blocks have been designed to invert all 1H spins (“non-selective”

experiment), or only a desired subset of 1H spins (variants of “selective” experiments).

Selective spin inversion can be achieved either through band selective pulses [55, 56], or

by exploiting the coupling of 1H spins to the directly attached heteronuclei (13C and 15N)

during a spin evolution period of duration 1/JHX. [47, 48, 57] The second approach was

chosen here as it can be easily implemented both for 1HN and 1H↵. The various inver-

sion sequences used in this study are shown in Figure 1, where the spin state of di↵erent

pools of protons is indicated by colored arrows. Selection via the one-bond 1H-15N and
1H-13C scalar couplings allows to discriminate 15N-bound spins, 13C-bound spins, and all

others (water 1H, OH, ...). In addition, the selectivity of the 13C 180° pulse determines

whether only 1H↵, 1Haliphatic, or all protons with the attached carbon (1HC) are inverted.

By choosing di↵erent inversion blocks, IR profiles can be measured for di↵erent initial

conditions in order to evaluate their e↵ect on 1HN and 1H↵ longitudinal relaxation.

1H longitudinal relaxation mechanisms

The main spin interactions leading to 1H longitudinal relaxation are dipole-dipole inter-

actions between neighboring protons. [58, 59] The energy put into the system by radio-

frequency pulses is transferred within the dipolar-coupled spin network in the protein

(cross-relaxation or NOE e↵ect) and is dissipated through the lattice (molecular motions).

The e�ciency of this relaxation mechanism depends on the e↵ective local rotational tum-

bling correlation time, the local proton density, and on the state of the neighboring spins.

Furthermore, the e↵ective longitudinal relaxation of labile protons, which are localized

in solvent-exposed regions is also significantly a↵ected by exchange processes with water

protons. Both of these two relaxation mechanisms couple di↵erent pools of protons, a

situation that can be exploited for longitudinal relaxation enhancement (LRE) in pro-

teins by selectively perturbing only one subset of spins, while leaving all others unper-

turbed. [14,15,60–65] Of course, other relaxation mechanisms also contribute to longitudi-

nal 1H relaxation (1H chemical shift anisotropy and 1H-13C, 1H-15N dipole-dipole interac-

tions). However, these additional interactions only contribute to a minor extent and, more

importantly, do not couple di↵erent pools of proton spins, and thus will not introduce a dif-

ferential e↵ect depending on the initial states of di↵erent pools of proton spins. The main

contributions to the e↵ective longitudinal relaxation (dipolar cross-relaxation or hydro-

gen exchange) can be identified indirectly by measuring longitudinal 1H relaxation under

di↵erent initial conditions in which only selected subsets of protons are perturbed. [41,61]
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Figure 1. Inversion recovery blocks

Inversion recovery blocks implemented prior to the read-out pulse sequences. a) non-

selective b) HN-selective, c) HN-Hwater-selective and d) HN-HC-selective inversion recovery

blocks implemented previously to the HN-flipCON pulse sequence. e) non-selective f) H↵-

selective, g) HC-selective and h) HN-HC-selective inversion recovery blocks implemented

prior to the H↵-flipCON pulse sequence. The sets of 1H spins inverted by each block are

illustrated with red arrows. The following delays were used: �N = 1/(2JNH), 5.2 ms;

�C = 1/(2JCH), 3.45 ms; �' = �N ��C; �C↵ = 1/(2JC↵H↵), 3.75 ms. Adiabatic pulses

on the carbon channel are indicated in black, highly selective pulses on 13C↵ in grey.

Gradient power relative to 53.5 G/cm was G1:G2:G0 = 11:7:1%. A weak gradient (G0)

was applied during the inversion recovery delay to suppress radiation damping.

Two extreme cases can be imagined. Protons buried in the core of a structured pro-

tein are well protected from the solvent, and their longitudinal relaxation is determined

by the dense 1H-1H dipolar coupling network (dipolar cross-relaxation or spin-di↵usion

mechanism). Since 1HN and 1H↵ are very close in space it is likely that their relaxation

properties will be very similar. In addition, longitudinal relaxation enhancement e↵ects

are expected to be similar for 1HN or 1H↵ upon their selective perturbation with respect

to all proton spins. [47,61] Of course, in this case it is expected that the state of the water

polarization has no, or only a minor e↵ect on the IR profiles. In the other extreme case

of a proton in a largely disordered protein, both mechanisms will contribute and their

relative importance will heavily depend on the temperature and pH of the sample. At
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close to physiological conditions (high T, neutral pH), 1H-1H dipole-dipole interactions

are expected to contribute only to a minor extent, while exchange e↵ects are supposed

to be very pronounced. This will translate into fast relaxation of 1H↵ and moderate (or

negligible) longitudinal relaxation enhancement e↵ects, while exchangeable protons such

as 1HN will show pronounced longitudinal relaxation enhancement e↵ects. [14, 15]

Figure 2. Series of IR-HN-flipCON spectra of ↵-synuclein

An example of a series of the HN-flipCON spectra measured with di↵erent inversion recovery

blocks. The sets of 1H spins inverted by the 1H inversions blocks are illustrated with red

arrows on the left: a) HN-selective, b) HN-HC-selective, c) non-selective and d) HN-Hwater-

selective. For the case a) and b) spectra with inversion recovery delays of 2 ms, 25 ms,

40 ms, 80 ms, 0.1 s and 5 s are shown, for the case c) and d) 5 ms, 0.6 s, 0.8 s, 1 s, 1.5 s

and 5 s. Experiments were acquired on ↵-synuclein at pH 7.4 and 295.5 K (acquisition

parameters are reported in Table S1 in Supplementary Material).

1HN and 1H↵ inversion recovery under di↵erent initial conditions

In order to access information on the relative importance of di↵erent mechanisms for
1H longitudinal relaxation we have measured a series of IR-HN-flipCON and IR-H↵-flipCON
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spectra using di↵erent inversion recovery schemes. Collecting data from both 1HN and
1H↵ is expected to provide complementary information. The high chemical shift dispersion

of 2D CON spectra [26] allowed us to determine IR profiles for the majority of 1HN and
1H↵ protons in the proteins studied here.

Figure 3. Series of IR-H↵-flipCON spectra of ↵-synuclein

An example of a series of the H↵-flipCON spectra measured with di↵erent inversion recovery

blocks. The sets of 1H spins inverted by the 1H inversions blocks are illustrated with red

arrows on the left: a) non-selective b) H↵-selective, c) HN-HC-selective. Spectra with

inversion recovery delays of 2 ms, 0.1 s, 0.3 s, 0.6 s, 0.9 s and 5 s are shown. Experiments

were acquired on ↵-synuclein at pH 7.4 and 295.5 K (acquisition parameters are reported

in Table S1 in Supplementary Material).

Examples of IR-HN-flipCON and IR-H↵-flipCON spectra acquired on ↵-synuclein

(295.5 K, pH 7.4) are shown in Figures 2 and 3, respectively. The zero-crossing of the

IR curves (“Tnull”) can be used as an estimate of the e↵ective 1H T1 (in case of mono-

exponential spin recovery, T1 = 1.44 · Tnull). In the case of 1HN longitudinal relaxation,

a dramatic reduction of the Tnull is observed, which changes from an average of about

1.2 s for non-selective inversion to about 50 ms for HN-selective inversion. The data also

show that the source of longitudinal relaxation enhancement comes from exchange pro-

cesses with the bulk water rather than from dipole-dipole interactions, as the pronounced

longitudinal relaxation enhancement e↵ect observed is related to the state of the water

polarization. For 1H↵, Tnull values of about 300 ms are measured, independent of the

initial conditions that only marginally change the polarization recovery under the cho-
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sen experimental conditions. As mentioned above, this is expected considering the high

flexibility (cross-relaxation rates close to zero), the low proton density typical of highly

disordered and flexible proteins, as well as the lack of direct exchange contributions.

Analogous IR profiles (Figure S3 and S4) acquired on the ubiquitin sample (295.5 K,

pH 7) show a completely di↵erent behavior. For the majority of sites (residues), the
1HN and 1H↵ IR profiles are quite similar, indicating the absence of significant exchange

contributions and similar spin di↵usion e↵ects for the two neighboring protons. Only a

few residues at the C-terminus, as well as in a highly flexible loop region connecting the

first two �-strands show a di↵erent behavior, similar to the one observed for the majority

of residues in ↵-synuclein.

Implications for the design of LRE experiments

The information obtained here about the longitudinal relaxation properties of HN and

H↵ can be used to guide the design of new experiments and the choice of the optimal inter-

scan delay. For example, if longitudinal relaxation enhancement e↵ects are pronounced, it

is advantageous to employ pulse sequences that actively exploit these e↵ects to reduce the

inter-scan delay and to increase the overall sensitivity. [14, 15, 31] On the other hand, if

longitudinal relaxation enhancement e↵ects are minor there is no need to implement any

of the methods to achieve longitudinal relaxation enhancement. For experiments starting

with amide 1H polarization, this means that LRE will prove useful in almost any situation,

independent of the sample conditions (pH and T) and whether the protein is structured

or highly flexible. An exception may be the study of an IDP at high T and low pH,

where exchange e↵ects are negligible and cross-relaxation rates are close to zero. But this

situation is of little practical relevance. In the case of H↵ the situation is di↵erent: for well-

structured proteins or protein regions LRE experiments will be of similar interest than for

HN-based experiments. The enhancement e↵ect is of course only little dependent on the

sample pH. For H↵ sites in highly flexible protein regions, LRE provides an advantage in

situations, e. g. low temperature, where the local rotational tumbling correlation times are

slow enough to yield significant NOEs (and spin di↵usion) with sequentially neighboring

protons.

Information on conformational heterogeneity in proteins

The IR experiments presented here also provide information on the local rotational corre-

lation time, proton density, and exchange processes. All these observables can be related
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to local compactness, flexibility, and solvent accessibility along the polypeptide chain.

Figure 4. HN and H↵ inversion recovery profiles

Inversion recovery profiles of HN (a, c) and H↵ (b, d) acquired with the variant of the

HN-flipCON and H↵-flipCON, respectively, under di↵erent initial conditions as described in

Figure 1. Inversion recovery profiles of alanine 27 and leucine 113 of ↵-synuclein (a, b),

and lysine 11 and glutamine 40 of ubiquitin (c, d) are shown. Di↵erent initial conditions

of HN inversion recovery profiles (a, c) are indicated with the following symbols: (⌥) non-
selective, (N) HN-Hwater-selective, (⌅) HN-HC-selective, and (•) HN-selective. In the case

of the H↵ inversion recovery profiles (b, d) di↵erent initial conditions are indicated with

the following symbols: (⌥) non-selective, (I) HC-selective, (⌅) HN-HC-selective, and (•)
H↵-selective. The experiments were acquired at 295.5 K, the ↵-synuclein sample was at

pH 7.5, the ubiquitin sample at pH 7.0.
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Examples of inversion-recovery curves extracted from the 2D spectra of ↵-synuclein

and ubiquitin are shown in Figure 4. These inversion-recovery curves illustrate distinct

relaxation features observed for di↵erent protein regions. 1HN longitudinal relaxation

of ALA 27, located in the amphiphilic N-terminal of ↵-synuclein, is strongly a↵ected

by the initial state of water spins, especially at conditions promoting rapid hydrogen

exchange. LEU 113 that is part of the C-terminal region which has a high content of

acidic residues, [66] displays a reduced dependence on the water 1H spin state, even though

the e↵ect of hydrogen exchange is still significant. The di↵erences in the 1H↵ inversion

recovery are minimal between the two sites. These observations agree with the intrinsically

disordered nature of ↵-synuclein. They also point out that the charged C-terminal domain

is electrostatically protected from the solvent, which decreases hydrogen exchange rates

as previously described. [66–68]

In the case of human ubiquitin, the inversion recovery curves of one residue from a

flexible loop region (LYS 11), and a second one from a well-structured part (GLN 40) are

shown (Figure 4). The 1HN inversion recovery profile of LYS 11 is typical for solvent-

exposed protein regions, where the main contribution to e↵ective longitudinal relaxation

comes from hydrogen exchange. Instead, the main relaxation mechanism of GLN 40 is
1H-1H spin-di↵usion, since the initial spin state of the aliphatic and aromatic protons

determines the recovery rate, whereas the e↵ect of the water protons is minimal.

The longitudinal relaxation times obtained from the inversion recovery measurements

under the various initial conditions tested in this study are plotted in Figures 5a and b for

↵-synuclein and in Figures 5c and d for ubiquitin as a function of the residue number. As

discussed above, the observed dependence on the initial conditions reflects the di↵erent

structural and dynamic properties of ↵-synuclein and ubiquitin. For ubiquitin most of

the amino acid residues display similar e↵ects. Only a highly flexible and solvent-exposed

loop region, as well as the C-terminus can be easily distinguished from their pronounced

relaxation enhancement e↵ects observed for amide 1H. In ↵-synuclein, the highly nega-

tively charged segment at the C-terminus acts as a shielding factor for solvent exchange,

resulting in smaller exchange rates in this segment. This observation could in principle be

interpreted as a local structuring e↵ect leading to a more compact conformation in this

part of the intrinsically disordered protein. However, the small variations in the observed
1H↵ relaxation data do provide valuable complementary information, clearly pointing to-

wards the conclusion that significant structuring in this region does not occur.
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Figure 5. Estimates of e↵ective longitudinal relaxation constants

Estimates of 1HN and 1H↵ e↵ective longitudinal relaxation time constants (e↵ective T1)

for each residue of ↵-synuclein (a, b) and ubiquitin (c, d) was obtained by fitting inversion

recovery data to a mono-exponential function. For HN T1 values (a,c), di↵erent initial con-

ditions are indicated by the following symbols: (⌥) non-selective, (N) HN-Hwater-selective,

(⌅) HN-HC-selective, and (•) HN-selective. For H T1 values values (b,d), di↵erent initial

conditions are indicated by: (⌥) non-selective, (I) HC-selective, (⌅) HN-HC-selective, and

(•) H↵-selective. The experiments were acquired at 295.5 K, the ↵-synuclein sample was

at pH 7.5, the ubiquitin sample at pH 7.0.

Similarly, care should be taken when attempting to translate the measured hydrogen-

exchange induced relaxation enhancement into local protection factors indicating the de-

gree of local compactness, as the chemical nature of the local amino acid composition has

a strong impact on the observed e↵ects. For example, all valine residues in ↵-synuclein

experience more moderate enhancement e↵ects, due to their intrinsically smaller exchange

rates related to their specific chemical topology.
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Conclusions

The high local mobility and fast solvent-exchange, inherent properties of IDPs, complicate

their residue-specific structural and dynamic characterization. Here we have described a

set of proton-selective inversion recovery blocks, that combined with 13C-detected NMR

experiments allowed us to measure e↵ective proton longitudinal relaxation rates under dif-

ferent initial conditions. The proposed 13C detected experiments were successfully tested

on two model proteins, human ↵-synuclein and ubiquitin.

Our results, first of all, provide information about the overall longitudinal 1H relax-

ation properties of the two proteins, and the main longitudinal relaxation mechanisms

that can be exploited for longitudinal relaxation enhancement in multidimensional NMR

experiments. They can also guide the optimal choice of the most appropriate pulse scheme

and the setting of the inter-scan delay to achieve maximal sensitivity.

In addition, some useful information on the local structural and dynamic properties

of the protein can be obtained under physiological sample conditions, e.g. at neutral pH

and high temperature or under in-cell conditions, where IDPs are di�cult to study by

conventional NMR methods, such as 15N relaxation measurements.
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Table S1: The NMR acquisition parameters used for inversion recovery (IR) HN-flipCON

and H↵-flipCON experiments

Experiments Dimension of acquired data Spectral

width

(ppm)

na db

t1 t2 F1 F2

IR-HN-flipCON-IPAPc

↵-synuclein (pH 7.4, 295.5 K)d 256*(15N) 1024(13C) 35 30 2 5

↵-synuclein (pH 6.4, 295.5 K)d 256*(15N) 1024(13C) 35 30 2 5

↵-synuclein (pH 6.4, 285.7 K)d 256*(15N) 1024(13C) 35 30 2 5

ubiquitin (pH 7.0, 295.5 K)e 180*(15N) 1024(13C) 30 30 2 5

ubiquitin (pH 7.0, 285.7 K)e 180*(15N) 1024(13C) 30 30 2 5

IR-H↵-flipCON-IPAPc

↵-synuclein (pH 7.4, 295.5 K)f 400*(15N) 1024(13C) 35 30 2 5

↵-synuclein (pH 6.4, 295.5 K)f 256*(15N) 1024(13C) 35 30 2 5

ubiquitin (pH 7.0, 295.5 K)e 180*(15N) 1024(13C) 30 30 8 5

ubiquitin (pH 7.0, 290.6 K)e 180*(15N) 1024(13C) 30 30 8 5
a Number of acquired scans.
b Relaxation delay in seconds.
c For experiments acquired in the IPAP mode, the dimension in which the two experiments

are stored is indicated with an asterisk
d Inversion recovery delays were 5, 15, 25, 50 ms, 0.1, 0.2, 0.4, 0.8, 1, 1.5, 2, 3, 5 s for

non-selective and HN-Hwater-selective case, and 5, 8, 10, 15, 25, 40, 80 ms, 0.15, 0.3, 0.4,

0.8, 2, 5 s for HN-selective and HN-HC-selective case.
e Inversion recovery delays were 5, 10, 25, 50 ms, 0.1, 0.2, 0.3, 0.4, 0.5, 0.8, 1, 1.5, 2, 3 s

in all cases.
f Inversion recovery delays were 2, 5, 10, 15, 25, 50 ms, 0.1, 0.2, 0.3, 0.4, 0.6, 0.9, 1.5, 3,

4, 5 s in all cases.
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Figure S1. The HN-flipCON pulse sequence. The delays are: �1 = 1/(2JNH), 5.4 ms;

�2 = 1/(2JC0N ), 33.2 ms; �3 = 1/(2JC0C↵), 9 ms; � = 20 ms to increase the resolution in

the 15N dimension. The phase cycle is �1 = x,-x; �2 = -x,x; �3 = y,y,-y,-y; �rec = x,-x,x,-x.

Quadrature detection was obtained by incrementing phase �3 (t1) in States-TPPI manner.

Gradient power relative to 53.5 G/cm was G1:G2:G3:G4 = 5:17:33:50%.

Figure S2. The H↵-flipCON pulse sequence. The delays are: �1 = 1/(3JHC↵),

2.7 ms; �1
0 = 1/(6JHC↵), 1.1 ms; �2 = 1/(2JC0C↵), 9 ms; �3 = 1/(JC↵C�), 24 ms;

�4 = 1/(2JC0N ), 33.2 ms, � = t1(0) + p8, where p8 is the duration of the adia-

batic pulse on 13C in the middle of the 15N evolution period. The phase cycle is

�1 = x,x,-x,-x; �2 = -x,x; �rec = x,-x,-x,x. Quadrature detection was obtained by in-

crementing phase �1 (t1) in States-TPPI manner. Gradient power relative to 53.5 G/cm

was G1:G2:G3:G4:G5 = 5:17:33:50:-20%. Highly selective pulses on C↵ are indicated in

grey. Adiabatic pulse on the carbons is hatched. The pulse indicated with asterisk is

applied in the centre of Caliphatic region.
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Figure S3. An example of a series of the HN-flipCON spectra with implemented inversion

recovery blocks. The sets of 1H spins inverted by the blocks are illustrated with red

arrows on the left: a) HN-selective, b) HN-HC-selective, c) non-selective and d) HN-Hwater-

selective. The spectra with inversion recovery delays of 5, 50 ms, 0.2, 0.4, 0.8 and 3 s are

shown. Experiments were acquired on human ubiquitin sample at pH 7.0 and 295.5 K

(acquisition parameters are reported in Table S1)
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Figure S4. An example of a series of the H↵-flipCON spectra with implemented inversion

recovery blocks. The sets of 1H spins inverted by the blocks are illustrated with red

arrows on the left: a) non-selective, b) H↵-selective and c) HN-HC-selective. Spectra with

inversion recovery delays 5, 50 ms, 0.2, 0.4, 0.8 and 3 s are shown. Experiments were

acquired on human ubiquitin sample at pH 7.0 and 295.5 K (acquisition parameters are

reported in Table S1)
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Figure S5. Inversion recovery profiles of HN and H↵ acquired with the variant of the

HN-flipCON and H↵-flipCON, respectively, under di↵erent initial conditions as described

in Figure 1. Inversion recovery profiles of selected amino acids of ↵-synuclein are shown:

a,c) Alanine 27 and b,d) Leucine 113. Di↵erent initial conditions of HN inversion recovery

profiles (a,b) are indicated with the following symbols: (⌥) non-selective, (N) HN-Hwater-

selective, (⌅) HN-HC-selective, and (•) HN-selective. In the case of the H↵ inversion

recovery profiles (c,d) di↵erent initial conditions are indicated with the following symbols:

(⌥) non-selective, (I) HC-selective, (⌅) HN-HC-selective, and (•) H↵-selective. The pH of

the sample, and temperature at which experiments were conducted are specified in each

graph.
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Figure S6. Inversion recovery profiles of HN and H↵ acquired with the variant of the

HN-flipCON and H↵-flipCON, respectively, under di↵erent initial conditions as described in

Figure 1. Inversion recovery profiles of selected amino acids of ubiquitin are shown: a,c)

Lysine 11 and b,d) Glutamine 40. Di↵erent initial conditions of HN inversion recovery

profiles (a,b) are indicated with the following symbols: (⌥) non-selective, (N) HN-Hwater-

selective, (⌅) HN-HC-selective, and (•) HN-selective. In the case of the H↵ inversion

recovery profiles (c,d) di↵erent initial conditions are indicated with the following symbols:

(⌥) non-selective, (I) HC-selective, (⌅) HN-HC-selective, and (•) H↵-selective. The pH of

the sample, and temperature at which experiments were conducted are specified in each

graph.
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Figure S7. For the rough estimation of the e↵ective T1, the data obtained from the

inversion recovery curves were fitted by single exponential function. HN and H↵ e↵ective T1

of ↵-synuclein. a) Di↵erent initial conditions are indicated with the following symbols: (⌥)
non-selective, (N) HN-Hwater-selective, (⌅) HN-HC-selective, and (•) HN-selective. b) In

the case of the H↵ e↵ective T1, di↵erent initial conditions are indicated with the following

symbols: (⌥) non-selective, (I) HC-selective, (⌅) HN-HC-selective, and (•) H↵-selective.

Sample conditions are indicated in the graphs.
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Figure S8. For the rough estimation of the e↵ective T1, the data obtained from the

inversion recovery curves were fitted by single exponential function. HN and H↵ e↵ective

T1 of ubiquitin. a) Di↵erent initial conditions are indicated with the following symbols: (⌥)
non-selective, (N) HN-Hwater-selective, (⌅) HN-HC-selective, and (•) HN-selective. b) In

the case of the H↵ e↵ective T1, di↵erent initial conditions are indicated with the following

symbols: (⌥) non-selective, (I) HC-selective, (⌅) HN-HC-selective, and (•) H↵-selective.

Sample conditions are indicated in the graphs.
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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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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

210 J Biomol NMR (2014) 60:209–218

123



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
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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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Pervushin K, Riek R, Wider G, Wüthrich K (1997) Attenuated T-2
relaxation by mutual cancellation of dipole-dipole coupling and
chemical shift anisotropy indicates an avenue to NMR structures
of very large biological macromolecules in solution. Proc Natl
Acad Sci USA 94:12366–12371

Pervushin K, Vogeli B, Eletsky A (2002) Longitudinal (1)H
relaxation optimization in TROSY NMR spectroscopy. J Am
Chem Soc 124:12898–12902

Sattler M, Schleucher J, Griesinger C (1999) Heteronuclear multidi-
mensional NMR experiments for the structure determination of
proteins in solution employing pulsed field gradients. Progr
NMR Spectrosc 34:93–158

Schanda P (2009) Fast-pulsing longitudinal relaxation optimized
techniques: enriching the toolbox. Prog NMR Spectrosc
55:238–265

Schanda P, Brutscher B (2005) Very fast two-dimensional NMR
spectroscopy for real-time investigation of dynamic events in
proteins on the time scale of seconds. J Am Chem Soc
127:8014–8015

Schanda P, Kupce E, Brutscher B (2005) SOFAST-HMQC experi-
ments for recording two-dimensional heteronuclear correlation
spectra of proteins within a few seconds. J Biomol NMR
33:199–211

Schanda P, Van Melckebeke H, Brutscher B (2006) Speeding up
three-dimensional protein NMR experiments to a few minutes.
J Am Chem Soc 128:9042–9043

Shaka AJ, Barker PB, Freeman R (1985) Computer-optimized
decoupling scheme for wideband applications and low-level
operation. J Magn Reson 64:547–552

Shaka AJ, Lee CJ, Pines A (1988) Iterative schemes for bilinear operators;
application to spin decoupling. J Magn Reson 77:274–293

Skora L, Becker S, Zweckstetter M (2010) Molten globule precursor
states are conformationally correlated to amyloid fibrils of

human beta-2-microglobulin. J Am Chem Soc 132:9223–
9225

Smith MA, Hu H, Shaka AJ (2001) Improved broadband inversion
performance for NMR in liquids. J Magn Reson 151:269–283

Solyom Z, Schwarten M, Geist L, Konrat R, Willbold D, Brutscher B
(2013) BEST-TROSY experiments for time-efficient sequential
resonance assignment of large disordered proteins. J Biomol
NMR 55:311–321

Stanek J, Augustyniak R, Koźmiński W (2012) Suppression of
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SUPPLEMENTARY MATERIAL 
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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 1H band-selective π/2 and π flip angle pulses; BIP-750-50-20 pulse shapes of 

duration of 200 ms were used for broadband 1H inversion. For 13C 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 Cα region 

(Q3, 667 ms) and for the adiabatic π pulse to invert both C' and Cα  (smoothed Chirp 500 ms, 

20% smoothing, 80 kHz sweep width, 11.3 kHz RF field strength). The 13C band selective 

pulses on Cα and C' were applied at the center of each region, respectively. For the 1Hα 

experiments, decoupling of 1H and 13C 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 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 non-selective pulses, the round shapes 

represent band-selective pulses. The 13C π pulses that should be highly band-selective on the 

C  region are marked by an asterisk, while the grey round shapes represent 13C adiabatic 

pulses. Open squares on 1H 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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1 A short introduction to NMR spectroscopy and instru-

mentation

Nowadays, the possibilities o↵ered by modern NMR spectroscopy 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,. . . ) and on the de-

velopment of a variety of pulse sequences exploiting in an ingenious way the basic principles

of NMR spectroscopy, in order to obtain the desired information on a particular sample.

Therefore, the first part of this chapter will be dedicated to the most recent key develop-

ments in NMR instrumentation, mainly stimulated by emerging scientific challenges, and

to the basic principles of NMR spectroscopy.

The phenomenon of nuclear magnetic resonance (NMR) was discovered by Purcell et

al. [1] and Bloch [2], and 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 powerful tool in chemistry and biology

for structural studies of small organic and inorganic compounds as well as large systems,

including polymers and biomolecules. Besides X-ray crystallography and electron mi-

croscopy, 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 possible structural studies of highly dynamic systems

such as intrinsically disordered proteins (IDPs). NMR spectroscopy can also be employed

for studies of interactions of biomolecules with small ligands, metal ions as well as with

other biological macromolecules. Recently, the importance of regarding biomolecules as

dynamic ensembles instead of a single static entity has become widely recognized. NMR

spectroscopy provides a unique tool to access dynamics information at atomic resolution,

from the picosecond timescale to slow exchange processes on the second (or even slower)

timescale. This is especially important for intrinsically disordered proteins that 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 electromagnetic

waves that excite magnetic transitions of the atomic nuclear spins. Indeed an atomic

110



nucleus, in order to be observable by NMR spectroscopy, has to possess a nonzero spin

quantum number I. For NMR studies of proteins the relevant nuclear isotopes are 1H,
13C, and 15N, all of them have a spin quantum number of I = 1/2. When the nuclei are

placed in a static magnetic field B0 that 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 equation:

E = �µ ·B = �µzB0 = ��IzB0 = ��m~B0 (1)

where � is the gyromagnetic ratio and ~ is the reduced Planck constant. For spin 1/2

nuclei the magnetic quantum number m can take the values of m = +1/2 and m =

�1/2. Gyromagnetic ratios and natural abundance of the nuclear isotopes important in

biomolecular NMR are summarized in Table 1.1.

Equation (1) is of utmost importance for the sensitivity of NMR experiments. The

energy di↵erence between the two Zeeman energy levels is given by:

�E = ��~B0 = ~!0 (2)

with !0 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↵)

and in the higher energy state (E�) can be calculated from the Boltzmann distribution:

N�

N↵
= e�

�E

kT (3)

where k is the Boltzmann constant.

The NMR signal is proportional to the magnetization that in turn is dependent on

the spin polarization P that is given by the population di↵erence between the two states

divided by the total number of spins:

P =
N↵ �N�

N↵ +N�
(4)

In case of 1H nuclei, that possess the highest gyromagnetic ratio among the spin 1
2 nuclei

in proteins, the ratio of spins in the upper energy state versus the lower energy state is

0.999872 at room temperature on a 800 MHz magnet (B0 = 18.8 T). This means that

only a very small fraction of the spins present in the sample contributes to the observed

NMR signal. Furthermore, in the case of 13C and 15N nuclei, often called heteronuclei, the
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natural abundance of the NMR active nuclei is very low, as shown in Table 1.1. Therefore

isotope enrichment techniques have 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, defined as the signal to noise ratio (SNR) obtained

in a fixed amount of time, is given by the following equation:

SNR / N

V
�exc�

3/2
det B

3/2
0 n1/2

scan

1p
Rs(Ta + Ts) +Rc(Ta + Tc)

(5)

where N is the number of spins, V the active volume, �exc the gyromagnetic ratio of the

excited nuclei and �det that of the detected nuclei, B0 the static magnetic field, nscan the

number of scans, RS the resistance of the sample and Rc that of the coil, Ta the tempera-

ture of the preamplifier and Ts and Tc those of the sample and of the coil, respectively. [3,4]

Other factors that depend on the properties of the sample under investigation and on the

type of pulse sequence used contribute to the sensitivity of an NMR experiment, and thus

to the possibility to access 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 equation (5). The NMR signal is proportional to the amount of spins present

in the sample. Thus it is desirable to use highly concentrated samples for NMR spec-

troscopy. However, in practice, the maximum concentration of a protein sample is often

limited by protein solubility and obtaining large quantities of isotopically labeled proteins

can be expensive and time consuming. Most protein NMR experiments use proton exci-

tation and detection because of the high gyromagnetic ratio of these nuclei, nevertheless
13C direct detection also provides a valuable tool for biomolecular NMR applications (see

paragraph 5.4). The linear dependence on B0 explains the ongoing e↵orts of NMR man-

ufacturers 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 (experimental repetitions). Increasing the overall measure-

ment time thus presents a common way for spectral improvement. The last contribution to

NMR sensitivity comes from the electronic detection circuit. The SNR of NMR increases

with lowering the temperature of the preamplifier (Ta), the sample (Ts), and the coil (Tc),

as well as the resistance of the sample (Rs) and the coil (Rc). A recent development that

greatly enhanced the sensitivity of NMR spectroscopy was the introduction of probes with
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cryogenically cooled (to about 20 K) detection circuits. However, protein samples with

high ionic strengths degrade the beneficial e↵ects 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 signals linewidths. Two peaks

can be resolved when their di↵erence in frequency is larger with respect to their linewidths.

Nuclear spins that are characterized by favorable chemical shift dispersion and small

linewidths for the system investigated should thus be exploited to improve the resolu-

tion of the spectra. The possibility to introduce additional indirect dimensions in NMR

experiments provides the other invaluable tool to enhance the resolution by spreading

signals in additional dimensions and thus reducing the possibility of accidental cross-peak

overlap.

1.2 Recent improvements in NMR instrumentation

To be soon provided by Bruker.
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2 The e↵ect of order and disorder on NMR observables

In the following 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 a↵ect these NMR observables.

2.1 Structured versus disordered proteins

In order to better understand the impact of structural order and disorder on the NMR

experiments and spectral parameters, it is important to recognize the principal features

that distinguish a well-folded globular protein from a largely unfolded, highly flexible IDP.

These are illustrated in Figure 2.1.

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 sta-

ble, 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 rough approximation, the possibility to describe its rotational

motion with an overall rotational correlation time. The high proton density and the large

rotational correlation time makes the 1H-1H NOEs the main source of structural infor-

mation for globular proteins, whereas they are only of little use in IDP research, where

the e↵ect is mainly restricted to proton pairs that are close in the primary sequence and

is on average smaller than for globular proteins. Indeed, the dynamic behavior of IDPs

is significantly di↵erent from that of structured proteins, as a result of the small energy

di↵erence between conformers that is responsible for the high flexibility typical of IDPs

and allows easy inter-conversion between many di↵erent conformations. Therefore, even

to a first approximation, a single overall rotational correlation time cannot be defined for

IDPs and local e↵ective correlation times are on average smaller with respect to those

used to describe structured proteins of similar size. The di↵erences in 1H density and

molecular dynamics between IDPs and globular proteins also have a strong influence on

the NMR signals chemical shifts and the relaxation parameters. Conformational averaging

drastically reduces contributions to chemical shifts deriving from the local environment

and causes severe resonance 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 in the absence

114



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 charac-

terization. For such highly flexible IDPs a variety of complex NMR experiments can be

conceived, where the favorable relaxation properties allow for multiple transfer steps and

the narrow linewidths ensure high resolution in the resulting spectra. Finally, IDPs are

also characterized by non-compact conformations 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 identifying solvent exposed and solvent protected amide sites [5].

Approaching physiological pH and temperature, exchange rates of solvent exposed amide

protons may broaden resonances beyond detection and in this case alternative nuclear

spins, such as aliphatic 1H or 13C, should be detected to access information on the IDP

through NMR [6].

2.2 NMR peak positions and chemical shifts

Peak positions are dependent on the resonance frequencies of the observed nuclei. Based

on equation (2) one would expect to observe a single line in the NMR spectrum for each

nucleus of a given type (1H, 13C, 15N) at the respective Larmor frequency. However, this

would be true only in the hypothetical experiment of observing “naked” nuclei. In practice,

nuclei of the same type resonate at slightly distinct frequencies if they are in chemically

di↵erent environments within the molecule. The reason is that the nuclei experience a

net magnetic field B that is the sum of the static field B0 and secondary shielding fields

induced by the local electronic environment:

B = (1� �)B0 (6)

where � is the isotropic average shielding factor. This is at the origin of the term “chemical

shift” used to measure resonance positions in NMR spectroscopy. Chemical shift values

� are typically measured relative to the chemical shift of a standard according to:

� =
⌦� ⌦ref

!0
⇥ 106 (7)

with !0 the Larmor frequency in MHz, ⌦ the frequency o↵set of the nucleus of interest

in Hz and ⌦ref the o↵set of the standard in Hz. In this way, the chemical shift becomes

a field-independent quantity, expressed in ppm (parts per million). The chemical shift
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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 di↵erent chemical moieties, such

as the di↵erent amino acids constituting a protein, and they provide the first useful infor-

mation that can be obtained from the NMR spectrum. The stable local three-dimensional

structure, or partially populated secondary structural conformations, create a unique local

electronic environment, and thus the contribution to chemical shift coming from isotropic

shielding is di↵erent for each nuclear spin. In IDPs, the lack of a stable structure results in

averaging of a large part of the contributions 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 (Figure 2.2).

In addition, peak intensities (areas/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 di↵erential

signal loss during an NMR experiment due to relaxation processes. Therefore they provide

a first useful indication of heterogeneous structural and dynamic properties of a protein.

Peak linewidths would also provide useful information but they are more di�cult to mea-

sure as they are influenced by di↵erent factors (see paragraph 2.5). In many cases, for

simplicity, the determination of peak heights is used.

2.3 Secondary chemical shifts

The chemical shifts of backbone nuclei are sensitive to the local backbone geometry (dihe-

dral angles), and therefore provide useful information on the occurrence and propensity of

secondary structural elements along the protein backbone [7, 8]. For a 13C, 15N enriched

protein, a large number of backbone and side-chain chemical shifts (1HN, 15N, 13C', 13C↵,
13C� , . . . ) can be measured, all of which are indicative of secondary structure even if to a

di↵erent extent. In order to extract this information, a so-called secondary chemical shift

is computed as the di↵erence of the measured chemical shift and a predicted random coil

value for each nucleus [9–14]. Random coil chemical shifts are the theoretical chemical

shifts of a random coil polypeptide of the same amino acid sequence, characterized by lack

of long-range order and secondary structure. However, the conformational sampling of

a polypeptide is never completely random, in the sense that all dihedral angles are sam-

pled with equal probability, because of steric hindering and chemical interactions between

neighboring side-chains. The distribution of the sampled dihedral angles along the protein

backbone is determined by the conformational Gibbs free energy that in turn depends
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on pH, temperature and solvent e↵ects. 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 2.3 illustrates how C↵ and C� secondary

chemical shifts can be used to identify ↵-helical and �-sheet regions and highly unstruc-

tured segments in globular proteins, as well as residual secondary structures in IDPs.

Di↵erent tables of 13C and 15N random coil values for di↵erent amino acids, taking

into account next and previous neighbors, pH and solvent e↵ects can be found in the

literature [11–15]. One of the most commonly used random coil chemical shift data sets,

based on chemical shift measurements on small peptides, is the one reported by Wishart

et al. [16]. Recently, temperature and pH correction factors have been introduced from

a peptide-based study where glutamine peptides were used instead of taking poly-glycine

peptides (Wishart et al.), as their conformational sampling is considered to be more rep-

resentative [12]. The other type of reference data can be obtained from protein chemical

shifts databases. This approach has the inconvenience that sample conditions such as

pH and temperature vary between di↵erent entries. Furthermore, neighboring and other

chemical e↵ects will be biased depending on the composition of the entries. The most

commonly used database is refDB by Zhang et al. [15]. Recently, an IDP-based random

coil chemical shift database has been introduced [12,14,17]. Neighbor corrections are usu-

ally required to account for changes in conformational sampling because of steric clashes

and other chemical e↵ects such as electrostatics or ring current shifts [11, 16, 17].

2.4 Line splittings and spin coupling constants

Nuclear spins are never completely isolated. Thus mutual interactions between neighboring

nuclear spins are 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 nJ-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 di↵erences between the multiplet components of an NMR signal measured

in Hz then reflect the strength of the scalar couplings. Scalar couplings involving 1H,
13C and 15N are exploited for coherence transfer in the majority of multidimensional

NMR experiments discussed in the following paragraphs. Scalar couplings, in particular
3J-couplings in a polypeptide, also contain valuable structural information as they depend

on the intervening dihedral angle according to the Karplus relation [18]. Inter-conversion
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between di↵erent conformers typical of IDPs results in averaged scalar couplings; while

this has little impact on coherence transfer in multidimensional NMR experiments, it does

influence the interpretation of 3J-couplings in terms of intervening dihedral angles. For

example, 3JHH couplings are sometimes used to confirm the presence of partially populated

secondary structural elements [19–22].

The magnetic moments of two nuclear spins interact “through space” via the dipolar

mechanism with an interaction strength that is inversely proportional to r3, with r the

inter-nuclear distance. The dipolar interaction has a particular angular dependence with

respect to the static magnetic B0 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 (partial molecular alignment) [23–25], or by dissolving the protein in an anisotropic

“alignment” medium, e.g. a liquid crystalline solution [26]. This allows residual dipolar

coupling (RDC) to 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 chapter by Kragelj.

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 local rotational fluctuations

that modulate the anisotropic spin interactions, the chemical shielding anisotropy (CSA)

and the dipolar (DD) interaction. Additional contributions to spin relaxation arise from

exchange processes, e.g. chemical exchange between labile protein and solvent protons,

or exchange between di↵erent molecular conformations. In a simplified representation of

nuclear spin relaxation, the relaxation process is described by two time constants. The lon-

gitudinal relaxation time constant T1 accounts for the return of the spin system to thermal

equilibrium associated with a loss of energy, while the transverse relaxation time constant

T2 describes the dephasing of coherence, an adiabatic process. 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
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repeated as will be explained in more detail in paragraph 5.3 while transverse relaxation

properties of nuclear spins determine their NMR linewidth.

The NMR linewidth is given by the transverse relaxation rate R2 (reciprocal of T2)

of the detected nuclear spin, �⌫ = R2/⇡, plus inhomogeneous contributions arising from

the experimental setup (sample heterogeneities, B0 inhomogeneity, temperature gradients,

etc.). IDPs, in particular highly flexible ones, are generally characterized by large trans-

verse relaxation time constants T2, which leads to narrow peaks in the NMR spectra in

comparison to the ones observed for globular proteins of comparable 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/volumes) thus report on di↵erential intensity loss during the

pulse sequence comparison of cross-peak heights also reports on di↵erences in linewidth.

Often, the NMR analysis software determines the peak heights in the spectrum during the

procedure of peak picking. When the peak is picked the program fits a function, such as

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 paragraph 4.2), are often heteroge-

neous because relaxation properties of the spins vary depending on the extent of transient

structure and on di↵erences in local mobility. Therefore they provide a first indication of

the di↵erent structural and dynamic properties of the protein.

Relaxation e↵ects, including auto-correlated as well as cross-correlated relaxation rates,

can be in many cases accurately quantified and used to extract structural and dynamic

information. In this chapter we mainly focus on the determination of 15N relaxation rates,

one of the major tools to achieve information on the local dynamics of di↵erent parts of

protein backbones [27,28]. Other interesting relaxation rates that can be determined and

exploited to achieve structural and dynamic information on IDPs are instead discussed in

chapter by Konrat (paramagnetic relaxation enhancements, cross correlation rates). The

determination of 1H-1H NOEs instead is not discussed in detail as it plays a minor role in

the study of IDPs and many excellent books and reviews are available [29, 30]. However,

the major contributions to 1H relaxation are discussed in paragraph 5.3 because they are

at the basis of longitudinal relaxation enhancement e↵ects that provide a valuable tool for

the design of NMR experiments.
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2.6 15N relaxation parameters

The quantification of nuclear spin relaxation e↵ects provides a valuable tool to charac-

terize local and global molecular motions. Among the many di↵erent methods that have

been proposed in the literature, 15N relaxation measurements, notably 15N T1, 15N T2 and

the 1H-15N heteronuclear NOE, are the most commonly used to characterize the dynamic

behavior of proteins, both for globular proteins and IDPs. Furthermore, the major contri-

butions to 15N relaxation of a backbone amide 15N in a protein are the 15N CSA and the
15N-1H dipolar interaction 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 15N relaxation properties of backbone amide 15N spins can be interpreted

in terms of di↵erences in local motions [27]. The measured 15N relaxation parameters

provide quantitative information on the amount and the time scale of motion experienced

by the 15N-1H amide group of a specific residue. 15N relaxation (15N T1, 15N T2 and the
1H-15N heteronuclear NOE) is sensitive to motion occurring on the pico- to nano-second

time scale, while the 15N T2 relaxation times are also sensitive to conformational exchange

processes in the micro- to milli-second time range. As an example, Figure 2.4 shows 1H-
15N heteronuclear NOE values measured for individual amide sites along the backbones of

di↵erent proteins; being especially sensitive to fast local motions, these observables allow

to easily identify protein regions characterized by di↵erent levels of local mobility.

As mentioned in the previous paragraph, spin relaxation in NMR is caused by oscil-

lating magnetic fields induced by stochastic local and global rotational motions. In the

Bloch-Wangsness-Redfield theory of nuclear spin relaxation [31–33], the frequency dis-

tribution of the molecular motions is described by the power spectral density function

J(!). The power spectral density components at zero-frequency J(0) and at the di↵erent

transition frequencies of the coupled 15N-1H spin system (J(!N ), J(!H), J(!H � !N ),

J(!H + !N )) contribute to 15N relaxation. The dependence of the measured relaxation

parameters on the power spectral density components is given by:

1

T1
=

d2

20
[J(!H � !N ) + 3J(!N ) + 6J(!H + !N )] +

c2

15
J(!N )

1

T2
=

d2

40
[4J(0)+J(!H�!N )+3J(!N )+3J(!H)+6J(!H+!N )]+

c2

90
[J(0)+3J(!N )]+Rex

NOE = 1 +
d2

20

�H
�N

[6J(!H + !N )� J(!H � !N )]⇥ T1 (8)

with d = µ0
4⇡�H�N~r�3

NH the dipolar coe�cient, c = !N�� the 15N chemical shift anisotropy

and Rex the contribution from conformational or chemical exchange. For the case of an
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isotropically tumbling rigid molecule with correlation time ⌧c, the spectral density function

is given by J(!) = 2⌧
c

1+!2⌧2
c

.

The standard analysis of 15N relaxation data for globular proteins uses the model-

free formalism introduced by Lipari and Szabo where the molecular tumbling is separated

from local motions [34]. This separation is justified by the di↵erence in time scales of

these motions in the case of globular proteins, but this model is not rigorous for random

coil like polymers, as pointed out in their paper. However, calculation of an e↵ective

local correlation time from the T1/T2 ratio provides a quick way of obtaining information

on the local rigidity [35]. Alternatively, the reduced spectral density mapping approach

can be used to extract information about the shape of the spectral density function [36].

The method exploits the near ten-fold di↵erence in the gyromagnetic ratios of 1H and
15N, and substitutes J(!H), J(!H � !N ), J(!H + !N ) with an e↵ective J(0.87!H) value.

The validity of this approach for very flexible IDPs has been recently investigated and a

slightly optimized protocol was proposed, including the removal of exchange contributions

by measurement of additional cross-correlated relaxation rates [37].
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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 experiments provide the natural

starting point for the NMR investigation of IDPs. However, the peculiar properties of

IDPs have a strong impact on the NMR spectra, as already outlined in the previous

paragraph, and thus on the NMR experiments. This means that the conventional NMR

experiments need to be tailored for the specific properties of highly disordered proteins

in order to study IDPs of increasing size and complexity. 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 su�cient spectral resolution to distinguish individual resonances (or correlation

peaks). As mentioned in the previous paragraph 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 di↵erent nuclear spin species (1H, 13C, 15N) and thus in a

problem of strong overlap in the corresponding NMR spectra (see Figure 3.1).

This resolution problem is especially pronounced for 1H NMR, as will be discussed in

more detail later on. Identifying strategies to overcome the problem of resonances/cross-

peaks overlap is of key importance to be able to study IDPs of increasing size and complex-

ity. Several strategies to address this critical point are discussed in the next paragraphs

(such as exploiting the favorable resolution in exclusively heteronuclear NMR, correlating

nuclei of neighboring amino acids, exploiting amino acid selection to simplify spectra and

identify residue types). As said, amino acid sequences of IDPs are often highly repeti-

tive [38]. In the absence of a 3D structure, the nuclei within these repetitive elements

resonate at nearly identical NMR frequencies. As a consequence, to obtain resolved NMR

correlation peaks for such peptide stretches, high-dimensional (� 4D) experiments might

be required as will be explained later on.
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3.2 Experimental sensitivity

We have already introduced the theoretical basis and the main determinants of NMR sen-

sitivity in paragraph 1.1 Here we will focus on IDPs that are by definition very flexible

macromolecules. From a NMR sensitivity point of view this flexibility has both advan-

tages and disadvantages. The fast timescale molecular motions in IDPs are responsible for

reduced e↵ective rotational correlation times, a feature that in many cases contributes to

long spin coherence lifetimes (long T2) and narrow NMR lines. In principle, this enables

the design of complex high-dimensional NMR pulse schemes to achieve the necessary reso-

lution 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 regions with a significant amount of transient struc-

ture, this is no longer the case, as illustrated by amide 15N T2 relaxation time constants

of the NS5A protein of HCV (Figure 3.2). There are peptide segments that have T2 re-

laxation time constants four times shorter than what is observed for other regions. This

results in a large dynamic range of peak intensities observed in the NMR spectra. This

feature becomes even more pronounced for more complex NMR experiments involving an

increasing number of transfer steps and frequency editing periods.

The e↵ect on the NMR spectra of partially structured peptide regions and of extensive

conformational dynamics can become so pronounced that most of the nuclear spins are

a↵ected. No or only very limited solutions remain to study by NMR proteins characterized

by strongly line-broadened resonances. 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 that is governed by the

same principles as protein folding. Some IDPs, such as ↵-synuclein, tau, or prion pro-

teins, are known to cause neurodegenerative diseases in the aggregated form. Tendencies

for aggregation 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

MAS NMR, which however is not treated in this chapter [39–41].

3.3 Experimental time requirements

Sample stability problems are often encountered because of aggregation, as mentioned

before, or proteolytic degradation of IDPs. When the stability of the protein permits

sample stabilization by boiling, the proteases can be deactivated by heat denaturation.
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However, in 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 (chapter by Calçada). 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,. . . ) experiment seem to be contradictory, but they can be

reconciled by the use of fast NMR data acquisition techniques discussed in paragraphs 5.1

and 5.3.

3.4 Sample optimization

The conformational dynamics and transient structure of IDPs are highly sensitive to ex-

perimental conditions such as bu↵er composition, salt concentration, pH and temperature.

Under certain conditions, some parts of the IDP may undergo 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 im-

portant than for globular proteins. On the other hand, because of the dependence of the

structural features of the IDP on the experimental conditions, one may want to study

the IDP under close to physiological conditions, such as neutral pH and relatively ele-

vated temperature. Also studies of enzymatic reactions, for example the occurrence of

post-translational modifications, 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 artifact of the chosen

sample conditions.

3.5 Proline residues are abundant in IDPs

Further problems can occur because of the typically large proline content in the amino

acid sequence of IDPs [38,42]. As prolines do not have backbone amide protons, they are

not detected in amide 1H detected NMR spectra and thus represent breakpoints in the se-

quential backbone resonance assignment strategy based on 1HN detected triple-resonance

experiments. For the same reason, variants of 2D 1H-15N correlation experiments typically

used to follow or monitor physiological processes, such as interactions or post-translation

modifications, or to measure observables such as 15N relaxation rates, paramagnetic re-

laxation enhancements or residual dipolar couplings, do not provide information about

proline residues.
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3.6 IDP studies at near-physiological conditions (pH and T)

The lack of a stable 3D structure, in combination with elevated pH and temperature leads

to fast exchange of amide (and other labile protein) protons with water protons. The chem-

ical exchange rates also depend on the chemical environment (amino acid composition),

and they cover a range of two orders of magnitude even for unprotected amide sites [43,44].

Fast hydrogen exchange leads to extensive line broadening of amide resonances, resulting

again in missing correlation peaks and, more generally, in a heterogeneous peak intensity

distribution.
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4 2D HN and CON NMR experiments: the fingerprint of

an IDP

Uniform 13C and 15N isotope labeling of proteins, and thus IDPs, in bacterial expression

systems has become routinely used and it is today a necessary requirement to proceed

with any high resolution NMR investigation. The nuclear spins we can deal with are thus
1H, 13C and 15N, that means the vast majority of the nuclei in a protein.

The main considerations when designing or choosing an NMR experiment are its over-

all sensitivity, the resulting spectral resolution, the number of detected peaks and the

information contained in the spectral parameters (peak positions and intensities). In or-

der 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 trans-

fer steps used and the dimensionality of the experiment, to cite only the most important

ingredients of an NMR experiment. The most useful 2D NMR experiments to characterize

IDPs are introduced here.

4.1 NMR properties of 1H, 13C and 15N in IDPs

According to equation (5), the sensitivity of the NMR experiment strongly depends on the

gyromagnetic ratio of the nuclear spins (see Table 1.1) that are directly detected at the end

of the pulse sequence and of those serving as polarization source at the beginning of the

experiment. Because of the high gyromagnetic ratio of 1H, most NMR experiments for pro-

tein applications are based on 1H excitation and 1H direct detection, while heteronuclear

chemical shifts (13C and 15N) are exploited in indirect dimensions of multidimensional

NMR experiments [45,46]. However, 13C detection has recently evolved into a useful tool

to study biomolecules [47], in particular thanks to the larger chemical shift dispersion of
13C nuclei compared to protons and to other specific benefits of the technique that improve

the sensitivity of the NMR experiment, thus compensating for the lower gyromagnetic ra-

tio, as discussed in paragraph 6.2. 15N detection in protein NMR is rarely used, although

some experiments have been proposed for specific applications [48–50]. 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 equation (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 applications to IDPs.

The second important point to consider is spectral resolution. It is well known from
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NMR textbooks that 13C and 15N nuclei show superior chemical shift dispersion compared

to 1H. This is definitely an interesting property provided it also holds for IDPs. As an

example, Figure 3.1 shows the chemical shift dispersion observed in ↵-synuclein, a well-

characterized IDP, for three backbone nuclear spins, 1HN, 13C' and 15N. It is clear that

also in the absence of a stable structure the chemical shift dispersion increases from 1HN to
13C' to 15N. The same holds true for aliphatic and aromatic spin pairs, with 13C yielding a

higher resolution in the NMR spectrum than the attached 1H. Therefore the exploitation

of the improved frequency resolution in 13C and 15N dimensions of multidimensional NMR

spectra is crucial for the study of IDPs.

For 1H and 13C resonances in the side-chains of IDPs we observe a larger overall

dispersion (compared to backbone nuclei) due to the di↵erences in chemical structure

between di↵erent amino acids. However, side-chain resonances from the same amino acid

type cluster in the same spectral region. Side-chain resonances are therefore 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 1H-13C (HC) correlation spectrum acquired on ↵-synuclein is shown in Figure 4.1.

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 unfavorable dynamics, homonuclear J-couplings may contribute significantly to the

linewidth. Excluding for the moment the one-bond 1JCC couplings from the discussion,

which definitely need to be suppressed experimentally to obtain well-resolved 13C spectra

(as explained in paragraph 5.1 and 5.4), the magnitude of 2J and 3J homonuclear coupling

constants decreases passing from 1H to 13C to 15N, as an indirect consequence of the

gyromagnetic ratios of these nuclei. This feature is thus again in favor of the detection of
13C or 15N instead of 1H, unless the IDP has been perdeuterated to suppress homonuclear
1H-1H couplings.

4.2 2D 1H-15N and 13C'-15N correlation fingerprint spectra of IDPs

Recording simple 2D NMR “fingerprint” spectra of the IDP provides some useful informa-

tion on the protein and allows to evaluate 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 com-

pared to the number of peaks expected from the primary sequence, indicates whether the
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totality of the peptide sequence is NMR-visible under the chosen sample conditions, or

only part of it. The latter case occurs quite often as many proteins exhibit a significantly

heterogeneous nature in terms of structural and dynamic properties leading to confor-

mational exchange and/or aggregation induced line broadening. The observed chemical

shift dispersion allows identifying 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 and in a reasonable amount of data acquisition time. Nuclear spins

at the junction of two adjacent residues are the most suitable for this purpose. The most

common experiments used are therefore 1H detected 1H-15N (HN) [51], and 13C detected
13C'-15N (CON) [52] correlated spectra, as shown in Figure 4.2 for human securin, a 200

amino acids IDP with more than 20% proline residues.

While the HN experiment is much more sensitive and can be recorded in a significantly

shorter time, proline residues are only detected in the CON spectrum that also shows a

better spectral resolution. In addition, the CON spectrum does not su↵er 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 [6], as shown in

Figure 4.3 that reports the HN and CON spectra acquired on ↵-synuclein with increasing

temperature, approaching physiological conditions. 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 of information content. These 2D

correlation experiments can be acquired in di↵erent 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, bu↵er,

reducing/oxidizing environment, or additions of potential partners such as metal ions,

small molecules, nucleic acid fragments and proteins. They also enable to follow chemical

reactions such as the occurrence of post-translational modifications [53]. Finally they

provide an invaluable tool to take a snapshot of a protein inside an entire cell [54–56].

As an example, the 2D HN and CON experiments acquired on ↵-synuclein in cell are

compared with those acquired on the purified protein (Figure 4.4), showing that they can

be used for the investigation of IDPs in-cell.

Finally, modifications of these basic 2D experiments (HN and CON) enable to deter-

mine a variety of observables that report on di↵erent properties of the IDP at atomic
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resolution, once sequence-specific assignment becomes available. These include 15N relax-

ation rates, scalar couplings, residual dipolar couplings (RDCs), paramagnetic relaxation

enhancements (PREs), cross-relaxation (�HH) and cross-correlation rates (CCR), as well as

solvent exchange rates. All these NMR observables report on the structural and dynamic

features of the IDP and will be discussed in detail in chapter by Konrat.
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5 NMR tools for overcoming major bottlenecks of IDP stud-

ies

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 (1H, 13C, 15N), 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 di↵erent frequency dimensions [57]. Multidimensional NMR data are recorded by

repeating the basic pulse sequence 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 repetition to the next. Despite the great success of multidimensional NMR, an

important drawback of this stepwise sampling procedure is the long experimental time, a

direct result of the hundreds or even thousands of transients that are required for a single

data set (Figure 5.1).

In this paragraph we will discuss di↵erent editing techniques to improve the spectral

resolution in the indirect dimensions of nD NMR experiments, and advanced non-uniform

sampling (NUS) approaches that are indispensable to record high-dimensional spectra in

reasonable experimental times.

5.1.1 Real-time, constant-time and semi-constant time frequency editing

Frequency editing of nuclear spins is the key step to introduce indirect dimensions in

multidimensional experiments. In order to do so, a pulse sequence element that allows

time evolution of the frequency-edited spins (I), while suppressing (refocusing) all other

chemical shift and J-coupling evolutions, is required. Figure 5.2 shows five common pulse

sequence implementations of I-spin editing during an incremented time variable t1: (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 JIS and JIK coupling

evolutions are refocused by a 180° pulse applied in the middle of t1. In this context

“heteronuclear” means that the particular spin species can be manipulated separately by

an appropriately shaped rf. pulse. As an example, 13C' and 13C↵ can be manipulated
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separately, as they have well-separated chemical shift ranges, while 13C↵ and 13C� have

generally overlapping chemical shift ranges, and thus cannot be separated spectroscop-

ically. Therefore, the 13C↵-13C� coupling gives rise to a peak splitting in the 13C↵ di-

mension of a NMR spectrum recorded with conventional real-time editing as illustrated

in Figure 5.3a. A slightly optimized version of real-time editing is shown in Figure 5.2b,

where chemical shift evolution of the I-spins during the 180° S-spin decoupling pulses, as

well as Bloch-Siegert phase shifts, are refocused. This allows recording a data set that does

not require any phase correction in the corresponding indirect dimension (t1), in order to

avoid baseline distortions.

In order to avoid line splitting due to homonuclear JII-coupling evolution, the CT

editing blocks of Figure 5.2c and 5.2d can be used, with the CT delay T set to T = 1/JII.

A 1HN-13C↵ correlation spectrum recorded with the pulse sequence block of Figure 5.2c

is shown in Figure 5.3b. The detected NMR signal in this spectrum is modulated by a

factor cosn(⇡JCCT ), with n is the number of carbon atoms attached. In addition, signals

with di↵erent sign provide meaningful information about the spin-coupling topology, as for

example correlation peaks of glycine residues are of opposite sign with respect to all others,

as glycines have no 13C� attached to the 13C↵. Alternatively, CT frequency editing can be

applied during an INEPT-type coherence transfer step [58]. This is shown in Figure 5.2d

where the I-spins are edited during an I to S transfer. Here, the CT delay has to be set

to T = 1/2JIS in order to achieve complete transfer.

A drawback of CT editing is that the maximum possible evolution time (tmax
1 ) is limited

by the CT delay T so that tmax
1  T . This, of course, has an e↵ect on the achievable

spectral resolution that 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 . However also introducing

too long delays in the pulse sequences may cause pronounced relaxation losses. Therefore

semi-CT editing has 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 15N dimension of an HNCA experiment is

illustrated in Figure 5.4.

5.1.2 Strategies for non-uniform data sampling in multi-D NMR

The amplitude of the NMR signal, or free induction decay (FID), is typically measured

(sampled) at discrete, uniformly spaced time points. In a multidimensional NMR exper-

iment, the same approach is generally employed also in the indirect dimensions, since

uniform sampling is required for data processing using the fast Fourier transform (FFT).
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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 data sampling procedure, the experimental time

requirement increases roughly by about two orders of magnitude for each additional di-

mension, making high-dimensional experiments (> 3D) impractical or requiring strong

compromises on the spectral 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. 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 Figure 5.5.

Some of these sampling grids, e.g. linear under sampling or radial sampling, still yield

data sets that can be processed using FFT [59–61]. The general NUS scheme, however,

where a certain percentage of the grid points is randomly chosen, requires alternative

processing tools. Currently, several algorithms for processing non-uniformly sampled data

are available and well-established, such as multidimensional decomposition (MDD) [62,63],

maximum entropy (MaxEnt) methods [64], compressed sensing (CS) [65,66], multidimen-

sional Fourier transform (MFT) [67] and spectroscopy by integration of frequency and time

domain information (SIFT) [68]. The common feature of all these methods is that they

aim in finding the NMR spectrum that, when applying inverse Fourier transform, best re-

produces the measured time data points. As in the case of sparse data sampling, this is an

underdetermined computational problem. Therefore, some additional assumptions have

to be made to choose the most likely spectrum out of the manifold of 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 order to select the spectrum that has the high-

est entropy (minimal number of signals). Similarly, CS performs a l1-norm minimization

to recover the sparsest spectrum, while MFT performs 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. This allows classical FFT processing.

In subsequent iterations, the missing data points are replaced by the result of inverse FT
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of the obtained NMR spectrum after having set to zero known empty spectral regions.

At present, the question which is the most appropriate sampling grid and processing

technique for a given experiment is non-trivial, but a few general recommendations can

be given: (i) the percentage of sampled data points can be decreased with increasing

dimensionality of the experiment and sparseness of the final NMR spectrum (number of

expected correlation peaks). Typically, in the case of a 4D backbone assignment exper-

iment a few percent of sampled data points are su�cient. (ii) A random distribution of

the sampled data points is particularly recommended to spread the sampling noise over

the entire frequency domain (with apparent reduction of its overall amount), preventing

artifacts to be clustered in specific spectral regions. (iii) The choice of the processing algo-

rithm mainly depends on the available software (degree of automation, required expertise

for proper parameter adjustment) and the computer power (some algorithms require more

computer power and memory than others). If possible, it is always a good option to test

di↵erent processing tools on the same data set. Recent developments by spectrometer

manufacturers make it straightforward today to set up a random sampling scheme and

to 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 performing experiments

of high dimensionality in a reasonable amount of time at very high spectral resolution as

discussed in detail in section 7.

5.2 Selecting 15N spin states with favorable transverse relaxation proper-

ties

Multi-dimensional NMR correlation experiments require a series of coherence transfer

steps and frequency editing periods, during which the detectable NMR signal, 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 15N transverse

evolution periods as required for all amide 1H detected NMR experiments, and that are

also of importance in 13C detected experiments.

In a standard INEPT-type 15N! 13C transfer step, 15N single quantum coherence
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(SQC) oscillates forth and back between in-phase (Nx) and anti-phase (2NyHz) coher-

ence, as a result of 15N-1H scalar coupling evolution. As a consequence, the e↵ective

relaxation during the transfer is given by the average of in-phase and anti-phase SQ relax-

ation rates. In uniformly 13C, 15N labelled proteins, relaxation of anti-phase SQC is about

30% faster than relaxation of in-phase SQC. This di↵erence is even more pronounced in

the case of significant solvent exchange rates between the amide and water protons, fur-

ther reducing the lifetime of anti-phase SQC. Improved transfer e�ciency is thus achieved

by 1H composite pulse decoupling that removes the 15N-1Hscalar coupling evolution, and

maintains the in-phase SQC throughout the duration of the transfer. Common 1H decou-

pling schemes are MLEV-16 [69], DIPSI-2 [70], WALTZ-16 [71,72] and GARP-1 [73]. They

are all composed of a basic pulse sequence element (R) performing basically a broadband

180° spin inversion, and that is repeated by applying an additional phase cycle. They

di↵er mainly by the B1 field strength required to achieve a certain decoupling band width.

A di↵erent approach to enhance spectral resolution in 15N spectra, especially at high

magnetic field strength, is transverse relaxation-optimized spectroscopy (TROSY) intro-

duced by Pervushin et al. in 1997 [74]. The TROSY e↵ect is based on the interference

between two di↵erent spin relaxation mechanisms, e.g. the dipolar coupling (DD) and

the chemical shift anisotropy (CSA), in a scalar coupled spin pair such as 1H-15N. This

interference can be constructive (increasing the apparent relaxation rate) or destructive

(decreasing the apparent relaxation rate) for di↵erent components of the peak multiplet

(see Figure 5.6). The TROSY pulse sequence allows the selection of the mutliplet compo-

nent (single-transition spin states) giving the sharpest lines [74]. The TROSY e↵ect for
1H-15N is highest at magnetic field strengths of about 1 GHz, and increases with the e↵ec-

tive tumbling correlation time. TROSY-based pulse sequences are thus especially useful

to enhance peak intensities and line shapes of IDP regions that are involved in transient

structure formation and/or at low temperatures.

5.3 Longitudinal-relaxation enhancement for increased sensitivity and

reduced acquisition times

In this paragraph, we discuss the dependence of the experimental sensitivity on the recov-

ery delay Trec [75]. A schematic drawing of an NMR experiment is shown in Figure 5.7,

consisting in a pulse sequence of length tseq, a data acquisition period tacq, and an ad-

ditional inter-scan delay trec. A recovery delay is required for relaxation of the system

to restore su�cient spin polarization to restart the experiment for a subsequent scan

(Trec = tacq + trec). Its duration depends on the longitudinal relaxation time constant T1.
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On one hand, the detected signal intensity is proportional to the amount of spin polariza-

tion 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 experimental time, and thus the scan time Tscan = tseq + tacq + trec. These

two e↵ects can be described analytically by the following equation:

SNR / 1

(1� exp(�Trec/T1))
p
Tscan

(9)

Equation (9) implies that maximum sensitivity is obtained by adjusting the recycle delay

Trec to:

Trec(SNRmax)e=1.25T1 (10)

and thus the dependency of the experimental sensitivity on the longitudinal relaxation

time T1 is approximately given by:

SNRmax / 1p
T1

. (11)

Enhancing the longitudinal relaxation e�ciency of the excited spins thus provides an

interesting way to increase the experimental sensitivity and additionally to reduce the

minimal data acquisition time. Here we will focus on 1H excitation experiments. In order

to understand the experimental schemes that have been proposed for longitudinal proton

relaxation enhancement, we need to briefly discuss the spin interactions that govern proton

relaxation. There are essentially two di↵erent relaxation mechanisms that are responsible

for proton longitudinal relaxation in a protein: (i) 1H-1H dipolar interactions; (ii) hydrogen

exchange processes between labile protein 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 [2, 76, 77]:
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where Hiz denotes the z-component of the polarization of proton i and H0
iz is its thermal

equilibrium value. The di↵erent ⇢ and � 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. Wz stands for the bulk water polarization, and kex,i are the hydrogen exchange

rates for individual protons with the water.

Equation (12) indicates that the relaxation of an individual proton spin depends on the

spin state of all 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 e�cient

spectroscopic tool for enhancing longitudinal proton spin relaxation, as will be shown in

the following paragraph.

The contributions of solvent exchange and dipolar cross-relaxation of amide protons

with unperturbed aliphatic proton spins depend on the size and residual structure of the

IDP, and the sample conditions. Figure 5.8 shows apparent amide 1H T1 values measured

for di↵erent IDP samples upon selective or non-selective inversion of di↵erent sets of

proton spins [6,78]. For NS5A and BASP1, studied at low temperature and pH, the major

relaxation enhancement mechanisms are dipolar interactions, while this situation changes

as solvent exchange becomes more e�cient, as shown for ↵-synuclein and PV core protein

that were studied at higher temperature and pH. The average T1 values measured for the

di↵erent IDPs shown in Figure 5.8, as well as the range of predicted exchange rates using

the SPHERE program are given in Table 5.1 [43, 44].

When dipolar interactions provide the dominant relaxation mechanism, non-selective
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1H T1 values are of the order of 900 ms, while selective spin manipulation allows to

reduce them by a factor of three to four, reaching values of 200-300 ms [46, 79]. This

di↵erence becomes even more pronounced in the case of fast hydrogen exchange. Under

these conditions, the non-selective 1H T1 approach the T1 of bulk water (⇠ 3 s at 25 °C),
while the selective T1 become as short as 60 ms [6]. For ↵-synuclein at pH 7.4 and 15 °C,
the average amide 1H T1 is reduced by a factor of 38, resulting in a potential sensitivity

gain of a factor of six, according to equation (11). This clearly motivates the use of amide
1H start pulse schemes that leave aliphatic and water protons unperturbed throughout

the NMR experiment.

The simplest, and probably most e�cient way to achieve longitudinal relaxation en-

hancement (LRE) is the use of band-selective 1H pulses, especially in the case of amide

protons resonating in a frequency range that is well-separated from aliphatic and wa-

ter protons. Pulse sequences exploiting this concept have been termed Band-selective

Excitation Short-Transient (BEST) experiments [46, 51, 78, 80]. BEST pulse sequence

elements are available for all basic pulse sequence elements (building blocks) [29], e.g. IN-

EPT, sensitivity-enhanced reverse-INEPT (SE-RINEPT or planar mixing) and TROSY

(or double-S3CT) required for setting up most of the common triple-resonance experi-

ments. In this paragraph we will focus on BEST-TROSY pulse sequences that have been

proven to be particularly useful for the study of IDPs using high magnetic field NMR

instruments.

BEST-TROSY combines the advantages of longitudinal relaxation optimization, dis-

cussed in the previous paragraph, with those of transverse relaxation-optimized spec-

troscopy, discussed in paragraph 5.2. A special feature of BEST-TROSY is that proton

(Hz) polarization that builds up during the pulse sequence as a consequence of spin re-

laxation is converted to 15N polarization (Nz) by the final ST2-PT sequence element [51].

In a conventional TROSY sequence, a large portion of this additional polarization is lost

due to 15N T1 relaxation during the long recovery delay that restores 1H polarization.

In BEST-type experiments, however, most of the polarization is conserved because of

the short recycle delays used. This provides an additional mechanism for sensitivity and

resolution improvement.

The 1H-15N BEST-TROSY sequence and spectra recorded for two large (250 residue)

IDPs are shown in Figure 5.9. Long t1 acquisition times in the 15N dimension result in

highly resolved 2D correlation maps, despite the low chemical shift resolution observed

in the 1H dimension. The high resolution obtained in the 15N dimension of a 2D BEST-

TROSY (BT) spectrum can also be transferred to higher-dimensional BT 1H-13C-15N or
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BT 1H-15N-15N correlation experiments, as required for sequential resonance assignment

(paragraph 6.2), by using the semi-CT editing scheme discussed in paragraph 5.1. Further-

more, it has been shown that BEST-TROSY implementations of such experiments provide

a 20% to 80% increased SNR compared to BEST-HSQC versions, for di↵erent IDP sam-

ples at 800 MHz 1H frequency [78]. BT also results in a more uniform distribution of peak

intensities in the spectrum, as the signal enhancement is e�cient for residues in transiently

structured peptide regions which tend to be the ones characterized by smallest intensities

in optimal conditions for 2D HN correlation experiments.

5.4 13C detected experiments

13C direct detection, routinely used to study small molecules, has recently become a useful

tool also for biomolecular applications [81] thanks to the impressive improvements in

instrumental sensitivity [4] and to the development of new NMR experiments. The key

improvements that have been important to convert 13C direct detection into a tool useful

also for uniformly labeled protein samples, as well as the important aspects that have to

be considered for a proper selection of the most appropriate experimental variant to focus

on a specific problem, are discussed hereafter.

The first aspect to consider when performing 13C direct detection on uniformly labeled

protein samples consists in the presence of large splittings of the 13C resonances in the

direct acquisition dimension due to the presence of large homonuclear one-bond couplings,

a feature that definitely represents a novelty with respect to 1H direct detection. Indeed,

despite 13C-13C couplings are very useful in the design of multidimensional NMR exper-

iments, they are responsible for large signals splitting that, as evident from Figure 5.10,

need to be suppressed in order to preserve high resolution in the direct acquisition dimen-

sion.

5.4.1 Homonuclear 13C decoupling

Achieving homonuclear 13C decoupling in the direct dimension is more complex than in

the indirect dimensions, because it typically requires the application of radiofrequency

pulses at a similar frequency than those of the nuclear spins that are in the process of be-

ing detected. A possible solution to this problem consists in sharing the detection period

between data acquisition and decoupling pulses (band-selective homonuclear decoupling).

This, however, reduces the overall sensitivity of the experiment, and introduces Bloch-

Siegert phase shifts [82] and decoupling side bands [83] in the spectrum. Recently improved
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variants exploiting this general idea that however use hard pulses applied at regular inter-

vals during the acquisition period have been proposed [84]. Alternatively, post-acquisition

methods, such as data deconvolution using maximum entropy reconstruction, may be

used [85]. A last, and arguably the most elegant class of methods for 13C homonuclear

decoupling [86], also known as “virtual decoupling”, uses spin-state selection.

Virtual JCC decoupling uses an additional spin evolution delay prior to detection, and

requires the recording of, at least, two experiments with di↵erent parameter settings. In

the first experiment, spin evolution under the JCC coupling is suppressed resulting in an

in-phase (IP) line splitting in the detected spectrum, while in the second experiment the

JCC coupling evolves for a time 1/(2JCC) 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 di↵erence of the two recorded spectra. Finally, the two resulting (sum

and di↵erence) spectra are shifted by the amount JCC/2 with respect to each other and

added up to yield a single line at the correct chemical shift position [52, 87–89]. This

approach, illustrated in Figure 5.11 for virtual decoupling of 13C↵ in the NMR spectrum

of carbonyls, is at the basis of most of the 13C detected multidimensional experiments. In

order to work properly, virtual JCC decoupling requires quite uniform JCC couplings in the

protein which is the case for the large one-bond coupling between alpha carbons (13C↵)

and carbonyls (1JC↵C0 ⇡ 53Hz). 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 e↵ects. Another prerequisite of this technique

is that the two nuclear spins, e. g. 13C' and 13C↵ are su�ciently 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
13C' transverse coherence [90]. Most of the triple resonance experiments based on 13C' di-
rect detection end with a coherence transfer step that involves refocusing of either 13C'-
15N or 13C'-13C↵ antiphase coherence (or both). Therefore, virtual decoupling can be

implemented without appending an additional block by slightly changing the position of

the 13C↵ inversion pulses in the last coherence transfer steps, as illustrated in Figure 5.11.

Finally, as these spin-state selective approaches to achieve homonuclear decoupling per-

form so well, it is worth mentioning that they can also be implemented for heteronuclear

decoupling [91, 92]. Indeed, a clever variant to achieve heteronuclear 15N decoupling has
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been proposed both for 1HN and 13C' direct detection experiments. This can be use-

ful when the 13C' coherence lifetimes allow for long acquisition times or to reduce the

radiofrequency load/heating on the 15N channel during acquisition, which results partic-

ularly useful in the fast pulsing regime [6].

5.4.2 Starting polarization source

The other important point to consider in the design/choice of a 13C detectedexperiment

is the starting polarization source. From paragraph 4.1, it is immediately clear that a

relevant contribution to increase the sensitivity of 13C detected experiments can come

from the use of 1H as starting polarization source [92–94]. In fact, the large one-bond

scalar couplings can be easily used to transfer polarization from 1H to the directly bound

heteronuclei while still keeping experiments “exclusively heteronuclear”. This means that

only heteronuclear chemical shifts are frequency labeled in all the spectral dimensions

to take advantage of their larger chemical shift dispersion compared to that of 1H, but

still exploiting the larger 1H polarization deriving from its higher gyromagnetic ratio.

Therefore, several exclusively heteronuclear NMR experiments, such as the (H)CBCACON

and (H)CBCANCO experiments [92], feature 1H as a starting polarization source.

With protons exploited only to increase the experimental sensitivity, it is worth think-

ing about the possibility to implement 1H longitudinal relaxation enhancement 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 di↵erent

sets of 1H spins in a selective way, an essential requirement 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 (Hflip method [95,96]).

The solution described above for amide protons, based on the use of band-selective

pulses on amide protons (BEST approach), can also be implemented in 13C detected exper-

iments [6,97]. Amide protons indeed resonate in a quite isolated region of the 1H spectra,

well separated from the water resonance, and therefore they can be selectively manipulated

leaving both water and aliphatic resonances unperturbed.

As discussed above, the LRE e↵ect deriving from exchange processes with the solvent

is very pronounced in IDPs and it adds to that deriving from 1H-1H NOEs, which may con-

tribute at low temperature conditions or in the presence of partially structured elements,

even if with a minor extent. Approaching physiological conditions (high temperature and

neutral pH), the LRE e↵ect is so large that the recovery of amide polarization to equi-

librium becomes extremely fast and recycle delays between transients are therefore not
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necessary anymore. In fact, in this type of experiments the longitudinal recovery already

starts before the end of the pulse sequence, as protons get perturbed only in the very ini-

tial part of the experiment. Therefore, the optimal set up consists in an inter-scan delay

equal to zero as implemented for the HN-BESTCON experiment [6]. Its high sensitivity

enables to collect 2D spectra in a couple of minutes, as shown in Figure 5.12, making it an

ideal technique for in-cell applications. However, the use of 1HN as starting polarization

source renders the experiment susceptible to the loss of information about proline residues

and reintroduces a dependence on exchange rates of amide protons with the solvent that

impacts on the experimental sensitivity.

Alternatively 1H↵ as starting polarization source can be exploited. In this way, all

backbone sites can be sampled (including prolines) and exchange processes with the sol-

vent are avoided. On the other side of the coin, this also means that only LRE e↵ects

deriving from 1H-1H NOEs can be exploited. Therefore, LRE e↵ects become sizeable ei-

ther at lower temperature or for partially structured proteins. The most convenient way

of achieving LRE for 1H↵ consists in exploiting the one-bond scalar coupling (1JC↵H↵)

with the attached carbon (13C↵) to selectively manipulate 1H↵ and flip-back all other pro-

tons that are not actively used in the magnetization transfer pathway (Hflip method) [95].

Therefore, this trick can be easily implemented in any 1H↵-start pulse sequence to achieve

LRE. Also increasing the temperature provides a simple tool to increase longitudinal re-

laxation of 1H↵ protons that does not require selective manipulation of 1H↵ protons.

Finally, 13C-start versions of such 13C detected experiments can be designed. Indeed
13C 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
13C T1 values, which are on the order of second, so that recovery delays remain su�ciently

short. In addition, the 1H-13C NOE e↵ect 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 [96]. Therefore, in many cases of practical interest the sensitivity of 13C-start-
13C detected versions of experiments, in particular for the simplest 2D experiments such

as the CON, CACO and CBCACO, is su�cient to obtain informative spectra [98].
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6 From 2D to 3D: from simple snapshots to site-resolved

characterization of IDPs

Multidimensional NMR experiments that encode chemical shift information in several

indirect dimensions provide the necessary resolving power to separate correlation peaks

from di↵erent sites in an IDP. In this paragraph, the general strategy used to achieve

site-specific resonance assignment of the NMR signals will be discussed, 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.

6.1 Sequential NMR assignment: the general strategy

In order to extract site-specific information from the NMR experiments, each resonance

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) resonance assignment. In

the early days of biomolecular NMR spectroscopy, resonance assignment was based on the

information contained in 2D homonuclear 1H correlation experiments [99]. 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, characterized by low chemical

shift dispersion in the 2D 1H spectra, this strategy is limited to peptides of less than a

few tens of residues. As a consequence, NMR studies of IDPs require uniform 13C and
15N labeled samples that enable the use of 3D (or higher-dimensional) through-bond-only

experiments for sequential resonance assignment purposes [100, 101]. These experiments

are based on a series of coherence transfer steps, which exploit the large one- and two-bond

scalar couplings (Figure 6.1) [29, 45].

Starting from a chosen polarization source, typically amide 1H, aliphatic 1H, or 13C, a

series of subsequent coherence transfer pathway steps allows correlating NMR frequencies

of di↵erent nuclear spins in the protein with high e�ciency. Ideally, this strategy could

be used to transfer coherence (and thus information) all along the polypeptide chain. In

practice, due to spin relaxation e↵ects, coherence transfers are generally limited only to

nuclear spins within the same or neighboring residues. Therefore, a set of spectra providing

complementary connectivity information is required for sequential resonance assignment.

The most widely used experiments are introduced in the next paragraphs. They can be

divided into 3 categories: (i) intra-residue, (ii) sequential, and (iii) bi-directional correla-

tion experiments, according to the type of information they contain. A schematic drawing
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showing how a pair of such spectra can be used in the sequential resonance assignment

procedure is reported in Figure 6.2.

The basic strategy for sequential assignment is that the di↵erent nuclei correlated in

a 2D HN or 2D CON fingerprint spectrum, as introduced in paragraph 4.2, are connected

in a 3D data set with one (or more) additional nuclei, e.g. 13C↵, 13C� , 13C', or 1H↵, that

are frequency labeled in the third dimension (indicated as X nuclear spins). 1H-15N or
13C'-15N pairs are then recognized as belonging to neighboring residues when the corre-

sponding X frequencies match. In case of identical or similar resonance frequencies of two

or more X nuclei, ambiguities can be solved by combining the information obtained from

di↵erent 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 (1H-15N or 13C'-15N pairs) are

identified. This so-called “sequential assignment walk” might be interrupted by missing

correlation peaks, either due to unobservable (line-broadened) NMR signals, e.g. because

of pronounced conformational exchange processes or chemical exchange at physiological

conditions, missing correlation information, e.g. amide 1H in proline residues, and/or re-

maining frequency ambiguities; the combination of 3D H-N-X and 3D CO-N-X spectra

provides more complete information reducing interruptions in the sequence-specific assign-

ment, ambiguities contributing in this way to the completeness and accuracy of assigned

resonances. The final assignment step consists in 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 Figure 6.3. Such amino acid type information is obtained from

side-chain 13C chemical shifts, or from specifically tailored experiments that use spectral

editing techniques to di↵erentiate spin-coupling topologies in the amino acid side-chains

(see paragraph 6.3).

6.2 Sequential NMR assignment: 3D experiments

6.2.1 1HN detected experiments

The most common and established resonance assignment approach for proteins uses a

set of 1HN-detected 3D correlation experiments [102, 103]. The resulting spectra share

as common frequencies those of amide protons in the direct dimension and of 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 (Figure 6.4).

As discussed in paragraph 5.3, most amide 1H detected experiments for IDP studies should
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be implemented as BEST or BEST-TROSY versions in order to enhance experimental

sensitivity and spectral resolution [46,78].

The most sensitive coherence transfer pathway correlates the amide 1HN and 15N of

amino acid i with the 13C' of the preceding (i � 1) residue. This experiment, called 3D

HNCO [78,103–105] is often used to “count” the number of cross-peaks and so to estimate

the number of resolved spin systems (residues) that are observed. Additional transfer steps

allow correlating the amide 1HN and 15N with the 13C↵ and 13C� of the preceding (i� 1)

residue, in the so-called 3D HN(CO)CA [78,104,106] and 3D HN(CO)CACB [78,107,108]

experiments. Note that the intrinsic sensitivity is decreasing with each additional transfer

step, making HN(CO)CACB the least sensitive experiment of the series. For sequential

resonance assignment, the information obtained from the experiments correlating nuclei

of neighboring amino acids needs to be complemented with that provided by experiments

correlating the amide 1HN and 15N with the 13C', 13C↵ and 13C� of the same (i) residue.

This can be achieved, for example, by acquiring 3D HNCA [46, 103, 104], 3D HNCACB

[46,109,110] and 3D HN(CA)CO [46,111–113] experiments, belonging to the class of “bi-

directional experiments”. All of these experiments result in two cross-peaks per residue,

because of the similar size of 1JNC↵ and 2JNC↵ coupling constants (Figure 6.1), one

corresponding to the desired intra-residue correlation, the other one to the sequential

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 [78, 114, 115], 3D iHNCACB [78, 114, 115]

and 3D iHN(CA)CO [78, 116] have been proposed as an alternative to the bi-directional

experiments discussed above. The bi-directional and intra-residue experiments are less

sensitive than their sequential counterparts and thus, as a rule of thumb, the number of

scans should be at least doubled. Recently, improved HNCA+, HNCACB+, and HNCO+

pulse sequences have been introduced to perform bi-directional experiments with improved

sensitivity for the sequential correlations [117]. These experiments are especially useful

for the study of fragile IDP samples as they allow retrieving the complete information

required for sequential assignment from a single set of 3D experiments.

An additional class of experiments, especially useful for IDP samples, is referred to

as 3D H-N-N, since their main characteristic is that 15N frequencies are labeled in both

indirect dimensions. This allows performing the sequential assignment walk by matching
15N frequencies that, as discussed in paragraph 4.1, 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
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for IDP residues involved in transient secondary structure formation. The coherence trans-

fer pathways for the 3D (H)N(COCA)NH and 3D (H)N(CA)NH experiments [118–122] are

shown in Figure 6.5. In the 3D (H)N(COCA)NH, the HNCO sequence is extended passing

coherence from 13C' to 13C↵ and then to 15N of the neighboring amino acid, resulting in

the correlation of 1HN and 15N of amino acid i with the 15N of amino acid i and i + 1,

while the 3D (H)N(CA)NH is an extension of HNCA, yielding correlations with 15N of

residues i� 1, i, and i+1. In the case of highly flexible IDPs resulting in large T2 values,

these pulse schemes can be optimized to detect mainly the sequential correlations, while

suppressing to a large extent the “diagonal” Ni-Ni correlation peak [118].

A last class of experiments allows to extend the assignment to the side chain 13C res-

onances, and to provide valuable information on the side chain length and 13C chemical

shifts, important for distinguishing between amino acid types. The most widely used pulse

sequence is called 3D (H)C(CO)NH-TOCSY [123–127]. The sequence starts from aliphatic
1H polarization of residue i that is transferred via TOCSY and INEPT steps to the amide

group of the following (i+ 1) residue for final 1HN detection.

6.2.2 13C detected experiments

As discussed in paragraph 4.2, the 2D HN and CON spectra provide complementary tools

for the investigation of IDPs. Therefore, similarly to the 1HN-based experiments discussed

above, 13C' 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 13C' detection is shown in Figure 6.6. The building

blocks used for the coherence transfer steps are very similar to those employed in the

analogous 1HN detected experiments. 1H polarization can be used as a starting source to

increase the sensitivity of 13C' detected experiments, while still keeping the experiments

“exclusively heteronuclear”. In all of the spectra recorded with these experiments, the

detection dimension is the 13C' of residue i (C'i), while the 15N of residue i+ 1 (Ni+1) is

frequency labeled in one of the indirect dimensions. These C'i-Ni+1 correlations are then

dispersed in the third dimension by the chemical shift of one (or more) additional nuclear

spin(s). In a first set of experiments, CACON and CBCACON [52, 92, 128], the C↵
i only

or both C↵
i and C�

i are edited in the third dimension, resulting in one set of correlation

peaks per residue, similarly to the sequential 1HN detected experiments. In addition, the

CCCON-TOCSY experiment [92,128] allows to extend the 13C chemical shift information

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 Caliph
i -C'i-Ni+1 correlations. The number of
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aliphatic carbons detected, and their chemical shifts provide information about 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 13C' detected 3D experiments, named CANCO and

CBCANCO [92,128] that correlate the C'i-Ni+1 to C↵
i+1 and C↵

i (CANCO) or C↵
i+1 /C�

i+1,

and C↵
i /C

�
i (CBCANCO) resulting in two correlation peaks per residue if only C↵ chemical

shifts are detected in the third dimension, or four, if both C↵ and C� are detected. These

experiments thus belong to the class of bi-directional correlation experiments. In addition,

the 3D (H)N(CA)NCO [92] spectrum can be recorded to obtain correlations involving an

additional 15N 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 1HN detected experiments). In the 3D

(H)N(CA)NCO experiment, the C'i-Ni+1 pair is further correlated in the third dimension

with the 15N of residues i, i + 1, and i + 2. Finally, the 3D COCON experiment [129]

was developed to correlate the C'i-Ni+1 pair with carbonyls of residues i, i+1, and i� 1,

providing in this way additional complementary information. The MOCCA mixing scheme

significantly improves the sensitivity of this experiment [129,130].

If the whole set of experiments is performed, sequential resonance assignment is ob-

tained by simultaneous matching of C↵, C� , C', and N chemical shifts from intra-residue

and sequential correlations. The requirement of simultaneous frequency match of four

di↵erent nuclear spins provides a robust way of solving assignment ambiguities due to

resonance overlap in the spectrum of a single nuclear spin species, as often encountered

for IDPs.

As also proline residues are detected in these spectra, 13C' direct detection provides an

ideal tool for complete sequence-specific assignment of an IDP, provided that sensitivity

is su�cient to enable acquisition of the whole set of experiments in a reasonable overall

measurement time [52,98]. Our experience on several IDPs characterized by high flexibility

indicates that the complete set of 3D experiments described here can be collected with

cryogenic probes optimized for 13C 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) [98] and 3D experiments (CBCACON,

CCCON) [52] in order to complement the spectral information obtained from a series of
1HN detected experiments.
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6.2.3 Aliphatic 1H 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 1HN or 13C' direct
detection, consists in focusing on 1H↵ detection, as proposed for the assignment of proline-

rich regions [131]. More recently, a set of five triple resonance experiments was developed

for sequence-specific resonance assignment of IDPs [132,133]. The coherence transfer path-

ways and correlated frequency information obtained from these experiments are shown in

Figure 6.7. The 3D iH(CA)NCO, iHCAN and (HCA)NCO(CA)H experiments were de-

signed for spin system identification, while the 3D H(CA)CON and (HCA)CON(CA)H

provide the complementary connectivity information. The 1H↵ signals are clustered in a

narrow chemical shift region where also the water proton spins resonate. Therefore reso-

lution in the direct dimension is quite limited, in particular for amino acids of the same

kind. Furthermore, excellent water suppression performance is mandatory. Alternatively,

the protein can be dissolved in a fully deuterated solvent (99.99% D2O), which is charac-

terized by higher viscosity with respect to H2O and causes an increase in the transverse

relaxation rates of the nuclear spins in the protein sample. This approach has been suc-

cessfully applied to an IDP of about 110 amino acids [133]. 1H↵ detected experiments

might be considered under conditions where 1HN 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 13C detection.

6.3 Experiments for amino acid type editing or selection

In addition to the experiments discussed in the previous sections, which provide sequential

correlation information connecting nuclear spins of neighboring 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 information may be obtained from NMR data by

the selective incorporation of labeled (or unlabeled) amino acids at the protein expression

level [134–136], from 13C↵, 13C� and 13C side-chain chemical shift data [137], or from

specifically tailored NMR experiments that exploit the particular spin-coupling topologies

and chemical shifts in the di↵erent amino acid side chains [138–149]. 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 13C/15N labeled sample. Such

experiments, which often rely of band selective pulses to perturb only specific frequency

ranges, benefit from the narrow chemical shift ranges of side chain resonances typical
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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 di↵erent classes of

amino acids are separated in di↵erent NMR subspectra. The two classes of experiments

share, as common features, several ingenious ways to distinguish di↵erent 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 [138,140–142,144,145,150].

The MUSIC (MUltiplicity Selective In-phase Coherence transfer) strategy proposed

by the Oschkinat group [146–148], recently extended to 13C direct detection experiments

(CAS-NMR) [151], provides the most complete set of amino acid selective experiments.

Di↵erent variants of two basic experiments (HNCOCACB and CBCACON) allow to select

correlations deriving only from specific amino acids types from the basic 2D HN and CON

spectra respectively (Figure 6.8). The resulting spectra are very simple, contributing

in this way to reducing the problem of cross-peak overlap. The various pulse schemes

mainly di↵er 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 corresponding pulse sequences for selecting amino acids with longer side-chains.

The di↵erent pulse sequence elements designed to select correlations of specific amino

acids can also be implemented in “bidirectional” experiments (HNCACB, CBCANCO),

providing in this way additional information.

As mentioned before, proline residues are abundant in IDPs, and therefore the identifi-

cation of proline-neighboring residues is of particular importance for resonance assignment

strategies based on 1HN detected pulse schemes [38]. Therefore proline-selective experi-

ments based on BEST-TROSY HN(COCAN) and iHN(CAN) pulse sequences, exploiting

the particular 15N chemical shift of proline residues in IDPs, have been proposed that

yield increased sensitivity with respect to their corresponding MUSIC counterparts, for

the identification of proline-neighboring residues [78].

Amino acid type editing di↵ers from amino acid type selection by the fact that corre-

lation 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
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opposite sign with respect to all others, thus allowing simple discrimination of this par-

ticular class of amino acids. In addition, if a second (reference) experiment is recorded

where all NMR signals have the same sign, peaks belonging to di↵erent amino acid type

classes can be separated in di↵erent spectra at the processing level by addition and sub-

traction of the two recorded data sets. Such a simple sign encoding has been proposed

for many basic correlation experiments involving C↵ and/or C� carbons, requiring only

slight modifications of the original pulse sequences [104, 121, 152]. The same concept of

sign encoding can also be used to di↵erentiate between more than 2 classes of amino

acids by using HADAMARD spectroscopy [153, 154]. In short, to distinguish between

n amino acid classes, HADAMARD NMR spectroscopy requires the recording of n spec-

tra with di↵erent sign encoding according to a particular HADAMARD scheme, also called

HADAMARD 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 pro-

cessing 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 [155–157]. The sequential

HADAMAC (sHADAMAC) experiment, based on the sensitive (H)CBCACONH [107,137]

correlation sequence, provides amino acid type information for the residue preceding the

detected amide group, and allows to di↵erentiate 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, (7) Arg-

Glu-Lys-Pro-Gln-Met-Leu (Figure 6.9b). The same approach has been recently extended

also to intra-residue amino acid type editing (iHADAMAC, Figure 6.9a) [156].

6.4 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 degeneracy

of disordered proteins have always been the major limitations to the performance of such

programs. However, in recent years many e↵orts have been made to increase the robustness

and reliability of automatic assignment procedures, and now several algorithms are ready

for use. Out of the many, MARS [158], FLYA [159] and TSAR [160] 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 di↵erent,

depending on the particular algorithm employed. For example, the assignment, usually
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provided to the user as a text file, can be accompanied by graphical representations and/or

additional text files containing, for instance, information about the reliability of the as-

signment and/or suggestions related to 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 flexi-

ble, accepting peak lists from any combination of multidimensional experiments, provided

they are written according to simple but specific set of rules which describe the magneti-

zation transfer pathways employed. Using all the experimental 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 di↵er for the calculation time nec-

essary 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 iterative 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 informa-

tion (for example combining 1HN and 13C' detection), the less is the time required by the

assignment algorithms to reach convergence.
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7 High-dimensional NMR experiments (nD, with n > 3)

As discussed in the previous paragraphs, various experimental strategies allow improve-

ment of spectral resolution. However, in case of severe spectral overlaps, we recommend to

increase the dimensionality of the NMR experiments. Indeed, encoding more than three

frequencies into a cross peak observed in multidimensional NMR experiments reduces the

chances of accidental signal overlap. In order to take maximum advantage of this approach

it is important to maintain highest resolution in all the detected dimensions. To this end,

the combination of fast pulsing techniques with non-uniform sampling strategies and the

respective processing approaches, described in detail in paragraph 5.1, 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, to cope with 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 procedure or to make it possible in di�cult cases.

In the next section, high-dimensional (4-5D) NMR experiments are presented, 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 [161].

7.1 Analysis and inspection of high-dimensional NMR spectra

One of the main barriers to the reception and di↵usion of high dimensional NMR exper-

iments has always been the idea that more than three dimensions could be conceptually

di�cult to handle. Indeed, while it is easy to visualize three-dimensional objects, the same

does not hold for objects characterized by a higher number of dimensions. A possible solu-

tion consists in breaking them down into combinations 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 the 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 as, 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 implemented in the Sparse
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Multidimensional Fourier Transform (SMFT) algorithm [162].

SMFT proposes an innovative strategy to examine intuitively four or five-dimensional

spectra in a very simple and straightforward way. NUS data are processed with the

MFT algorithm (mentioned in paragraph 5.1.2) , 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, which 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, being 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 “basis spectrum”, which shares the same correlations with the higher

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 Figure 7.1 for 4D

and 5D experiments.

SMFT facilitates the analysis of high-dimensionality spectra, since this method pro-

vides 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 provides also further advantages: for example, it enables

the use of automatic peak picking tools, which perform in a very reliable and e�cient way,

as the signals are well-resolved thanks to the high dimensionality of the experiment. In

addition, it allows to save great amounts of disk space, 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.

7.2 Examples of high-dimensional experiments tailored for IDPs

The benefits provided by chemical shift labeling of the heteronuclei including 13C di-

rect detection, 1H longitudinal relaxation enhancement and TROSY, all discussed in the

paragraphs 5.2 and 5.3, can be combined with the resolving power of high-dimensional

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 advancements and hardware improve-

152



ments.

Several of the three-dimensional experiments based on coherence transfer via J-cou-

plings, discussed in paragraph 6.2, can be easily extended to 4D or 5D versions, by ex-

plicitly frequency labeling the heteronuclear spins only exploited in 3D experiments for

coherence transfer (the nuclear spins generally included in parenthesis in the pulse sequence

acronyms). Taking the 3D (H)N(COCA)NH as an example, the coherence is transferred

through 13C' and 13C↵ to 15N. With introduction of one or two chemical shift evolution

periods, 13C' or/and 13C↵, nuclei can also be frequency labeled, 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 [163–165]). Based on the 2D HN experiment (HN
i -Ni),

they provide sequential correlations via the 13C' and 13C↵ nuclei for backbone assignment

(C'i�1-C↵
i�1 and C↵

i -C'i/C↵
i�1-C'i�1, respectively) as shown in Figure 7.2a. The former can

be used to resolve frequency degeneracy in the 3D HNCO spectrum, whereas the latter

relies on 13C↵ and 13C' chemical shifts to establish sequential correlations. An additional

4D iHNCOCA experiment can also be designed [166]. As a general rule, the price to

pay for the additional information retrieved in high-dimensional experiments compared

to their lower dimensional analogues, consists in a loss in experimental sensitivity of at

least a factor of
p
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 possibilities avail-

able to retrieve su�cient information for unambiguous sequence-specific assignment is

presented hereafter. A summary of the experiments discussed, together with the correla-

tions provided, is reported in Tables A1 and A2 in the Appendix. The high-dimensional

experiments can be grouped in di↵erent 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 13C side-chain chemical shifts, sequence-specific information through C↵, C� ,

C' and N chemical shifts).

Starting from the most simple and intuitive ones, the 5D HCBCACONH [137, 162,

167], 5D HCCCONH [123,168,169], 4D HCBCACON [170] and 5D HC(CC-TOCSY)CON

[123–127, 171] (Figure 7.2b) provide information on the chemical shifts of the 1H and
13C aliphatic spins of each amino acid (i), by exploiting the HNCO (C'i, Ni+1, HN

i+1)

or the CON (C'i, Ni+1) as basis spectra, respectively. Therefore, the related 2D cross-
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sections that need to be inspected resemble 2D 1H-13C planes that however contain only

the correlations observed at the respective frequencies in the basis spectra, providing in

this way very clean and straightforward information to identify the residue type and assign

side chain 1H and 13C chemical shifts. If necessary, the 5D experiments that exploit the

HNCO as basis 3D spectrum can be easily reduced to their 4D analogues (that exploit the

2D HN as a basis spectrum) by simply omitting the evolution of 13C' chemical shifts.

Along the same lines, the 2D HN and CON spectra can be used as basis spectra for

high-dimensional experiments that provide in the additional dimensions information to

achieve sequence-specific assignment. A variety of di↵erent experiments can be included

in this class. For example, the 4D HNCACB [172, 173] and 4D HCBCANCO [170, 174]

(bidirectional experiments), yield in cross-section the information on 1H and 13C chemical

shifts of C↵ and C� of amino acids (i) and (i + 1) for each cross-peak observed in the

2D HN (Ni+1, HN
i+1) and 2D CON spectra (C'i, Ni+1), respectively.

Another class of experiments provides sequential connectivities through 15N chemi-

cal shifts. These are particularly useful because, depending on the experimental variant

used, they still exploit the same basis spectra (3D HNCO or 2D HN and 2D CON) and

provide in the additional dimensions, information on 15N chemical shifts of neighbor-

ing residues. This category includes the 4D HN(COCA)NH [120, 175], 4D HN(CA)NNH

[173], 5D HN(CA)CONH [162] and 5D HN(COCAN)CONNH [176] (1HN detected) as

well as a variety of di↵erent experimental variants based on 13C direct detection de-

scribed below. The 1HN detected ones reported above correlate the HN
i -Ni peak of

the 2D 1H-15N HSQC spectrum (the HN
i -Ni-C'i�1 peaks of the 3D HNCO spectrum,

in the 5D case) with the 1HN and 15N nuclei of residues i + 1, i + 1/i � 1, i � 1 and

i + 1, respectively. Instead, when amide protons are merely exploited as a starting

source of magnetization, 15N and 13C' resonances can be used to establish sequential

correlations, like in the 5D (H)NCO(NCA)CONH [177] (Ni�1-C'i�2 and Ni-C'i�1) and

5D (H)NCO(CAN)CONNH [176] (Ni-C'i�1 and Ni+1-C'i) experiments (Figure 7.2c).

For what concerns the 13C 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↵ chemical shift as an additional dimension of the basis experiment. They include

5D NCOCANCO [97], 5D (HN-flipN)CONCACON [178], 5D (HCA)CONCACON [178]

and 5D (H)CACON(CA)CON [178] experiments. Sequential correlations are established

by exploiting 15N and 13C' frequencies, both retrieved in the 2D cross-section of the

experiments (“CON-CON strategy”). The cross-peak observed in cross-section of the ex-

periments reported above correlate Ni+2-C'i+1, C'i�1-Ni/C'i-Ni+1, C'i�1-Ni/C'i-Ni+1 and
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C'i+1-Ni+2/C'i-Ni+1 nuclei, respectively.

For 13C detection, also a series of experiments that rely on CACO as basis 2D spectrum

have been proposed. The C↵
i -C'i frequencies of the basis spectrum are correlated to C↵

i+1-

Ni+1 and C↵
i�1-Ni or to C↵

i�1-C'i�1 nuclei, respectively through the 4D (H)CANCACO

[170] and the 5D CACONCACO [97] experiments. Finally, the 5D HN-flipNCACON [170]

and 5D HN-flipNCANCO [170] experiments relate the 15N of residue i with those of residue

i+ 1 and i+ 2, respectively (Figure 7.2d).

Recently high-dimensional NMR experiments featuring 1H↵-start-1H↵ detection were

also designed. These experients may be useful at temperature and pH conditions in which
1HN are not detectable and/or in case of short lived or low concentrated samples that

partly limit the use of high-dimensional 13C detected experiments. Extensions to higher

dimensionality partly counterbalances the low chemical shift dispersion of 1H↵ in the direct

dimension [176].

In conclusion, due to their high resolving power and increased information content,

high-dimensional experiments provide a valuable tool to extend the size and complexity

of IDPs that can be characterized by NMR at atomic resolution, provided the samples

relaxation properties allow for multiple (and often long) coherence transfer times. The

combination of the di↵erent approaches described in this chapter o↵ers a rich toolbox that

can be exploited for the investigation of complex IDPs (Figure 7.3).
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8 Conclusions and perspectives

Thanks to recent improvements in NMR instrumental technology, to the array of NMR

experiments that have been developed and to 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 [179] and Tau [180]; 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 performed in the next future.

Indeed the sequence-specific assignment and initial structural and dynamic character-

ization through the analysis of chemical shifts and of 15N relaxation rates can readily be

achieved through the experiments described in this chapter. Many more experiments can

be performed to gain further information as discussed in the next chapters. However,

already at this stage the sequence-specific assignment and 15N relaxation measurements

are su�cient 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 interactions,

post-translational modifications, as well as by taking snapshots of the IDP inside whole

cells.

Among the many experimental strategies discussed in detail in this chapter, the op-

timal one for a specific IDP to be investigated can be readily identified by acquiring a

small set of initial 1D and 2D spectra which provide information on the sensitivity and

resolution that can be achieved, resulting from 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 most appropriate experimental strategy for sequence-specific

assignment. Nowadays, a large panoply of optimized pulse sequences and processing tools

are available, as well as 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

the availability of new experimental tools. 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 observable

reporting on structural and dynamic properties of IDPs, and finally the possibility to

characterize the behavior of IDPs in di↵erent aggregation states, ranging from solution to
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solid state to in-cell, through a combination of di↵erent NMR techniques.

Finally, speculating on more long term perspectives, development of improved NMR

methods to study IDPs is expected to provide a large amount of experimental data on IDPs

contributing to our understanding of the molecular basis responsible for their function,

filling a gap of about 50 years with respect to our knowledge on the structural and dynamic

behavior 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 su↵er from the bias

that they are derived from the missing information in the electron density maps in the

X-ray crystallography data.
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Appendix

Table A1: High-multidimensional 1H detected experiments for backbone and side-chains

resonance assignment

1Hdetected experiments

Experiments for spin-system identification

Dimensionality Experiment Correlations observed References

3 HN(CO)CA HN
i -Ni-C

↵
i�1 [78, 104,106]

3 HN(CO)CACB HN
1 -Ni-C

↵/�
i�1 [78, 107,108]

3 (H)C(CC-TOCSY) Cali
i�1-Ni-H

N
i [123–125]

(CO)NH

3 iHNCA HN
i -Ni-C

↵
i [78, 114,115]

3 iHNCACB HN
i -Ni-C

↵/�
i [78, 114,115]

3 iHCAN H↵
i -C

↵
i -Ni [132]

4 (H)CBCACONH C↵/�
i�1 -C'i�1-Ni-H

N
i [107,137]

5 HCBCACONH H↵/�
i -C↵/�

i -C'i�1-Ni-H
N
i [137,162,167]

5 HNCOCACB HN
i -Ni-C'i�1-C

↵
i�1-C

�
i�1 [177,181]

5 HC(CC-TOCSY)CONH Hali
i�1-C

ali
i�1-C'i�1-Ni-H

N
i [123–127,171]

Experiments for sequential assignment

Dimensionality Experiment Correlations observed References

3 HNCO HN
i -Ni-C'i�1 [78, 103–105]

3 HNCA HN
i -Ni-C

↵
i�1& HN

i -Ni-

C↵
i

[46, 103,104]

3 HNCACB HN
i -Ni-C

↵/�
i�1& HN

i -Ni-

C↵/�
i

[46, 109,110]

3 HN(CA)CO HN
i -Ni-C'i�1& HN

i -Ni-

C'i

[46, 111–113]

3 (H)N(COCA)NH Ni+1-Ni-H
N
i [118,120,121]

3 (H)N(CA)NNH Ni�1-Ni-H
N
i & Ni+1-Ni-

HN
i

[118,119]
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Dimensionality Experiment Correlations observed References

3 iH(CA)NCO H↵
i -Ni-C'i [132]

3 (HCA)NCO(CA)H H↵
i -C'i-Ni+1 [133]

3 H(CA)CON H↵
i -C'i-Ni+1 [132]

3 (HCA)CON(CA)H H↵
i -Ni-C'i & H↵

i -Ni+1-

C'i

[133]

4 HCACON H↵
i -C

↵
i -C'i-Ni+1 [182]

4 HNCOCA HN
i -Ni-C'i�1-C

↵
i�1 [163–165]

4 HNCACO HN
i -Ni-C

↵
i -C'i&

HN
i -Ni-C

↵
i�1-C'i�1

[164,165]

4 HNCO,CA HN
i -Ni-C'i�1-C

↵
i�1&

HN
i -Ni-C'i�1-C

↵
i

[166]

4 HNCACB HN
i -Ni-C

↵
i�1-C

�
i�1&

HN
i -Ni-C

↵
i -C

�
i

[172]

4 HCBCANH H↵/�
i -C↵/�

i -Ni-H
N
i &

H↵/�
i�1 -C

↵/�
i�1 -Ni-H

N
i

[173]

4 HACANH H↵
i -C

↵
i -Ni-H

N
i &

H↵
i�1-C

↵
i�1-Ni-H

N
i

[183,184]

4 HNCAHA HN
i -Ni-C

↵
i -H

↵
i &

HN
i+1-Ni+1-C

↵
i -H

↵
i

[165]

4 HACA(CO)NH H↵
i�1-C

↵
i�1-Ni-H

N
i [183]

4 HN(CO)CAHA HN
i+1-Ni+1-C

↵
i -H

↵
i [165]

4 (H)CACO(CA)NH C'i-C↵
i -Ni-H

N
i &

C'i�1-C
↵
i�1-Ni-H

N
i

[185]

4 HN(COCA)NH HN
i+1-Ni+1-Ni-H

N
i &

HN
i -Ni-Ni-H

N
i

[120,175]

4 HN(CA)NH HN
i+1-Ni+1-Ni-H

N
i &

HN
i -Ni�1-Ni�1-H

N
i

[173]

4 HN(CO)CA(CON)CA HN
i -Ni-C

↵
i�1-C

↵
i�1&

HN
i -Ni-C

↵
i�1-C

↵
i

[186]

4 HNCO(N)CA HN
i -Ni-C'i�1-C

↵
i�1&

HN
i -Ni-C'i�1-C

↵
i

[186]
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Dimensionality Experiment Correlations observed References

5 HACACONH H↵
i�1-C

↵
i�1-C'i�1-Ni-H

N
i [187–189]

5 HACA,CONH H↵
i -C

↵
i -C'i-Ni-H

N
i &

H↵
i�1-C

↵
i�1-C'i�1-Ni-H

N
i

[190]

5 HACA(N)CONH H↵
i -C

↵
i -C'i�1-Ni-H

N
i &

H↵
i�1-C

↵
i�1-C'i�1-Ni-H

N
i

[177]

5 (HACA)CON(CA)CONH C'i�2-Ni�1-

C'i�1-Ni-H
N
i &

C'i�1-Ni-C'i�1-Ni-H
N
i

[177]

5 HCBCA(CAN)CONH H↵/�
i�1 -C

↵/�
i�1 -

C'i�1-Ni-H
N
i &

H↵/�
i -C↵/�

i -C'i�1-Ni-H
N
i

[167]

5 HN(CA)CONH HN
i�1-Ni�1-

C'i�1-Ni-H
N
i &

HN
i -Ni-C'i�1-Ni-H

N
i

[162]

5 (H)NCO(NCA)CONH Ni�1-C'i�2-

C'i�1-Ni-H
N
i &

Ni�1-C'i�1-C'i�1-

Ni-H
N
i

[177]

5 (H)NCO(CAN)CONNH Ni+1-C'i-HN
i [176]

5 HN(COCAN)CONNH HN
i+1-Ni+1-C'i�1-Ni-H

N
i [176]

5 (HACA)CON(CACO) C'i�1-Ni-Ni+1- [176]

NCO(CA)HA -C'i-C↵
i
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Table A2: High-multidimensional 13C detected experiments for backbone and side-chains

resonance assignment

13C detected experiments

Experiments for spin-system identification

Dimensionality Experiment Correlations observed References

3 (H)CACON C↵
i -Ni+1-C'i [92, 128]

3 (H)CBCACON C↵/�
i -Ni+1-C'i [92, 128]

3 (H)C(CC-TOCSY)CON Cali
i -Ni+1-C'i [92, 128]

4 HCBCACON H↵/�
i -C↵/�

i -Ni+1-C'i [170,174]

4 HC(CC-TOCSY)CON Hali
i -Cali

i -Ni+1-C'i [170]

5 HC(CC-TOCSY)CACON Hali
i -Cali

i -C↵
i -Ni+1-C'i [179]

Experiments for sequential assignment

Dimensionality Experiment Correlations observed References

3 (H)CANCO C↵
i -Ni+1-C'i&

C↵
i+1-Ni+1-C'i

[92, 128]

3 (H)CBCANCO C↵/beta
i -Ni+1-C'i&

C↵/beta
i+1 -Ni+1-C'i

[92, 128]

3 (HN-flip)N(CA)NCO Ni-Ni+1-C'i&
Ni+2-Ni+1-C'i

[92, 170]

3 (HCA)NCACO Ni-C
↵
i -C'i&

Ni+1-C
↵
i -C'i

[170]

3 COCON C'i�1-Ni+1-C'i�&
C'i+1-Ni+1-C'i�

[129]

4 HCBCANCO H↵/�
i -C↵/�

i -Ni+1-C'i&
H↵/�

i+1 -C
↵/�
i+1 -Ni+1-C'i

[170,174]

4 (HN-flip)NCANCO Ni-C
↵
i -Ni+1-C'i&

Ni+2-C
↵
i+1-Ni+1-C'i

[170]

4 (HN-flip)NCACON Ni-C
↵
i -Ni+1-C'i&

Ni+1-C
↵
i -Ni+1-C'i

[170]
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Dimensionality Experiment Correlations observed References

4 (H)CANCACO C↵
i�1-Ni-C

↵
i -C'i&

C↵
i+1-Ni+1-C

↵
i -C'i

[170]

5 HN-flipNCANCO HN
i -Ni-C

↵
i -Ni+1-C'i&

HN
i+2-Ni+2-C

↵
i+1-Ni+1-C'i

[170]

5 HN-flipNCACON HN
i -Ni-C

↵
i -Ni+1-C'i&

HN
i+1-Ni+1-C

↵
i+1-Ni+1-C'i

[170]

5 (H)NCOCANCO Ni+2-C'i+1-C
↵
i+1-Ni+1-C'i [97]

5 (H)CACONCACO C↵
i�1-C'i�1-Ni-C

↵
i -C'i [97]

5 (HN-flipN)CONCACON C'i�1-Ni-C
↵
i -Ni+1-C'i&

C'i-Ni+1-C
↵
i -Ni+1-C'i

[178]

5 (HCA)CONCACON C'i�1-Ni-C
↵
i -Ni+1-C'i&

C'i-Ni+1-C
↵
i -Ni+1-C'i

[178]

5 (H)CACON(CA)CON C↵
i -C'i-Ni+1-C'i+1-Ni+2-&

C↵
i -C'i-Ni+1-C'i-Ni+1

[178]
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Tables

Table 1.1: Gyromagnetic ratios and natural abundance of nuclei important for NMR

studies of proteins.

Isotope Spin gyromagnetic ratio gyromagnetic ratio/2⇡ natural abundance isotope

I �n(106rads
�1T�1) �n/2⇡(MHzT�1) %

1H 1/2 267,512 42,576 99,98
13C 1/2 67,262 10,705 1,108
15N 1/2 -27,116 -4,316 0,37

Table 5.1: Ranges of predicted amide proton solvent exchange rates (kex) (predictions were

performed with SPHERE program [43,44]) and their average over all residues kex are listed

as well as the ranges and averages of the apparent T1 relaxation time constants measured

at 800 MHz as shown in Figure 5.9.

NS5A BASP-1 ↵-synuclein PV Core

Conditions

pH 6.5 2.0 7.4 7.5

T(C) 5 5 15 5

Predictions

range of kex 7.6⇥ 10�2� 1.9⇥ 10�4� 1.8⇥ 10�1� 8.7⇥ 10�2�
(s�1) 1.2⇥ 10+2 1.3⇥ 10�3 2.1⇥ 10+2 1.6⇥ 10+2

k̄ex(s�1) 1.5 3.7⇥ 10�4 1.7⇥ 10+1 1.1⇥ 10+1

NMR data

T̄1,hard(s) 0.92 0.91 2.27 1.46

T̄1,WFB(s) 0.70 0.89 0.09 0.14

T̄1,sel(s) 0.21 0.31 0.06 0.09
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Figures

Figure 2.1. Schematic illustrations of di↵erences between structured (a) and intrinsically

disordered (b) proteins (for clarity reasons the molecules of water were omitted in the

ensemble of IDP conformers), and energy landscapes of well-folded proteins in native

state (c) and IDP (d).
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Figure 2.2. The di↵erent chemical shift dispersion of the structured and intrinsically

disordered proteins is demonstrated by 2D 1H-15N correlation spectra acquired on two

proteins of the similar size, but characterized by the di↵erent structural properties. a

The HSQC spectrum of structured Cu(I)Zn(II) superoxide dismutase (1.5 mM sample in

20 mM phosphate bu↵er, pH 5.0, at 298 K; PDB code: 1MFM). b The HSQC spectrum of

intrinsically disordered ↵-synuclein proteins (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 at 700 MHz

Bruker AVANCE spectrometer equipped with CPTXI probe.
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Figure 2.3. a Histograms of the C↵ and C� secondary chemical shift distribution in

↵-helix and �-sheet.(adopted from [7]) b Identification of the secondary structure ele-

ments based on the secondary chemical shifts is shown on the examples of structured

metallochapenone Atx1 [191], partially structured oxidized form of the copper chaperone

Cox 17 [192] and its unfolded reduced form [193].
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Figure 2.4. a Variations of the steady-state NOE with the correlation time for the 1H-
15N pair in a field of 11.74 T. b The graphs shows 1H-15N heteronuclear NOE for the

majority of the residues of the structured Atx1 (1 mM sample, 100 mM phosphate bu↵er,

pH 7.0, at 298 K) [191], partially structured and unfolded form of Cox 17 proteins (2 mM

sample, 50 mM phosphate, pH 7, at 298 K; sample with unfolded form was reduced by

20 mM DTT) [192, 193]. The experiments were acquired at 500 MHz Bruker AVANCE

spectrometer equipped with CPTXI probe.
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Figure 3.1. The di↵erence of the 1H, 13C and 15N chemical shift dispersion of the IDPs is

illustrated on the 1D spectra of ↵-synuclein. The experiments were acquired at 700 MHz

Bruker AVANCE spectrometer equipped with CPTXO probe on 1 mM ↵-synuclein sample

(20 mM phosphate bu↵er, pH 6.4, 200 mM NaCl, 0.5 mM EDTA, at 285.5 K).

Figure 3.2. 15N amide T2 relaxation time constants of NS5A measured as function of

the amino acid sequence at 278 K, at 18.8 T field. Red cylinders indicate regions adopting

transient ↵-helical secondary structure.
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Figure 4.1. The 1H-13C HSQC spectra acquired at 950 MHz Bruker AVANCE spec-

trometer equipped with CPTXI probe on 1 mM ↵-synuclein sample (20 mM phosphate

bu↵er, pH 6.4, 200 mM NaCl, 0.5 mM EDTA, at 285.5 K).
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Figure 4.2. The schematic illustration (top) of the correlations observed in the basic 2D
1H-15N HSQC and 13C-15N CON-IPAP experiments. The 1H-15N HSQC (left) and 13C-
15N CON-IPAP (right) spectra acquired on the 13C, 15N-labeled sample of the intrinsically

disordered human securing (0.7 mM sample in 25 mM phosphate bu↵er, pH 7.2, 150 mM

KCl, 10 mM 2-mercaptoethanol, at 283 K) [194]. The experiments were acquired at Bruker

AVANCE 700 MHz spectrometer equipped with the CPTXO probe.
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Figure 4.3. The 2D 1H-15N HSQC (a) and 13C-15N CON-IPAP (b) spectra acquired

on 1 mM ↵-synuclein sample (20 mM phosphate bu↵er, pH 7.4, 200 mM NaCl, 0.5 mM

EDTA) at di↵erent temperatures, from left to right: 285.7 K, 295.5 K and 304.8 K. Each

experiment was acquired with one scan per increment and with the same resolution (in

Hz).
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Figure 4.4. The 2D 1H-15N SOFAST-HMQC (a, b) and 13C-15N H↵�flipCON (c, d)

spectra acquired on ↵-synuclein overexpressed in E. coli cells (b, d) and on cell lysates (a,

c). The experiments were acquired at Bruker AVANCE 700 MHz spectrometer equipped

with the CPTXO probe, the acquisition time of SOFAST-HMQC was 13 minutes and of

H↵�flipCON 44 minutes.
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Figure 5.1. Schematic representation of the multi-dimensional NMR spectra (left), and

the increasing number of experimental repetitions and thus longer acquisition times (right).

Figure 5.2. Common pulse sequence implementations of I-spin editing during an in-

cremented time variable t1: a, conventional real-time; b, optimized real-time; c and d

constant-time (CT); e semi-CT editing.
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Figure 5.3. Expansion of 1H-13C↵ 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 13C↵ dimension was 20 ms with 200 points in a spectral width of

30 ppm.

Figure 5.4. Expansion of 1H-15N plane from BEST-TROSY HNCA of NS5A acquired

with (a) CT editing using the maximum number of increments (AT = 24.5 ms) and (b)

semi-CT evolution (AT = 53 ms). In both cases the spectral width in the 15N dimension

was 30 ppm.
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Figure 5.5. Examples of di↵erent 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 conventional 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, like MDD or MFT, are used.
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Figure 5.6. Small spectral region of (a) 1H-15N coupled HSQC and (b) TROSY spectrum

of NS5A recorded at 950 MHz spectrometer. The spectral region displays correlation peaks

for two NS5A residues. The TROSY e↵ect is less pronounced for the left residue, located

in highly flexible region of the IDP, compared to the right one that is part of a peptide

segment with a high propensity to form -helical structure. In both cases the acquisition

time in indirect dimension was 44 ms with 256 points in a spectral width of 30 ppm.

Figure 5.7. A schematic drawing of a NMR experiment.
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Figure 5.8. Apparent 1H T1 relaxation time constants measured by inversion recov-

ery 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, ↵-synuclein (pH 7.4, 288 K); d,

PV core (pH 7.5, 278 K).
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Figure 5.9. 2D 1H-15N 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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Figure 5.10. Example of 2D 13C detected CON spectra without and with homonuclear

decoupling. The experiments were acquired on ↵-synuclein ( 1 mM sample in 20 mM

phosphate bu↵er, pH 6.4, 200 mM NaCl, 0.5 mM EDTA, at 285.5 K) on 700 MHz Bruker

AVANCE equipped with CPTXO probe.
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Figure 5.11. 13C detected 1D and 2D experiments with implemented IPAP decoupling

sequence. Implementation of 13C'-13C↵ IPAP virtual decoupling building blocks in the

1D mode (a) and 2D mode (c, d). 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 noted di↵erently. b The schematic illustration of the

post-acquisition processing for obtaining decoupled spectra.
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Figure 5.12. The 2D 13C-15N HN-BESTCON spectrum of ↵-synuclein overexpressed in

E. coli cells acquired in 20 minutes.
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Figure 6.1. Network of backbone spin systems and the size of the 1J and 2J coupling

constants that are frequently used for magnetization transfer in 13C, 15N labelled proteins.

Figure 6.2. Sequential walk through the NMR spectra for the sequence-specific assign-

ment is illustrated on the example of 3D intra-HNCA and HN(CO)CA experiments.
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Figure 6.3. Sequence-specific assignment procedure. The fragments obtained from the

sequential walk through the spectra (a) are combined with the primary sequence and

sequence-specific assignment is achieved (b).

Figure 6.4. Schematic representation of the 1HN detected 3D experiments used for the

sequence-specific assignment of IDPs.
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Figure 6.5. Polarization transfer pathway of HNCANNH (a) and HN(CO)CANH (b)

experiments.

Figure 6.6. Schematic representation of the 13C' detected 3D experiments used for the

sequence-specific assignment of IDPs.
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Figure 6.7. Schematic representation of the 1H↵ detected 3D experiments used for the

sequence-specific assignment of IDPs.
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Figure 6.8. Amino acid selective experiments to simplify crowded spectra. a A schematic

representation of a 2D CON spectrum and three 2D (HCA)CON spectra, in which three

di↵erent amino acids (types A, B and C) are selected. b CAS-NMR spectra of Cox 17.

From left to right: reference 2D CON spectrum, and (CA)CON spectra from experiments

selecting Ala, Ser and Gly of Cox 17. The experiments were acquired on Cox 17 protein

(1.8 mM sample in 20 mM phosphate bu↵er, pH 7, 0.25 mM EDTA, 20 mM DTT, at

307 K) at 700 MHz Bruker AVANACE spectrometer equipped with CPTXO probe [151].
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Figure 6.9. iHADAMAC (a) and HADAMAC (b) spectra acquired at 800 MHz spec-

trometer at 298 K on a 90 µM sample of the NS5A fragment. 100 complex points were

recorded in the 15N indirect dimension 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 di↵erent amino acid type

classes are color-coded and superposed on the same graph.
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Figure 7.1. A possible way to visualize high-multidimensional NMR spectra. A schematic

illustration of the progressive steps towards experiments of higher dimensionality is re-

ported 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 as processed by SMFT. The algo-

rithm exploits the prior knowledge of the correlations provided by a lower dimensionality

spectrum in order to extract from a related multidimensional spectrum only the additional

information, reducing thus 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 dimen-

sions with the 4D spectrum (�i and �j), in which each peak is associated to another 2D

spectrum containing the two further dimensions (�l and �m). In this way, instead of the

full spectrum, only a series of cross-sections are e↵ectively computed, in equal number to

the peaks detected in the basis spectrum. Similarly, a 5D spectrum can be analyzed as a

series of two-dimensional spectra (�l and �m), each one correlated to a given peak of the

related 3D basis spectrum (�i, �j and �k).
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Figure 7.2. Di↵erent examples of the polarization transfer pathways of 4D and 5D

experiments
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Figure 7.3. A schematic illustration of a series of 13C and 1HN detected 4D spectra

processed with SMFT. For each couple of experiments, the information provided is the

same, except for the direct dimension. Since the 4D experiments share C'i-Ni+1 or HN
i+1-

Ni+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 frequencies. Then, the

new information content of the various 4D experiments can 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 are shown.
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[90] Bermel W, Felli IC, Kümmerle R, Pierattelli R. 13C Direct-detection biomolecular

NMR. Concepts Magn Reson. 2008;32A(3):183–200.

198



[91] Kern T, Schanda P, Brutscher B. Sensitivity-enhanced IPAP-SOFAST-HMQC for

fast-pulsing 2D NMR with reduced radiofrequency load. J Magn Reson. 2008;

190(2):333–338.

[92] Bermel W, Bertini I, Csizmok V, Felli IC, Pierattelli R, Tompa P. H-start for

exclusively heteronuclear NMR spectroscopy: The case of intrinsically disordered

proteins. Journal of Magnetic Resonance. 2009;198(2):275–281.

[93] Shimba N, Kovacs H, Stern AS, Nomura AM, Shimada I, Hoch JC, Craik CS, Dötsch
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[113] Briand L, Lescop E, Bézirard V, Birlirakis N, Huet JC, Henry C, Guittet E, Pernollet

JC. Isotopic Double-Labeling of Two Honeybee Odorant-Binding Proteins Secreted

by the Methylotrophic YeastPichia pastoris. Protein Expression and Purification.

2001;23(1):167–174.

[114] Nietlispach D, Ito Y, Laue ED. A novel approach for the sequential backbone

assignment of larger proteins: selective intra-HNCA and DQ-HNCA. J Am Chem

Soc. 2002;124(37):11199–11207.

[115] Brutscher B. Intraresidue HNCA and COHNCA Experiments for Protein Backbone

Resonance Assignment. Journal of Magnetic Resonance. 2002;156(1):155–159.

[116] Nietlispach D. A selective intra-HN (CA) CO experiment for the backbone assign-

ment of deuterated proteins. J Biomol NMR. 2004;28(2):131–136.

[117] Gil-Caballero S, Favier A, Brutscher B. HNCA plus, HNCO plus, and HNCACB

plus experiments: improved performance by simultaneous detection of orthogonal

coherence transfer pathways. J Biomol NMR. 2014;60(1):1–9.

[118] Grzesiek S, Anglister J, Ren H, Bax A. 13C line narrowing by 2H decoupling in

2H/13C/15N-enriched proteins. Application to triple resonance 4D J connectivity

of sequential amides. J Am Chem Soc. 1993;115(10):4369–4370.
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two-spin coherence spectroscopy for polypeptide backbone assignments in 13C-15N-

double-labeled proteins. J Biomol NMR. 1993;3(1):127–132.
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Introduction

The importance of local flexibility in determining the function
of proteins was recognized long ago and has been widely scru-
tinized.[1–5] If the extent of local flexibility is taken to extremes,
it leads to completely random coil behavior of polypeptide
chains, indicated as intrinsic disorder,[6–8] through a wide varie-
ty of intermediate cases, both in terms of extent of mobility
and in terms of protein stretches involved. Intrinsically disor-
dered proteins (IDPs) possess complementary properties to
well-folded ones. Many examples of IDPs have appeared in the
literature, showing how their structural plasticity, adaptability,
and intrinsic flexibility can actually be key features that enable
them to interact with a variety of different partners, adapt to
different conditions, and act as hub proteins.[9, 10] These peculiar
properties provide functional advantages to IDPs, enabling
them to play key roles in many regulatory processes.[11] Their
function/malfunction has also been related to several diseas-
es.[12]

Thanks to the largely extended and exposed backbones,
IDPs often display short amino acid segments (short linear mo-
tives, SLiMs) that might interact with different partners.[13, 14]

This strategy of exploiting proteins’ SLiMs for driving interac-
tions, seems to be extensively used by viruses to infect healthy
cells. In virtue of their small genomes, able to code only a limit-
ed number of proteins, they need economic ways to interfere

with the host.[13] This is the case of human papilloma virus
(HPV).[15]

HPV is a family of more than 100 different viruses.[16] They
can be clinically classified as “low risk” (LR), causing benign
warts, and as “high risk” (HR), which are causative agents of
cervical cancer, the second most common cancer in women
worldwide.[17] The entire proteome of HPV includes six non-
structural proteins (E1, E2, E4, E5, E6, and E7) and two structur-
al proteins (L1 and L2). The oncogenic potential of HR HPV
relies on the expression of E6 and E7, which are consistently
present in HPV-associated carcinomas and are necessary for in-
duction and maintenance of the transformed phenotype.[18–20]

E7 is a small protein comprising about 100 amino acids.
Three conserved regions (CR), namely CR1 and CR2 in the N-
terminal half and CR3 in the C-terminal half,[21–23] have been
identified (Figure 1). The first two (CR1 and CR2), which have

been found to interact with a high variety of target proteins,[19]

show a high propensity to be disordered.[24] The CR3 region,
which contains two CXXC motifs separated by 29 to 30 amino
acids, has been shown to bind zinc and is expected to be
more structured.[24]

Structural characterization of the CR3 of the protein, which
contains zinc binding motifs, was achieved for short constructs
comprising only CR3 for the HPV1a variant through X-ray[25]

The E7 protein from human papillomavirus (HPV) plays a key
role in oncogenesis; for this reason, it is a target of great bio-
medical interest. To date, no high resolution information is
available for the full protein. We present here the NMR charac-
terization of the entire E7 from HPV16, one of the most onco-
genic variants of the virus. The protein is very heterogeneous

in terms of structural and dynamic properties with a highly
flexible N-terminal module and a more structured C terminus.
This opens possibilities for studies of molecular-level interac-
tions and post-translational modifications of the protein to un-
ravel functional details that might be linked to its highly onco-
genic potential.

Figure 1. Schematic representation of HPV16 E7 oncoprotein amino acid
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and for the HPV45 variant
through nuclear magnetic reso-
nance (NMR) spectroscopy.[26]

However, the whole protein
failed to give crystals and/or was
not characterized through NMR.
Atomic resolution information
for HPV16 E7 is still lacking,[26]

despite the interest in accessing
high resolution information for
the protein responsible for the
high oncogenic potential of this
variant and its interactions.

Among the many document-
ed interactions of E7 with host
proteins,[15] the one with the reti-
noblastoma tumor suppressor
(pRB) plays a key role in the on-
cogenic potential of E7 and has
been extensively characterized
by many techniques.[27] The
structure of a short polypeptide
containing the LXCXE motif lo-
calized in the CR2 region[28] and
bound to pRB is available, pro-
viding precious hints toward understanding how this short
fragment binds to pRB.[29] However, this polypeptide has much
lower affinity for pRB with respect to the whole protein,[28] indi-
cating that other parts of the protein also contribute to bind-
ing.[30] E7 binds to several other partners, increasing their activ-
ity to enhance pRB degradation. The cullin 2 ubiquitin ligase
complex is bound by the CR1 of the E7 protein.[31] The CR3
also interacts with the subunit 4 (S4) ATPase of the S26 protea-
some and enhances its APTase activity, providing another path-
way for pRB degradation.[32] E7 also interacts through its N ter-
minus with other pRB-related tumor-suppressor proteins, p107
and p130.[33, 34] pRB degradation is just one example of the
complex array of interactions established by viruses like HPV to
hijack cell regulation and ensure survival.

To contribute to the understanding of the sophisticated
mechanisms behind HPV-related diseases, it is of primary im-
portance to access high resolution structural and dynamic in-
formation of the small, though complex, oncogenic proteins of
HPV. In this work, we present the characterization by NMR of
the full construct of E7 from HPV16. Despite a small molecular
mass, its heterogeneous nature limited the possibility of ac-
complishing the complete sequence-specific assignment but
provided clear hints regarding its structural and dynamic fea-
tures.

Results

The heterogeneous structural and dynamic properties of
HPV16 E7 are evident from the 2D 1H–15N correlation NMR
spectra reported in Figure 2. The figure shows two distinct sets
of signals with very different properties in terms of chemical
shift dispersion, signal-to-noise ratio (S/N), and line width. In

the first set, clustered in a very narrow spectral region (7.9–
8.6 ppm in the 1H dimension), signals are characterized by rela-
tively sharp lines and high S/N and tend to disappear with in-
creasing pH. These are all distinctive properties of signals be-
longing to nuclei of a highly flexible, disordered, and solvent-
exposed module. Elevated exchange rates of amide protons
with solvent, typical of unfolded polypeptides, justify the dis-
appearance of the signal with increasing pH, broadening lines
beyond detection as observed in the present case.

A second set of much weaker and broader signals, character-
ized by a larger chemical shift dispersion (7.0–9.6 ppm in the
1H dimension), becomes detectable with increasing pH
(Figure 2, pH 8.0–9.4). This second set of signals becomes dom-
inant with increasing pH, whereas the first set decreases in in-
tensity and eventually becomes undetectable (Figure 2, pH>
9.0). The large chemical shift dispersion of this second set of
signals is a clear indication that they belong to residues of
a more structured part of the protein, also consistent with
amide protons in a more solvent-protected conformation,
which remain detectable up to pH 9.8. However, line widths of
the signals are much larger with respect to what is expected
for a well-structured, well-behaved, globular protein of small
size. Therefore, we ascribe this second set of signals to a more
structured part of the protein which does experience extensive
line broadening. The extent of disorder of different parts of
the protein from different variants of the virus, as predicted
through bioinformatic tools, has been linked to their oncogen-
ic potential.[24]

Sequence-specific assignment of the first set of signals is
shown in Figure 3. This was obtained through a combination
of 1H- and 13C-detected multidimensional NMR experiments,
which enabled us to unambiguously assign 95 % of the resi-

Figure 2. Portions of the 1H–15N SOFAST-HMQC spectra recorded for HPV16 E7 at pH 6.7, 7.0, 7.5, 8.0, 8.5, and 9.4.
Spectra have been processed to maximize signal-to-noise at the expense of resolution. The higher signal-to-noise
ratio for the set of strong signals clustered in the central region was obtained at pH 7.5. The second set of signals,
characterized by a larger chemical shift dispersion, is most intense at pH 8.5. Spectra were recorded at 18.8 T and
298 K for a 0.3 mm sample in 10 mm HEPES buffer, 150 mm KCl, 10 mm ZnCl2, and 10 mm DTT.
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dues in the N terminus of the protein (E7N, residues 1–46)
comprising CR1 and CR2. Chemical shifts of HN, N, C’, Ca, and
Cb of the assigned residues are reported in Table S1 of the Sup-
porting Information and were deposited in the BMRB. The as-
signment, originally achieved at pH 7.5, was repeated at pH 8.5
to evaluate possible chemical shift changes of the already as-
signed crosspeaks and to try to detect a sufficient number of
correlations involving the second set of crosspeaks to enable
their sequence-specific assignment. However, whereas on one
hand it was possible to easily transfer the assignments of the
crosspeaks from pH 7.5 to pH 8.5, the sensitivity of the triple
resonance experiments was not sufficient to perform the se-
quence-specific assignment of the second set of crosspeaks
identified in 2D 1H–15N maps, even though several variants
were tested, including those that were relaxation optimized.

The second set of signals could also, in principle, be due to
a second conformation of E7N. To exclude this possibility and
confirm that the second set of observed signals derives from
the final part of the protein comprising CR3, a shorter E7 con-
struct (residues 45–98, E7C) was expressed and purified. The

recorded 2D 1H–15N correlation map of E7C (Figure S1) con-
firmed that the second set of signals observed in analogous
spectra recorded on the full construct was due to the final
module of the protein (45–98, E7C). This comparison also
shows that general spectral characteristics of E7C alone and of
E7C in the full construct are very similar.

Chemical shifts are the first reporters of the structural and
dynamic properties of a protein that can be analyzed after se-
quence-specific assignment. Indeed, analysis of experimental
heteronuclear chemical shifts (N, C’, Ca, and Cb) and compari-
son with the so-called random-coil chemical shift values can
be used to investigate local secondary structural propensities
and ascertain to what extent a certain local conformation is
populated. The secondary structure propensity (SSP) score,[35]

which combines the different chemical shifts into a single resi-
due-specific parameter, is shown in Figure 4.

To have a more general picture of the structural and dynam-
ic properties of the protein through NMR, additional observa-
bles were determined. The most relevant were the 15N R1, 15N
R2, and 1H–15N NOEs, which can be used to identify parts of
the polypeptide chain characterized by different motional
properties. The magnitude of the heteronuclear 1H–15N NOE
effects is one of the most informative measures, as it depends
on the local effective correlation time and is very sensitive to
fast local motions. Transverse relaxation rates are also sensitive
to exchange processes. The combined analysis of these data
can be used for characterization of the protein. These data,
measured at pH 7.5, are reported in Figure 5 both for the as-
signed E7N regions (left panels) as well as for the unassigned
E7C regions (right panels). The latter are ordered according to
increasing 15N R2 values to facilitate comparison.

All the NMR data determined for the E7N region indicate
that it is highly flexible and highly disordered, as is also imme-
diately evident from the SSP values as well as from negative
1H–15N heteronuclear NOE. Detailed inspection of these data
also indicates short fragments of amino acids characterized by
a mild secondary structural propensity, starting at residue 26
onwards (Figure 4). From a general point of view, the deter-

Figure 3. 1H–15N SOFAST-HMQC and 13C–15N CON-IPAP spectra recorded for
HPV16 E7. The resulting assignment is reported in the figure, indicating the
residue number (relative to the backbone nitrogen). The complete chemical
shifts table is reported in Table S1. Experiments were recorded at 16.4 T and
298 K for a 0.76 mm E7 sample in 10 mm HEPES buffer at pH 7.5, 150 mm
KCl, 10 mm ZnCl2, and 10 mm DTT.

Figure 4. Secondary structure propensity (SSP) score,[31] obtained by combin-
ing NH, C’, Ca, and Cb chemical shifts for the assigned resonances of HPV16
E7.
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mined data agree with the overall picture of a protein charac-
terized by a very flexible N terminus and a more structured
C terminus which, however, is
characterized by transverse re-
laxation rates that are much
larger than expected for a pro-
tein of about 50 amino acids.
Calculation of 15N relaxation
rates through the HYDRONMR
program,[36] by using the mono-
meric (PDB ID: 2EWL) and dimer-
ic (PDB ID: 2F8B) CR3 NMR struc-
tures of the HPV45 E7[26] variant
as input (see the Supporting In-
formation), indicates the pres-
ence of dimeric forms of CR3.
Furthermore, some residues in
CR3 display even higher R2 value
than expected for a dimeric
form. This could be due to con-
formational exchange processes

deriving from a “loose”, molten globule-like structure,
or from the tendency of the protein to aggregate
and form high molecular mass species in solution in
equilibrium with monomeric or dimeric forms. All
structural evidence available on the constructs of the
C terminus from different viral types shows that the
CR3 region tends to form dimers,[25, 26] and biophysical
data support the tendency of the CR3 to form oligo-
mers.[37, 38] The latter tendency might be also respon-
sible for the disappearance of the CR3 peaks at low
pH.[37, 38] In order to gain some insights into possible
origins of the observed broadening involving the
C terminus of the protein, concentration-dependent
measurements and temperature-dependent measure-
ments were collected.

Concentration dependence was monitored
through a series of 2D 1H–15N correlation maps at
pH 7.5 (Figure 6). This figure reports the ratios of in-
tensities of selected crosspeaks, accurately chosen to
be representative of the E7N as well as of the more
structured E7C regions of the protein. From the aver-
age intensity ratio, a function of the protein concen-
tration for the two regions of the protein (right
panel), it is clearly evident that the intensity of sig-
nals in E7N increases linearly with the concentration,
whereas for the other region, this ratio increases
much more slowly with the concentration in agree-
ment with the hypothesis of the formation of high
molecular mass species that involve the E7C, leaving
the E7N highly flexible and thus still detectable by
NMR.

The temperature dependence of the selected
crosspeaks shows that the signals deriving from the
E7C irreversibly disappear when the temperature is
increased above 35 8C, in agreement with the forma-
tion of high-order aggregates that are not detectable

by NMR spectroscopy. Indeed, upon increase in temperature
and loss of the E7C signals, no precipitate is observed at either

Figure 5. Relaxation data for backbone amide 15N nuclei of HPV16 E7 as a function of the
residue number for the N-terminal region (E7N) and of the peak number for the C-termi-
nal region (E7C), with the latter ordered according to increasing R2 values. From top to
bottom: 15N longitudinal relaxation rates (R1), 15N transverse relaxation rates (R2), and 1H–
15N NOE values (HETNOE). Experiments were recorded at 11.8 T and 298 K for a 0.25 mm
sample in HEPES buffer at pH 7.5, 150 mm KCl, 10 mm ZnCl2, and 10 mm DTT.

Figure 6. Diagram of the intensity of selected 1H–15N SOFAST-HMQC signals for HPV16 E7 recorded at various con-
centrations of protein: 160, 230, 520, and 950 mm. Data are scaled to the intensity of the signals from a 70 mm
sample. The two sets of signals were selected to be representative of the E7N (left) and of the E7C (right) regions
of the protein. In the right panel, the average intensity ratio as a function of the protein concentration for the
two parts of the protein are compared. The experiments were recorded at 18.8 T and 298 K for samples in 10 mm
HEPES buffer at pH 7.5, 50 mm KCl, 10 mm ZnCl2, and 10 mm DTT.
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pH 7.5 or 8.5, likely due to the fact that E7N at this pH is
highly charged and responsible for the high solubility of this
protein. The set of signals from E7N is still detectable at tem-
peratures above 35 8C, even at high temperature as observed
for other disordered proteins.[39]

Many different experimental conditions were tested through
2D 1H–15N NMR spectra in order to evaluate possible changes
in the observed crosspeaks upon changes in ionic strength,
buffer, and type and concentration of reducing agent, as well
as to improve the S/N and overall relaxation properties of E7C
signals. However, the overall behavior of the protein was simi-
lar and in line with the presence of a highly flexible N-terminal
region, indicating the stability of this protein element under
a variety of different conditions. On the other hand, the signals
deriving from the C-terminal region of the protein were detect-
able under specific conditions and were very sensitive to in-
creasing temperature but also resistant to denaturation (not
shown).

Discussion

The NMR data obtained for HPV16 E7 are in line with a protein
characterized by very heterogeneous structural and dynamic
behavior, with a highly flexible N-terminal module (E7N) and
a more structured C-terminal region (E7C). The N terminus
comprises the so-called CR1 and CR2, as identified by compari-
son of the primary sequences of E7 from different types of vi-
ruses. This part of the protein does contain a few short linear
motifs, which are involved in interactions with protein part-
ners. These include the LXCXE motif (22–26), identified as the
key motif for interaction with pRB,[28, 29] and the SS motif (31–
32), the known site of phosphorylation by casein kinase II.[40]

Atomic resolution information for this part of the protein is
not available for any virus variant ; thus, the current data can
provide detailed information useful for characterizing the
structural and dynamic properties of this part of the polypep-
tide sequence that, until now, has been broadly defined as dis-
ordered. Inspection of NMR data confirms that the N-terminal
region is characterized by high flexibility, as evident from the
negative values of 1H–15N NOEs and chemical shift values near
those of random-coil. The 1H–15N NOEs do approach zero,
progressing with the amino acid sequence, and eventually
become positive as they approach the C-terminal region of the
protein, indicating a less flexible behavior.

The part of the polypeptide sequence from residues 26–46
results from NMR data characterized by a mild propensity
(~10 %) to adopt an elongated structured conformation. This is
the fragment immediately following the LXCXE motif and con-
taining the SS phosphorylation site. It is interesting to note
that the LXCXE motif in a nine-residue peptide mimicking the
E7 interacting sequence has been shown to bind pRb in a b-
strand-like conformation.[28] The propensity to adopt an elon-
gated conformation, identified here for the residues immedi-
ately following this fragment, could be relevant to promote
binding and also include the phosphorylation site.

The highly charged E7N, responsible for the high solubility
of the protein near neutral pH, could also be responsible for

preventing the interaction of the N-terminal with the C-termi-
nal regions of E7, maintaining E7N in a fairly elongated form to
promote interaction with partners and to ensure that the
kinase motif is available for post-translational modifications.
Moreover, keeping the two modules apart might be an impor-
tant feature to render them “independent” one from the other
but still synergistic, in order to provide two independent units
to modulate the interaction with other partners but that
remain next to each other. The availability of the sequence-
specific assignment of E7N opens the path to atomic resolu-
tion characterization of its interaction with partners.

On the other hand, as stated above, no assignment could be
obtained for the C-terminal part of the protein. However,
a large set of crosspeaks from this part of the protein was
detected in 1H–15N correlation experiments and can be used to
determine overall structural and dynamic properties of this
module of the protein. The large chemical shift dispersion of
the signals is a clear indicator of a more structured polypep-
tide which, however, is very dissimilar to a folded protein of
similar size, due to its markedly different relaxation properties.
An increase in transverse relaxation of this module, monitored
both from 1H and 15N line widths as well as by 15N transverse
relaxation rates, could arise from either conformational ex-
change broadening, due to a loosely defined tertiary or quater-
nary structure which affects nuclear relaxation rates but is not
loose enough to affect chemical shifts, or by formation of
higher molecular mass species in equilibrium in solution, or by
an interaction with the N-terminal flexible module. 15N relaxa-
tion rates, in particular for 1H–15N NOEs, indicate that the struc-
ture is not fixed but that it is characterized by a significant
degree of local motion, in agreement with the presence of
large local fluctuations that would indicate an initial molten
globule state. The concentration dependence of the different
sets of signals also indicates aggregation of the C-terminal
region while retaining a very flexible N-terminal region. This
would provide an interesting mechanism to increase the effec-
tive concentration of the N-terminal region by using the C-ter-
minal region to group different molecules together, leaving
the N terminus free to move and thus interact with potential
partners. The only hypothesis that does not seem to be rele-
vant is that broadening of the C-terminal region is due to
mutual crosstalk between the N terminus and C terminus, as
the N-terminal region should also be affected in this case. In-
stead, as mentioned above, the N-terminal region of the pro-
tein under conditions close to physiological conditions, seems
to provide the driving force for the high solubility of the pro-
tein and does remain structurally disordered under a variety of
different experimental conditions.

Detection of the signals of the C-terminal region of the pro-
tein, even in the absence of their sequence-specific assign-
ment, might also enable us to detect possible structural
changes involving this part of the protein upon interac-
tion.[23, 41] Indeed, it has been shown that it is important to
evaluate the interactions of E7 with other proteins in its full
form, as different components appear to have complementary
roles, and shorter constructs display lower affinities.[18, 29, 42] Fur-
ther work is in progress through different NMR-based strat-
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egies to extend assignment to the C-terminal region of the
protein.

Conclusions

The thorough NMR investigation of E7 from HPV16 presented
here reveals very heterogeneous structural and dynamic prop-
erties, presenting a variable extent of disorder which could be
important for the function of the protein, well beyond the ac-
cepted schematic view of CR1 and CR2 being fully disordered
and CR3 well-structured. In addition, this NMR study provides
an important platform for the study of the post-translational
modifications and interactions of E7 from HPV16 with the
many partners known to interact with different parts of the
protein. In conclusion, E7 from HPV16, constituted of
<100 amino acids, is able to efficiently interact with several
key protein partners, interfering with crucial cell-regulatory
processes. The large structural and dynamic heterogeneity
monitored here by NMR spectroscopy might be an important
aspect in this respect, and the current study opens the possi-
bility for atomic resolution characterization of these interac-
tions, which could provide important information to under-
stand the features that promote progression of cells to malig-
nancy[20, 43] and possibly to design new drugs.[44]

Experimental Section

Construction of bacterial expression vectors : The recombinant
vector pET20-E7, containing the E7 gene from HPV16, was gener-
ously provided by Scil Proteins GmbH.[45] As previously de-
scribed,[45] the gene was modified to generate silent mutations in
codons for His2, to eliminate the possibility of alternative transla-
tion initiation and premature termination of translation, and for
Pro6, to increase the protein expression yield (pET20-E7-opt). The
optimized plasmid construction was transformed into E. coli XL1-
Blue competent cells (Stratagene), and the resulting clones were
screened by DNA sequence analysis of miniprep-purified plasmid
samples.

The DNA encoding HPV16 E7 CR3 (45–98 aa) was amplified by PCR
from the pET20-E7 plasmid encoding the full-length protein and
inserted into the Gateway pEntr-TEV-d-Topo vector to create an
entry clone. The entry clone containing the gene of interest was
transferred into N-terminal fusion pDEST17 vector containing
a His6 tag by a Gateway LR Clonase II recombination reaction to
create the expression clone pDEST17-E7CR3.

Proteins expression and purification : The recombinant vector
pET20-E7-opt was transformed into E. coli BL21(DE3)pLysS (Strata-
gene) for protein expression. One colony was selected to inoculate
LB medium (50 mL) containing ampicillin and chloramphenicol
grown overnight at 37 8C and 180 rpm. For 15N- and 13C,15N-labeled
protein production, a preinoculum (10 mL) was used to inoculate
minimal medium (1 L, 48.5 mm Na2HPO4, 22.0 mm K2HPO4, 8.5 mm
NaCl, 0.2 mm CaCl2, 2.0 mm MgSO4, 10.0 mm ZnCl2, 1 mg L!1 each of
biotin and thiamin, 7.5 mm (15NH4)2SO4, and 11.1 mm glucose/13C6-
glucose) at 37 8C with constant agitation at 160 rpm. When the
OD600 reached 0.6, cells were induced with IPTG (1 mm final con-
centration) and allowed to grow for an additional 4 h at 30 8C. The
cells were harvested by centrifugation at 8000 g for 20 min, and
the cell pellet was stored at !20 8C.

Frozen cells were thawed and suspended in 40 mL of equilibration
buffer A (50 mm NaH2PO4, 300 mm NaCl, and 10 mm imidazole,
pH 8.0). Cells were disrupted by sonication on ice (at 40 % sonica-
tion power) with cycles of 3 s with 10 s delay pulses for 10 min.

Lysed cells were centrifuged at 165 000 g for 30 min at 4 8C, and
the supernatant was loaded on a 5 mL Ni2 + HiTrap column (Amer-
sham Biosciences), pre-equilibrated with buffer A under anaerobic
conditions. The column was washed with 10 column volumes of
buffer A containing imidazole (50 mm). The E7 protein was eluted
with buffer A (40 mL) containing imidazole (250 mm) and then dia-
lyzed against HEPES (10 mm) and KCl (50 mm, pH 7.5). Samples
were concentrated to 3.0 mL in the presence of dithiothreitol (DTT;
10 mm) and were stored at 4 8C for biophysical analyses. Mass-
spectrometry (MALDI and ESI) was performed to confirm the mo-
lecular mass of purified E7 protein. All samples for NMR experi-
ments were prepared in HEPES buffer (10 mm) containing KCl
(150 mm), ZnCl2 (10 mm), and DTT (10 mm).

For the CR3 construct, the vector was expressed in BL21 (DE3)-
pLysS cells, and expression was conducted as for the full-length
construct. After harvesting and lysing the cells, the protein re-
mained in the insoluble phase as inclusion bodies. The pellet was
suspended in buffer B (8 m urea, 5 mm imidazole, 5 mm DTT, 10 mm
ZnCl2, and 10 mm HEPES, pH 8.5) and loaded on Ni2 + HiTrap
column pre-equilibrated with same buffer. The column was
washed with 10 column volumes of buffer B containing imidazole
(10 mm). The E7 CR3 fused protein was eluted with buffer B con-
taining imidazole (50 mm) and concentrated to 500 mL and a con-
centration of 30 mg mL!1 for further refolding. Refolding was per-
formed inside a glove box by drip dilution at one drop every 30 s
into 50 mL degassed buffer C (10 mm HEPES, 50 mm KCl, 10 mm
DTT, and 10 mm ZnCl2, pH 8.5) to achieve 100-fold dilution and
a final protein concentration of 0.3 mg mL!1. Refolded protein was
concentrated to 1 mL and buffer-exchanged into TEV buffer
(20 mm Tris pH 8.0, 50 mm KCl, 5 mm citrate, 10 mm ZnCl2, and
0.5 mm TCEP). The His tag was cleaved from the recombinant pro-
tein by incubation with TEV protease and was removed by reverse
Ni2 + affinity chromatography in HEPES (10 mm, pH 7.5) containing
KCl (50 mm) and ZnCl2 (10 mm). Cleaved, pure E7 CR3 protein was
concentrated to 300 mL with a final concentration of 40 mm.

NMR experiments : For determination of optimal sample condi-
tions, different variants of 2D 1H–15N experiments (SOFAST-MQC,[46]

HSQC[47, 48]) were carried out on Bruker DRX 500 and Bruker
Avance 700, 800, and 900 instruments, all equipped with cryogeni-
cally cooled probe heads.

The 1H-detected NMR experiments for sequence-specific assign-
ment were acquired at 298 K on the 18.8 T Bruker Avance 800, op-
erating at 800.13 MHz for 1H, equipped with a cryogenically cooled
probe. 13C-detected, exclusively heteronuclear, NMR experiments
for sequence-specific assignment were carried out at 298 K on
a 16.4 T Bruker Avance 700, operating at 176.03 MHz for 13C,
equipped with cryogenically cooled probe optimized for
13C sensitivity. A dataset of 1H-detected (SOFAST HMQC,[46]

HNCO,[49, 50] HNCACO,[51] CBCACONH,[52] HNCACB,[53] and
HN(CA)NNH[54]) and 13C-detected (protonless CON-IPAP,[55] HCACO-
IPAP,[56, 57] and HCBCACON-IPAP[57]) NMR experiments was necessary
for sequence-specific assignment of HN, N, C’, Ca, and Cb resonan-
ces.

To further characterize the structural and dynamic features of
HPV16 E7 oncoprotein, the following 1H-detected NMR experi-
ments were acquired at 298 K: 15N relaxation experiments (R1, R2,
and 1H–15N NOE)[5, 58] experiments on an 11.7 T Bruker DRX 500
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spectrometer equipped with a cryogenically cooled triple-reso-
nance probe head. Experimental details are reported in Table S2.

Data were processed with TopSpin 2.0 and were analyzed with the
programs CARA[59] and Sparky.[60] The secondary structure propensi-
ty from chemical shifts was determined by using the SSP pro-
gram.[35] The 15N relaxation rates (R1 and R2) were determined by fit-
ting the cross peak volumes, measured as a function of variable
delay, to single-exponential decay. 1H–15N NOE values were ob-
tained as a ratio between peak volumes in spectra recorded with
and without 1H saturation. Relaxation rate calculation was per-
formed by using HYDRONMR[36] version 7C.
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Table 1. Sequence specific assignment of HN, N, C´, Cα, Cβ in HPV 16 E7 at 298 K. Proton 

resonances were calibrated with respect to the signal of 2,2-dimethylsilapentane-5-sulfonic 

acid (DSS). Carbon chemical shifts were referred to external 2,2-dimethyl-2-silapentane-5-

sulfonic acid (DSS), and to the signal of dioxane at 69.31 ppm as secondary reference. 

Nitrogen chemical shifts were referenced indirectly to the 13C standard using the conversion 

factor derived from the ratio of NMR frequencies.[1]  

# Res HN N C´ Cα Cβ 
1 MET      
2 HIS      
3 GLY   173.881 45.263 -- 
4 ASP 8.277 120.44 176.262 54.241 41.051 
5 THR 8.159 116.529 172.863 59.819 69.781 
6 PRO -- 138.96 177.005 63.336 31.946 
7 THR 8.243 115.122 174.411 62.034 69.799 
8 LEU 8.206 124.585 176.927 55.419 42.207 
9 HIS 8.182 120.201 175.481 56.658 30.77 

10 GLU      
11 TYR 8.129 120.234 175.783 58.039 38.417 
12 MET 8.128 121.422 175.941 55.522 32.546 
13 LEU 7.995 122.589 176.927 55.544 42.362 
14 ASP 8.23 120.591 175.831 54.262 41.038 
15 LEU 7.972 121.987 177.073 54.837 42.285 
16 GLN 8.355 122.313 173.941 53.573 28.73 
17 PRO -- 137.091 176.967 63.044 31.954 
18 GLU 8.621 120.934 176.871 56.795 30.188 
19 THR 8.214 115.068 174.626 61.686 69.784 
20 THR 8.159 116.142 174.201 61.977 69.775 
21 ASP 8.332 122.949 176.025 54.458 41.046 
22 LEU 8.042 122.239 177.147 55.426 42.215 
23 TYR 8.128 120.397 175.554 57.969 38.412 
24 CYS 7.979 120.913 174.102 58.351 27.603 
25 TYR 8.136 123.072 175.791 58.164 38.69 
26 GLU 8.269 122.277 175.994 56.601 30.347 
27 GLN 8.261 121.354 175.756 55.699 29.312 
28 LEU 8.253 123.759 177.055 55.414 42.218 
29 ASN 8.41 119.622 174.818 53.065 39.156 
30 ASP 8.342 121.476 176.285 54.243 41.328 
31 SER 8.3 116.529 174.687 58.347 63.913 
32 SER 8.441 118.168 174.622 58.585 63.825 
33 GLU 8.449 122.626 176.501 56.582 30.204 
34 GLU 8.41 122.095 176.185 56.286 30.459 
35 GLU 8.394 121.945 176.489 56.479 30.263 
36 ASP 8.355 121.572 176.214 54.245 41.327 
37 GLU 8.384 121.632 176.463 56.597 30.201 
38 ILE 8.206 122.224 176.022 61.284 38.701 
39 ASP 8.428 124.114 176.263 54.245 41.338 
40 GLY 8.081 109.191 171.846 44.797 -- 
41 PRO -- 134.462 177.2 63.053 31.951 
42 ALA 8.452 124.265 178.516 52.688 19.049 
43 GLY 8.324 107.976 174.064 45.35 -- 
44 GLN 8.152 119.761 175.552 55.525 29.595 
45 ALA 8.355 125.712 177.46 52.355 19.331 
46 GLU 8.396 121.677 174.7 56.657 30.199 
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Table 2. NMR experiments and acquisition parameters used for sequence specific assignment 

of HN, N, C', Cα, Cß resonances and dynamic characterization of HPV16 E7 at 298 K.  

The following parameters were used in all experiments. The 1H carrier was placed at 4.7 ppm, 

the 15N carrier at 116.9 ppm. Band selective 13C pulses were given at 173 and 39 ppm to 

excite or invert C' and Cα/ß spins respectively. The following band-selective pulses were used: 

300µs with Q5[2] and time reversed Q5 shapes for Cα and Cali excitation, 220 µs Q3[2] shape 

for C'/Cali inversion. The experiments for sequence specific assignment were acquired with a 

Bruker AVANCE 800 spectrometer equipped with an inverse triple-resonance cryogenically 

cooled probehead (1H-15N SOFAST-HMQC[3], HNCO,[4;5] HNCACO,[6] HNCACB,[7] 

CBCACONH,[8]  HN(CA)NNH[9]) and with a Bruker AVANCE 700 spectrometer equipped 

with a triple-resonance cryogenically cooled probehead optimized for direct 13C-detection 

(CON-IPAP,[10] HCACO-IPAP,[11;12] HCBCACON-IPAP[12]). The other experiments (15N R1, 

15N R2 and 1H-15N NOEs) were acquired with a Bruker AVANCE 500 spectrometer equipped 

with an inverse triple-resonance cryogenically cooled probehead. 

 

Experiments 
Dimension of acquired data 

Spectral width 
(ppm) 

na db 

t1                     t2                  t3 F1          F2        F3  
  

13C detected         

CON-IPAPc 900* (15N) 1024 (13C)  35 30  32 2.0 
HCACO-IPAPc 660* (13C) 1024 (13C)  50 32  32 1.4 

HCBCACON-IPAPc 220* (13C) 64 (15N) 1024 (13C) 60.4 36 50 16 1.2 

1H detected         

1H-15N SOFAST-HMQC 512 (15N ) 1024 (1H)  22 16  2 0.5 
HNCO 128 (13C) 60 (15N) 2048 (1H) 10 22 13.9 4 1 

HNCACO 128 (13C) 60 (15N) 2048 (1H) 10 22 13.9 16 1 

CBCACONH 128 (13C) 60 (15N) 2048 (1H) 75 22 13.9 8 1 

HNCACB 128 (13C) 60 (15N) 2048 (1H) 75 22 13.9 16 1 
HN(CA)NNH 70 (15N) 70 (15N) 2048 (1H) 25 25 13.9 32 1 

Dynamics         

15N T1
d 128 (15N) 1024 (1H)  25 14  32 3.0 

15N T2
d 128 (15N) 1024 (1H)  25 14  32 3.0 

steady-state heteronuclear 
1H -15N-NOEsd 256 (15N) 1024 (1H)  25 14  168 5.0 

a number of acquired scans.  

b Relaxation delay in seconds. 

c For experiments acquired in the IPAP mode, the dimension in which the two experiments are stored is indicated with an asterisk. 

d In 15N R1, 
15N R2 and heteronuclear 1H-15N-NOEs experiments the water signal was suppressed with ‘water flip-back’ scheme.[13]  For 

the determination of R1, 10 experiments were acquired changing the variable delay from 2.5 ms to 1.2 s. For the determination of R2 , 9 

experiments were acquired changing the variable delay from 17 to 250 ms. 

All 3D and 2D spectra were processed using TopSpin 2.0 (Bruker) and analyzed through the CARA (Computer Aided Resonance 

Assignment) software developed at ETH-Zürich. 



3 
 

Figure S1. The 2D 1H-15N correlation spectrum of the short construct comprising residues 45-

98 (E7C) is shown. The spectrum was recorded on a Bruker AVANCE NMR spectrometer 

operating at 900 MHz and 298 K on a 0.04 mM sample in 10 mM HEPES buffer at pH 7.5, 

150 mM KCl, 10 µM ZnCl2 and 10 mM DTT.   
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Figure S2. The 15N relaxation data (15N R1, 
15N R2 and 1H-15N NOE) calculated with 

HYDRONMR[14] using as input models the monomeric and dimeric NMR structures of the 

HPV 45 E7 CR3 (PDB codes 2EWL and 2F8B)[15] are reported below. The data calculated for 

the monomer are reported in the left panels and those for the dimer in the right ones.  
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Introduction

Many intrinsically disordered proteins (IDPs) consist of combinations of globular domains,

linear motifs and disordered regions. These IDPs are characterized by a dynamic ensemble

of conformations that cannot be easily described by traditional structural biology and have

often a heterogeneous structural behavior that render their investigation troublesome.

This is the case of the protein E7 from Human Papilloma Virus (HPV). This protein

has been investigated since long time as it is the main transforming product from HPV [1]

and has been reported to interact with a large number of cellular targets. This feature

enables E7 to interfere with multiple cell regulatory pathways, eventually leading to cell

transformation and cancer in the case of the most aggressive HPV phenotypes. [2]

E7 is constituted by about one hundred amino acids that can be grouped in three

conserved regions (CR), namely CR1 and CR2 in the N-terminal half (E7N) and CR3 in

the C-terminal half (E7C). [3] The first two conserved regions (CR1 and CR2) show a high

propensity to be disordered. The CR3 region, which contains two CXXC motifs separated

by 29 or 30 amino acids, has been shown to bind zinc and is more structured. [4] The

structural characterization of the C-terminal part of the protein, which contains the CR3

and the zinc binding motifs, has been achieved for short constructs of the HPV 1 variant

through X-ray crystallography [5] and of the HPV 45 variant through nuclear magnetic

resonance (NMR) spectroscopy [6]. The E7 CR3 of these variants assembles as a dimer.

Each subunit of the dimer contains a two-stranded antiparallel sheet formed by residues

4452 and 5865 followed by a sharp U-turn leading to 12 amino acids long helix, a bend and

an extended strand, leading to a final short helix. [5] If the CR3 region is structurally well

characterized, the whole protein failed to give crystals and was not characterized through

NMR until very recently. [7]

In the previous work [7] we have studied with high-resolution techniques for the first

time the full construct of E7 from HPV 16, one of the most relevant variant of the virus,

which proved to be responsible for the occurrence of cervix cancer. [8] This protein shares

most of the characteristics of E7 isolated from other variants, but resulted to be even more

di�cult to be investigated due to the high tendency to form macromolecular assemblies. [9]

We have shown that the combined use of 1H and 13C direct detected NMR experiments

on the entire construct of HPV 16 E7 can provide the complete assignment of the first half

of the protein, which showed the high mobility and the favorable relaxation properties

of an IDP [7] while the second part failed to give useful triple resonance spectra due

to large signal broadening and poor sensitivity. The latter e↵ect is likely the result of
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both the tendency of this protein to form large molecular assemblies and the chemical

exchange between monomeric/dimeric/tetrameric forms of the protein (and higher order

multimers). [10, 11] The formation of these multimers is mediated by the CR3 region

of HPV E7 but mutations that prevent E7 oligomerization lead to protein instability and

disrupt the cell transforming properties of E7 [12] render the investigation of these mutated

forms of the protein far less significant than studies of the wild-type protein. However, the

characterization of the CR3 is crucial to understand the factor modulating the interaction

of HPV 16 E7 with the retinoblastoma binding protein, which is known to be degradeted

by the concerted action of HPV 16 E7 CR2 and CR3 regions. [13]

We thus decide to undertake the characterization of the isolated CR3 domain of the

protein and be able to establish the existence of interactions between the IDP part of the

protein and the folded one, eventually responsible for the peculiar dynamic properties of

the HPV 16 variant.

Materials and methods

Protein preparation and purification

The recombinant vector pET21a-E7-CR3 was transformed into E. coli BL21(DE3)pLysS.

After expression tests, one colony was selected to grow in LB medium with ampicillin and

chloramphenicol. Finally, the cells were transferred to 1 l of 15N or 13C, 15N minimal

medium with ampicillin, chloramphenicol and 100 µM of ZnCl2 and allowed to grow at

37 °C. When the optical density at 600 nm reached 0.6, the cells were induced with 1 mM

of IPTG and were allowed to grow for an additional 4 hours at 37 °C. The E7-CR3 domain,

expressed in the inclusion bodies, was re-suspended in 1 M and 2 M urea. The solutions

containing the protein were mixed, concentrated and injected in a size exclusion column

(Superdex 75 16/100) pre-equilibrated with 50 mM Tris pH 8.5, 50 mM KCl, 10 mM DTT

and 10 µM ZnCl2. The fractions containing the enriched protein (either 15N or 13C, 15N)

were mixed and concentrated to 0.1 mM for the NMR experiments.

NMR Experiments

The 1H detected NMR experiments for sequence specific assignment were acquired at

298 K on the 22.3 T Bruker AVANCE 950 spectrometer, operating at 950.2 MHz for
1H, equipped with cryogenically cooled TCI probe. A datasets of 1H detected NMR ex-

periments (1H-15N BEST-TROSY [14, 15], 1H-13C HSQC [16–18], BEST-TROSY HNCO
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[19–21], BEST-TROSY HNCA [19–21], CBCACONH [22], HCCH-TOCSY [23]) were ac-

quired for sequence specific assignment of HN, N, C', C↵, C� resonances. To charac-

terize the structural and dynamic features of HPV 16 E7, 15N relaxation experiments

(R1, R2 and 1H-15N NOEs) on a 11.8 T Bruker AVANCE 500 spectrometer equipped

with a cryogenically cooled probe. All experimental parameters used to acquire NMR

experiments described above are reported in more detail in Table 2. Data were pro-

cessed with TopSpin 2.0 and were analyzed with program ccpNMR [24]. The secondary

structure propensity from chemical shifts was determined using the ncSPC web program

[www. http://nmr.chem.rug.nl/ncSPC/]. [25] The 15N relaxation rates (R1 and R2) were

determined by fitting the cross-peak intensity measured as a function of variable delay,

to single-exponential decay. 1H-15N NOE values were obtained as a ratio between peak

intensity in spectra recorded with and without 1H saturation.

Results and Discussions

The tendency of the CR3 region to form larger molecular assemblies and the exchange

between several multimeric forms has a negative e↵ect on the NMR relaxation properties,

which limits the choice of the experiments for the sequence specific assignment. Hence, the

set of the most sensitive 3D experiments were selected for our investigation. The analysis

of the acquired spectra allowed us to assign 68% of the polypeptide chain. The sequence

specific assignment is indicated in the 2D 1H-15N correlated spectrum acquired on CR3

construct of HPV 16 E7 protein (Figure 1). Chemical shifts of 1HN, 15N, 13C', 13C↵ and
13C� of the assigned residues are reported in Table 1.

The obtained data from the sequence specific assignment were used for the SSP anal-

ysis. In Figure 2 the SSP score for the initial disordered N-terminal half of E7 is also

shown. [7] The results are in agreement with the structural investigations on the other

HPV serotypes [5, 6], and confirm the high propensity of the initial N terminal part of

CR3 (residue 45-58) to adopt extended conformation and the presence of two ↵-helixes

occurring in regions from residue 70 to 80 and 91 to 95. The part of the CR3 that is

reported to be on the interface of the dimeric form, were not sequentially assigned due to

unambiguous and missing data. [26]

Nevertheless, the partial sequence specific assignment of the isolated CR3 region al-

lowed us to transfer assignment on the 2D 1H-15N correlated spectrum of the full-length

E7, which enable us to analyze the 15N relaxation data obtained on the full-leght protein

with the corresponding residues of the CR3.
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The 15N R1, 15N R2 relaxation rates and 1H-15N heteronuclear NOEs as the function of

the residue number of the whole E7 protein are reported in Figure 3. The data obtained

for the CR3 signals are a↵ected by large errors, but clearly pinpoint the presence of a

heterogeneous behavior of these nuclei, suggesting that structure of the CR3 of E7 from

the HPV 16 is not as well-defined as it is for other serotypes studied by high resolution

techniques.

Further work is in progress in order to complete characterization of structural and

dynamical features of this domain.
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Figures

Figure 1. 1H-15N BEST-TROSY spectra recorded for CR3 construct of the E7 protein

of HPV 16. The resulting assignment is indicated in the figure. The experiment was

recorded at 22.3 T spectrometer at 298 K for a 0.1 mM sample in 50 mM Tris, pH 8.5,

50 mM KCl, 10 µM ZnCl2 and 10 mM DTT.
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Figure 2. Secondary structure propensity (SSP) [25] score obtained by combining N, C',
C↵ and C� chemical shift for assigned resonances of whole HPV 16 E7 protein (data for

N-terminal half were taken from [7]).
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Figure 3. The relaxation data for backbone 15N nuclei as a function of the residue num-

ber. From top to bottom: 15N R1 rate, 15N R2 rate and 1H-15N NOE values. Relaxation

data were taken from [7]. Experiments were recorded at 11.8 T spectrometer for a 0.25 mM

sample of full-length HPV 16 E7 protein in 20 mM HEPES bu↵er at pH 7.5, 150 mM KCl,

10 µM ZnCl2 and 10 mM DTT.
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Table 1: Sequence specific assignment of HN, N, C', C↵ and C� in CR3 construct from

HPV 16 E7 protein. Proton resonances were calibrated with respect to the signal of

2,2-dimethylsilapentane-5-sulfonic acid (DSS). Carbon and nitrogen resonances were ref-

erenced indirectly to the 1H standard using the conversion factor derived from the ratio of

NMR frequencies. [27] The residue numbers of the full-length E7 were used, ambiguously

assigned residues are marked with asterisk.

residue n° aa type HN N C' C↵ C�

45 A 173.93 52.30 19.27

46 E 8.33 121.70 54.33

47 P 176.42 63.10 31.96

48 D 8.46 120.69 175.90 54.57 41.04

49 R 8.11 120.22 174.79 55.21 32.63

50 A 8.50 125.49 174.73 50.82 21.22

51 H 7.93 116.60 175.29 55.88 32.51

52 Y 9.28 122.75 57.52 40.04

54 I 174.77 59.94

55 V 8.57 127.64 175.27 61.84

56 T 8.67 123.83 170.94 58.43 69.48

57 F 8.29 119.96 175.15 55.37 41.77

58 C 9.37 125.21 178.16 59.13

59 C 8.85 127.14 174.05 59.73 27.54

60 K 9.58 125.27 177.30 57.61 33.81

61 C 8.47 118.71 176.08 59.16

62 D 8.20 119.85 175.26 56.93 40.71

63 S 8.64 117.41 60.24

73 H⇤ 177.15 59.41 30.22

74 V⇤ 7.50 118.47 178.25 65.49

75 D⇤ 7.31 120.29 177.98 57.25

76 I⇤ 7.31 118.54 176.71 60.82

77 R⇤ 7.17 122.70 178.55 58.27 29.21

78 T 7.68 116.15 176.38 66.40 67.98

79 L 8.09 122.28 177.85 58.33 41.62

80 E 8.81 118.52 179.32 60.67 29.65

81 D 8.15 119.13 180.13 57.63 39.99
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82 L 8.07 121.24 58.10

84 M 176.45

85 G 7.57 110.06 174.72 45.33

86 T 8.99 116.23 173.88 61.91 68.96

87 L 7.51 124.51 174.52 55.90

88 G 9.01 114.18 171.82 44.08

89 I 9.29 123.76 174.21 59.98

90 V 8.49 128.63 175.72 60.88

91 C 10.01 131.87 58.09

92 P 178.98 65.47 32.13

93 I 7.87 119.22 179.32 63.98 37.30

94 C 8.47 124.62 178.05 64.19 29.36

95 S 8.38 113.84 174.49 60.39 63.40

96 Q 7.25 119.20 55.80

Table 2: The NMR experiments and acquisition parameters used for sequence specific

assignment of HN, N, C', C↵ and C� resonances of CR3 from HPV 16 E7 at 298 K.

The 1H detected experiments for sequence specific assignment were acquired with a

Bruker AVANCE 950 spectrometer equipped with an inverse triple-resonance cryogenically

cooled probehead (1H-15N BEST-TROSY [14, 15], 1H-13C HSQC [16–18], BEST-TROSY

HNCO [19–21], BEST-TROSY HNCA [19–21], CBCACONH [22], HCCH-TOCSY [23]).

The 1H carrier was placed at 4.7 ppm, the 15N carrier at 121.3 ppm and the 13C carrier

at 173 ppm for C' and at 39 ppm for Cali. Band selective 1H pulses were given at 8.9 ppm

to excite or invert HN spins. The following band-selective pulses were used: 1800 µs

with Pc9 shape for HN excitation, 1270 µs EBURP and time reversed EBURP shapes

for HN excitation, 1250 µs REBURP shape for HN inversion. Band selective 13C pulses

were given at 173 and 39 ppm to excite or invert C' and Cali spins respectively. The

following band-selective pulses were used: 274 µs with G4 and time reversed G4 shapes

for C' and Cali excitation, 190 µs Q3 shape for C'/Cali inversion. The other experiments

(15N R1, 15N R2 and 1H-15N NOEs) were acquired with a Bruker AVANCE 500 spectrom-

eter equipped with an inverse triple-resonance cryogenically cooled probehead.
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Experiments Dimension of acquired data Spectral

width

(ppm)

na db

t1 t2 t3 F1 F2 F3

1H detected
1H-15N BEST-TROSY 256(15N) 1024(1H) 25 12 16 0.2
1H-13C HSQC 640(13C) 1600(1H) 75 12 16 1

BEST-TROSY HNCO 72(13C) 32(15N) 1024(1H) 12 25 12 128 0.25

BEST-TROSY HNCA 68(13C) 32(15N) 1024(1H) 28 25 12 176 0.25

CBCACONH 96(13C) 32(15N) 2048(1H) 70 25 16 108 1

HCCH-TOCSY 128(13C) 128(13C) 2048(1H) 75 27 14 16 1

Structure and dynamics
15N Rc

1 128(15N) 1024(1H) 25 14 32 3.0
15N Rc

2 128(15N) 1024(1H) 25 14 32 3.0

Steady-state heteronuclear
1H-15N NOEsc 256(15N) 2048(1H) 25 14 168 5.0
a Number of acquired scans.
b Relaxation delay in seconds.
c In 15N R1, 15N R2 and heteronuclear 1H-15N-NOEs experiments the water signal was

suppressed with “water flip-back” scheme. [28] For the determination of R1, 10 experiments

were acquired changing the variable delay from 2.5 ms to 1.2 ms. For the determination

of R2, 9 experiments were acquired changing the variable delay from 17 ms to 250 ms.

All 3D and 2D spectra were processed using the standard Bruker software (TopSpin 2.0)

and analyzed through the CARA (Computer Aided Resonance Assignment) developed at

ETH-Zürich.
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Abstract

The small-DNA Adenovirus encode one of the most versatile molecular hub, the early

region E1 (E1A) protein. This protein is essential for productive viral infection in human

cells and a vast amount of biologically relevant data are available on its interactions with

host proteins. Up to now, however, no high-resolution information on any E1A protein is

available, despite its important biological role.

Among the di↵erent spliced variants of E1A, two are expressed at high level in the early

stage of infection. These are the 243 residues long 12S isoform (E1A-12S) and the 289

residue long 13S isoform (E1A-13S). Here we present their NMR characterization, showing

that they are both highly disordered, but also show a certain heterogeneous behavior in

terms of structural and dynamic properties. This study opens the way to characterize the

many interactions in which this protein is involved.

Running title

NMR studies on HAdV E1A

Keywords

NMR; IDP; viral protein; adenovirus; SLiMs
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Introduction

It is well known that the structural and dynamic properties of proteins are an essential

aspect determining their function. [1–3] What is less known is all the modes through which

highly disordered and flexible proteins or protein modules have an impact on protein

function as, until recently, it was believed that only proteins characterized by well folded

structures could be functional. [4,5] However, recent evidence accumulating at a very fast

speed shows that also in the absence of a stable 3D structure proteins are functional and

that actually a high extent of disorder and flexibility can provide functional advantages in

a variety of di↵erent situations. [6]

The possibility to adopt di↵erent conformations may enable a protein to interact with

many di↵erent partners. [7–9] This contributes to expanding our view on how proteins

interact with each other based on many examples well documented in the PDB, such as

with the presence of large complementary surfaces mediating protein-protein interactions.

It has been suggested that short linear motifs (SLiMs), in other words short sequences

of amino acids with specific patterns, may be su�cient to mediate protein-protein inter-

actions particularly in intrinsically disordered proteins (IDPs). [10] Understanding at the

molecular level the mode of interaction driven by SLiMs in IDPs is a theme under the

spotlight in modern structural biology, with numerous examples appearing in the litera-

ture. [11, 12]

Viruses, with their small genomes, do need economic ways to interfere with host pro-

teins. Therefore exploiting SLiMs in IDPs is an e�cient strategy towards the goal of

implementing many functions into just a single protein. Moreover, as IDPs do not poses

any structural constrains derived from the well-defined 3D structure, alternative splicing

can be freely exploited to alter the set of protein functions coded into a single gene and

thus maximize the usage of a viral genome. [13]

Human Adenovirous (HAdV) is a well characterized virus, routinely used in molecular

biology and a lot of information is available on it. [14–17] Among the few proteins encoded

by HAdV we are here focusing on the two major forms of E1A proteins expressed at high

levels in the initial stage of a viral infection. [18–20] Indeed, despite all the information

available on this virus and all the documented interactions of these proteins with key play-

ers in host cells, there is no high-resolution structural and dynamic information available

on the whole protein [21], as the 3D structure of the protein could not be resolved by

X-ray crystallography. Both proteins arise from alternative splicing of the same transcript

of the E1A gene and di↵er only by the presence of the internal region of 46 residues in the
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larger protein. The proteins are referred as 13S (E1A-13S) and 12S (E1A-12S) reflecting

the sedimentation coe�cient of their respective mRNA. [22]

Therefore we decided to undertake the NMR investigation to the two major forms

of E1A in an attempt of understanding the molecular basis of how such a hub protein

function.

Materials and methods

Cloning, expression and purification of 12S isoform of E1A protein from

HAdV 2

The HAdV 2 E1A-12S construct is inserted in a pETG-20A EMBL plasmid [23] that was

prepared by Gatewayr cloning technology (Invitrogen). The HAdV 2 E1A-12S is a native

243 residues protein and was synthesized (GeneArtr Invitrogen) already inside the entry

clone pENTRTM/TEV/D-TOPO, containing TEV cleavage site and the E1A-12S gene of

interest flanked by attL sites. The plasmid was modified to avoid the usual four residues

N-terminal sequence (GSFT) in the final construct upon TEV cleavage and kanamycin

resistance was included for further isolation. The cassette containing TEV+E1A-12S

was transferred into destination vector pETG-20A (containing attR sites and ampicillin

resitance) through the Gateway LRr reaction, to generate the expression clone of HAdV

2 E1A-12S protein fused with thioredoxin A and a His tag at the N terminus. Using this

approach the final construct after TEV cleavage yields the native 243 residues E1A-12S

protein.

The plasmid pETG-20A/HAdV 2 E1A-12S plasmid was transformed into E. coli

BL21(DE3) (Stratagene) and a single colony was selected to prepare a pre-inoculum in

LB with ampicillin, grown overnight at 37 °C, 180 rpm. The unlabeled, single labeled 15N,

and double labeled 13C, 15N cultures were inoculated with 10 ml pre-inoculum into 1 l

minimal medium (48.5 mM Na2HPO4, 22.0 mM KH2PO4, 8.5 mM NaCl, 0.2 mM CaCl2,

2.0 mM MgSO4, 10.0 µM ZnCl2, 1 mg/l each of biotin and thiamin, 7.5 mM (NH4)2SO4

/ (15NH4)2SO4 and 11.1 mM glucose / 13C6-glucose) at 37 °C with constant agitation at

160 rpm. When optical density at 600 nm reached 0.6⇠0.8, cells were induced for 5 h

with IPTG (250 µM in case of unlabeled and single labeled 15N cultures at 30 °C, and
100 µM in case of double labeled 13C,15N cultures at 37 °C). The cells were harvested by

centrifugation at 8000g for 15 min and the cell pellet stored at -20 °C.
All bu↵ers used in the E1A-12S protein purification were degassed and purification

steps were taken inside an anaerobic chamber using refrigerated systems to keeps the
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temperature lower then 10 °C. Frozen cells were thawed and suspended in 25 ml equi-

libration bu↵er A (50 mM Hepes pH 8.0, 500 mM NaCl, 5 mM imidazole, 2 mM DTT,

10 µM ZnCl2 and a pill of protease inhibitors (Roche)). Cells were disrupted by sonication

on ice (at 40 % sonication power) with cycles of 3 s with 10 s delay pulses for 15 min. Lysate

cells were centrifuged at 30000 rpm for 30 min at 4 °C and the supernatant was loaded on

a 5 ml Ni2+ HiTrap IMAC column (Amersham biosciences Europe) pre-equilibrated with

bu↵er A. Column was washed using 10 times column volumes of bu↵er A with 50 mM

imidazole and the E1A-12S protein was eluted using bu↵er A with 250 mM imidazole

and concentrated till 2.5 ml. The eluted E1A-12S bu↵er was exchanged into 50 mM Tris

pH 8.0, 200 mM NaCl, 5 mM imidazole, 10 mM DTT using a PD10 column (Amersham

Biosciences) and 750 µl TEV (0.1 mg·ml�1) added for overnight digestion at room tem-

perature inside the anaerobic chamber. After digestion, the E1A-12S was purified using

5 ml Ni2+ HiTrap IMAC column pre-equilibrated with bu↵er B (10 mM HEPES pH 8.0,

100 mM NaCl, 5 mM imidazol, 2 mM DTT). The thioredoxin and histidine tags remained

attached to the IMAC column and the digested E1A-12S was eluted in the flow-through.

The E1A-12S was collected, warmed at 80 °C for 20 minutes and centrifuged at 4000 g

for 15 minutes. The supernatant was filtrated, concentrated till 5 ml and loaded on a

HiLoad 16/100 Superdex 75 (Amersham biosciences Europe) size-exclusion chromatogra-

phy column previously equilibrated with 10 mM HEPES pH 7.5, 50 mM KCl, 10 mM DTT

using a flow-rate of 1.0 ml·min�1. The collected purified samples were checked by SDS-

PAGE and mass-spectrometry to confirm the molecular mass and purity E1A-12S pro-

tein. The E1A-12S sample concentrations for NMR were 500 µM, estimated using the

molar extinction coe�cient (1490 M�1cm�1) calculated from ExPASy ProtParam tool

[http://web.expasy.org/protparam/]. [24] The concentration was also confirmed by refrac-

tometer using a Rudolph Research Analytical J357 automatic refractometer.

Cloning, expression and purification of 13S isoform of E1A protein from

HAdV 2/5

The HAdV 2/5 E1A-13S construct inserted in a pET42 (Novagen) plasmid was generously

provided by Peter Pelka and Joe S. Mymryk, University of Western Ontario, London,

Ontario, Canada. The plasmid construct was amplified and the DNA screened showing

the sequence of the E1A-13S belonging to HAdV 2/5 hybrid. The final construct is

basically the HAdV 2 E1A-13S protein sequence where SER 276 is mutated to PRO as in

the HAdV 5 E1A-13S protein sequence and GLU 148 is mutated to GLY. The E1A-13S is

289 residues, which in this construct contains an additional C-terminus 8⇥ histidine tail
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with a linker (LEHHHHHHHH) resulting in a final construct with 299 residues.

The plasmid pET42/E1A-13S was transformed into E. coli BL21(DE3)pLyS (Strata-

gene) and a single colony was selected to prepare a pre-inoculum in LB with ampicillin

and chloramphenicol, grown overnight at 37 °C, 180 rpm. The unlabeled, single labeled
15N, and double labeled 13C, 15N cultures were inoculated with 10 ml pre-inoculum into 1 l

minimal medium (48.5 mM Na2HPO4, 22.0 mM KH2PO4, 8.5 mM NaCl, 0.2 mM CaCl2,

2.0 mM MgSO4, 10.0 µM ZnCl2, 1 mg/l each of biotin and thiamin, 7.5 mM (NH4)2SO4

/ (15NH4)2SO4 and 11.1 mM glucose / 13C6-glucose) at 37 °C with constant agitation at

160 rpm. When optical density at 600 nm reached 0.6⇠0.8, cells were induced with IPTG

(500 µM in case of unlabeled, single labeled 15N cultures and 100 µM in case of double

labeled 13C, 15N) for additional 8 h at 25 °C. The cells were harvested by centrifugation

at 8000 g for 15 min and the cell pellet stored at -20 °C.
All bu↵ers used in the E1A-13S protein purification were degassed and purification

steps were taken inside an anaerobic chamber using refrigerated systems to keeps the tem-

perature lower than 10 °C. Frozen cells were thawed and suspended 25 ml equilibration

bu↵er A (50 mM Hepes pH 8.0, 500 mM NaCl, 5 mM imidazole, 2 mM DTT, 10 µM ZnCl2

and a pill of protease inhibitors (Roche)). Cells were disrupted by sonication on ice (at

40 % sonication power) with cycles of 1 s with 10 s delay pulses for 30 min. Lysate cells

were centrifuged at 30000 rpm for 30 min at 4 °C and the supernatant was loaded on a

5 ml Ni2+ HiTrap IMAC column (Amersham biosciences Europe) pre-equilibrated with

bu↵er A. Column was washed using 10 times column volumes of bu↵er A with 50 mM

imidazole and the E1A-13S protein was eluted using bu↵er A with 250 mM imidazole.

The eluted sample was filtrated, concentrated till 5 ml and loaded on a HiLoad 16/100

Superdex 75 (Amersham biosciences Europe) size-exclusion chromatography column pre-

viously equilibrated with 10 mM HEPES pH 7.5, 150 mM KCl, 10 mM DTT using a

flow-rate of 1.0 ml·min�1. The collected purified samples were checked by SDS-PAGE and

mass-spectrometry to confirm the molecular mass and purity E1A-13S protein.

The E1A-13S sample concentrations for NMR were 250 µM, estimated using the

molar extinction coe�cient (7450 M�1cm�1) calculated from ExPASy ProtParam tool

[http://web.expasy.org/protparam/]. [24] The concentration was also confirmed by refrac-

tometer using a Rudolph Research Analytical J357 automatic refractometer.

NMR Experiments

The 13C detected NMR experiments for sequence specific assignment were acquired at

278 K on the 16.44 T Bruker AVANCE 700 NMR spectrometer, operating at 700.06 MHz
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for 1H, equipped with a cryogenically cooled probe optimized for 13C direct detection. The
1H detected NMR experiments for sequence specific assignment were acquired at 278 K

on the 21.1 T Bruker AVANCE 900 NMR spectrometer, operating at 898.45 MHz for 1H,

equipped with cryogenically cooled TCI probe. A datasets of 13C detected (CON-IPAP

[25], 4D HCBCACON-IPAP [26], 4D HCBCANCO-IPAP [26], 4D HCACONCACON-

IPAP [27], 4D HNCONCACON-IPAP [27]) and 1H detected NMR experiments (1H-15N

BEST-TROSY [28,29], BEST-TROSY HNCO [30–32], BEST-TROSY HNCACO [30–32],

BEST-TROSY HNCOCACB [30–32], BEST-TROSY HNCACB [30–32], BEST-TROSY

HN(CA)NNH [30, 32–34] and TROSY HN(COCA)NNH [35, 36]) were necessary for se-

quence specific assignment of HN, N, C', C↵, C� resonances. To characterize the struc-

tural and dynamic features of HAdV E1A, 15N relaxation experiments (R1, R2 and 1H-
15N NOEs) on a 16.44 T Bruker AVANCE 700 spectrometer equipped with a cryogenically

cooled probe. All experimental parameters used to acquire NMR experiments described

above are reported in more detail in the Supplementary Material (Table S1, S2, S3).

Data were processed with TopSpin 2.0 and were analyzed with program ccpNMR.

[37] The secondary structure propensity from chemical shifts was determined using the

ncSPC web program [www. http://nmr.chem.rug.nl/ncSPC/]. [38] The 15N relaxation

rates (R1 and R2) were determined by fitting the cross-peak intensity measured as a

function of variable delay, to single-exponential decay. 1H-15N NOE values were obtained

as a ratio between peak intensity in spectra recorded with and without 1H saturation.

Circular Dichroism

CD experiments were performed on a Jasco J-810 spectropolarimeter (Easton, MD),

equipped with a PTC-423S Peltier temperature control unit, using a cuvette with 1 mm

path length. Hellmanex II reagent (Hellma GmbH & Co. KG) in a concentration of 2 %

in water was used to clean the cuvette one day before acquiring the CD spectra. Spectra

of 15.84 µM E1A-12S (concentration determined by the J357 Automatic Refractometer -

Rudolph Research) and 15.85 µM E1A-13S (concentration determined by the Cary 50 Scan

UV-Visible Spectrophotometer) acquired in a 180-250 nm wavelength in 10 mM Tris-Mes,

30 mM Na2SO4 without 10 µM Zinc Acetate (E1A-12S) and with 10 µM Zinc Acetate

(E1A-13S) at three di↵erent pH values (6.0, 7.65, 9.0), were recorded at 4 °C. All the

data sets were collected using Spectra Manager software, 30 numbers of scans and the CD

data in millidegrees (⇥). The bu↵ers were filtered through a 0.2 µm filter and the protein

samples were put into the cuvettes inside the glove box. BSA was used as a control of the

experiments. It was prepared at the same bu↵ers used for the protein samples.
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Results and Discussions

Amino acid sequence alignment of E1A-12S and E1A-13S nicely depicts the presence of

three conserved regions (CR1,2,4) common to the two variants, while a thirds conserved

region (CR3) is present only in the longer variant, as schematically indicated in Figure 1.

Small segments of non-conserved regions are also present, [39] which are also involved in

important protein-protein interactions with over 50 cellular factors through SLiMs. [11,21]

The SLiMs identified in the conserved regions are indicated in black in Figure 1. The

high resolution structural and dynamic characterization of E1A represents an important

step forward in the understanding of the molecular basis of its functional properties by

providing experimental data to be compared with predictions and with a wealth of com-

plementary information available on the protein through di↵erent molecular biology and

biophysical techniques. [21]

The primary sequence of E1A-12S (243 residues) and E1A-13S (289 residues) can be

used to predict through well-established bioinformatics tools the tendency of the di↵erent

parts of the polypeptide chain to adopt more ordered or disordered conformations and

which are likely interaction sites. As an example, predictions performed with PONDR-

FIT [40] and Anchor [41] are reported in the Supplementary Material (Figure S1). Both

proteins are expected to be characterized by significant structural heterogeneity, with

largely disordered parts as well as small regions prone to adopt transient structures. The

E1A-13S isoform contains in addition the ordered CR3 region, which can be clearly iden-

tified in the PONDR-FIT graph (Figure S1).

Circular dichroism (CD) experiments were used to obtain hints on the secondary struc-

ture composition of the two isoforms. The CD spectra of both E1A-12S and E1A-13S are

shown in Figure 2. The CD spectra of E1A-12S (Figure 2A) at three di↵erent pH values

(6.0, 7.6 and 9.0) at 278 K display a large and negative signal at 190 nm and negligible

ellipticities at 208 nm and 222 nm, consistent with the completely unfolded polypep-

tide. [42] At pH 6.0 also the E1A-13S spectrum shows large and negative signal at 190 nm

and negligible ellipticities at 208 nm and 222 nm, but at higher pH values a positive signal

is observed at interval from 188 nm to 200 nm, which is indicative for the presence of

secondary structure elements (Figure 2). These findings are in line with the presence of

the structured CR3 region in the E1A-13S form. It also suggests that the fold of the CR3

region is stabilized by the tighter binding of the zinc ion by two CxxC motifs at pHs above

8, which results in lower tendency to aggregate.

The 2D 1H-15N correlation experiments acquired on E1A-12S and E1A-13S are shown
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in Figure 3. The low chemical shift dispersion of the cross peaks observed confirms that

both isoforms of E1A are highly disordered and flexible, as inferred from bioinformatic

predictions (Figure S1). Thus, the sequence specific assignment of the resonances rep-

resents a challenging task, both due to the extensive overlap observed as well as due to

structurally heterogeneous nature of E1A.

The first obvious di↵erence in behavior of the two studied isoforms is their tendency to

aggregate, which impose di↵erent NMR strategies. The tendency of the E1A-13S isoform

to from large aggregates upon increasing concentration poses limits in terms of protein

concentrations that can be used for NMR experiments, restricting the choice among the

available assignment strategies to those including the most sensitive 1H detected NMR

experiments. The E1A-12S isoform doesnt show tendency to aggregate, hence higher

concentration of the protein could be achieved, which allowed us to use 13C direct detected

experiments for sequence specific assignment.

The analysis of experiments exploiting the higher chemical shift dispersion provided

by the carbonyl dimension, enables us to count the number of cross peaks that can be

detected. In the case of the E1A-12S, 240 isolated cross peaks could be identified in the

CON experiment, which corresponds what is expected on the basis of the primary se-

quence. (Figure S1 a) Thus, a series of 4D 13C-detected experiments based on carbonyl

detection were selected for the sequence specific assignment (4D HCBCACON-IPAP, 4D

HCBCANCO-IPAP, 4D HCACONCACON -IPAP, 4D HNCONCACON-IPAP). In the

case of the E1A-13S protein only 120 cross peaks (out of 288 expected) were counted

in the CON experiment (Figure S1 b), while 200 signals were observed in the HNCO

experiment, which is significantly less than what expected on the basis of the primary

sequence but still represents more than 80 % of the number of residues that can be stud-

ied by 1H detected experiments. Thus, the strategy based on 1HN-detected experiments

was chosen for sequence specific assignment of the E1A-13S isoform. In addition to the

widely used 3D experiments (HNCO/HNCACO, CBCANH, CBCACONH) also two ad-

ditional experiments, which provide sequential correlations exploiting backbone nitrogen

atoms and carbonyl carbons and which are known to provide valuable information to

resolve ambiguities in particular when investigating highly disordered protein segments

(HNCANNH, HNCOCANNH), were selected. The BEST-TROSY versions of the experi-

ments were used. The complete set of experiment recorded on the two E1A variants and

the corresponding parameters are reported as Supplementary Material (Table S1). The

results of the sequence specific assignment were deposited to BMRB (to be deposited).

The analysis of the spectra allowed us to achieve essentially complete sequence specific
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assignment of the polypeptide chain comprising CR1 and CR2 as well as the final module

comprising CR4 for the both isoforms. The assigned residues of the E1A-12S include 97 %

of the residues involved in interactions with protein partners, as identified by ANCHOR,

and all of the residues which are part of the various SLiMs predicted in the primary

sequence. In the case of the E1A-13S protein, acquired experiments are blind towards

the structured CR3 region and the neighboring residues in its vicinity supporting the

assumption of CR3 be responsible for aggregates formation.

The sequence specific assignment provides the first information to characterize the

structural and dynamic properties of the protein through the analysis of backbone het-

eronuclear chemical shifts and of those of C� carbon nuclei. Indeed by comparing exper-

imental chemical shifts with those predicted assuming a completely random coil confor-

mation it is possible to identify if secondary structural elements are partially populated.

The resulting CSI values for C↵, C� , C' and N as well as the SSP scores are reported in

Figure 4.

Further observables providing useful information to characterize the structural and

dynamic properties of the protein are 15N relaxation data, in particular 15N R1, 15N R2

relaxation rates and 1H-15N heteronuclear NOEs, reported in Figure 5. These show average

values of 1.6 Hz for R1 and of 6.0 Hz for R2 for E1A-12S as well as for E1A-13S (regions

showing significantly higher or lower 15N R2 were excluded from average calculation),

which indicate that both isoforms are largely disordered. In addition the 1H-15N NOE

values, all significantly lower than 0.8, also confirm that the proteins is largely disordered.

However, inspection of all the data does indicate that the proteins are characterized by a

significant structural and dynamic heterogeneity, with several regions characterized by a

propensity to populate more structured and/or less flexible conformations.

The first evidence of a region characterized by a more structured conformation comes

from the analysis of chemical shifts. Indeed both CSI as well as SSP do indicate that

in the initial, N-terminal part of the E1A protein, amino acids 13-23 have a significant

↵-helical secondary structural propensity. This is confirmed by reduced local mobility in

this region as identified through 15N relaxation measurements, with R2 values higher than

the average (11-21) as well as with larger 1H-15N NOEs (11-20). The further inspection of

CSI shows that also region from residue number 132 to 140 has slight propensity to adopt

extended conformation. The rest of the polypeptide chain instead shows smaller CSI and

SSP values.

However, inspection of the 15N relaxation data does show several regions characterized

by R2 and NOE values larger than average, which in general are indicative of less flexible
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parts of the polypeptide chain (120-126 for both isoforms; regions surrounding CR3 in

E1A-13S; regions 210-224 and 258-270 of E1A-13S, resp. 158-173 and 212-224 in E1A-12S

isoform). More interestingly, the 15N relaxation data reveal the di↵erences in the behavior

of the E1A-12S and E1A-13S isoform. The most striking di↵erence is significantly higher

R2 values in the regions of E1A-13S from amino acids 120-137, the region containing several

SLiMs, as for example the one identified as the interaction site for the retinoblastoma

binding protein (pRb), and also di↵erent profiles of R2 values in CR4 region. Overall,

identified regions with the di↵erent local dynamics between the two forms are mainly in

the vicinity of the reported SLiMs, which could have an e↵ect on their binding to the

cellular targets.

Till now, only several short fragments of the E1A were used for high-resolution inter-

action studies. The interaction of the initial part of the polypeptide chain with the TAZ2

module of the CREB binding protein (CBP) has been investigated by analyzing several

short constructs and revealed that di↵erent regions are involved in binding to the partner

with di↵erent properties. [43] These regions include the first part of the polypeptide where

a high ↵-helical propensity has been identified (13-23) as well as two other regions com-

prising residues 59-65 and 72-75 that adopt an alpha helical conformation upon binding

to the partner. The LxCxE short linear motif (122-126), located in CR2, is known to

interact with the retinoblastoma binding protein (pRb), and promote its degradation. [11]

The interaction of a short peptide mimicking this part of the polypeptide chain from the

homologous protein E7 from the human papilloma virus with pRb has been characterized

and showed that the LxCxE motif adopts an elongated conformation upon binding to

pRb. [44] Interestingly the investigation of full length E7 showed a mild propensity of this

part of the backbone as well as of neighboring ones, to assume an elongated conformation.

In the present case, we observed similar behavior, but 15N relaxation data suggests

higher flexibility of the regions in the E1A-12S compared to the E1A-13S protein, which

could have an e↵ect on a�nity of the two isoforms. Thus it can be an indication of the

cross-talk between structured CR3 and other regions that could probably also partially

contribute to the slightly di↵erent biological activity of the E1A-12S and E1A-13S isoform

at the di↵erent stages of the infection (reviewed by Chang et al. [45]).

Conclusions

In summary, we have shown that with an integrated NMR approach including 1H and
13C detected multidimentional triple resonance experiment, it is possible to characterize
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at high resolution the two major forms of E1A from HAdV. Thanks to vast amount of

data available on the functional properties of this protein, of its interactions with many

partners involved in key processes in the cell, we trust the present results will provide the

basis for the high resolution characterization of the interactions in which this protein is

known to be involved.
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[34] Weisemann R, Rüterjans H, Bermel W. 3D Triple-resonance NMR techniques for the

sequential assignment of NH and 15N resonances in 15N- and 13C-labelled proteins.

J Biomol NMR. 1993;3(1):113–120.

[35] Bracken C, Palmer AG III, Cavanagh J. (H)N(COCA)NH and HN(COCA)NH ex-

periments for 1H-15N backbone assignments in 13C/15N-labeled proteins. J Biomol

NMR. 1997;9(1):94–100.

[36] Panchal SC, Bhavesh NS, Hosur RV. Improved 3D triple resonance experiments,

HNN and HN(C)N, for HN and 15N sequential correlations in (13C, 15N) labeled

proteins: application to unfolded proteins. J Biomol NMR. 2001;20(2):135–147.

251



[37] Vranken WF, Boucher W, Stevens TJ, Fogh RH, Pajon A, Llinas M, Ulrich EL,

Markley JL, Ionides J, Laue ED. The CCPN data model for NMR spectroscopy:

development of a software pipeline. Proteins. 2005;59(4):687–696.

[38] Tamiola K, Mulder FAA. Using NMR chemical shifts to calculate the propensity

for structural order and disorder in proteins. Biochemical Society transactions. 2012;

40(5):1014–1020.

[39] Kimelman D, Miller JS, Porter D, Roberts BE. E1a regions of the human aden-

oviruses and of the highly oncogenic simian adenovirus 7 are closely related. Journal

of Virology. 1985;53(2):399–409.

[40] Xue B, Dunbrack RL, Williams RW, Dunker AK, Uversky VN. PONDR-FIT: a

meta-predictor of intrinsically disordered amino acids. Biochim Biophys Acta. 2010;

1804(4):996–1010.

[41] Dosztányi Z, Mészáros B, Simon I. ANCHOR: web server for predicting protein

binding regions in disordered proteins. J Gerontol. 2009;25(20):2745–2746.

[42] Uversky VN. What does it mean to be natively unfolded? Eur J Biochem. 2002;

269(1):2–12.

[43] Ferreon JC, Martinez-Yamout MA, Dyson HJ, Wright PE. Structural basis for sub-

version of cellular control mechanisms by the adenoviral E1A oncoprotein. Proc Natl

Acad Sci USA. 2009;106(32):13260–13265.

[44] Lee JO, Russo AA, Pavletich NP. Structure of the retinoblastoma tumour-suppressor

pocket domain bound to a peptide from HPV E7. Nature. 1998;391(6670):859–865.

[45] Chang YW, Hung MC, Su JL. The Anti-Tumor Activity of E1A and its Implications

in Cancer Therapy. Arch Immunol Ther Exp (Warsz). 2014;62(3):195–204.

[46] Kjaergaard M, Brander S, Poulsen FM. Random coil chemical shift for intrinsically

disordered proteins: e↵ects of temperature and pH. J Biomol NMR. 2011;49(2):139–

149.

252



Figures

Figure 1. Schematic representation of HAdV 2 E1A-12S, resp. HAdV 2/5 E1A-13S,

protein amino acid sequence, and division into 3, resp. 4, conserved region (CR) with

short linear motifs (SLiMs) indicated in black. [21]
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Figure 2. Far-UV CD spectra of the HAdV 2 E1A-12S (a) and HAdV 2/5 E1A-13S (b)

recorded at pH 6.0 (light gray traces), 7.65 (dark gray traces) and 9.0 (black line). The

data were collected at 4 °C, in 10 mM Tris-Mes, 30 mM Na2SO4 without 10 µM Zinc

Acetate (E1A-12S) and with 10 µM Zinc Acetate (E1A-13S). Protein concentration was

15.84 µM for E1A-12S and 15.85 µM for E1A-13S.
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Figure 3. The 2D 1H-15N BEST-TROSY spectra recorded for HAdV 2 E1A-12S (a)

and HAdV 2/5 E1A-13S (b). Experiments were acquired at 21.1 T NMR spectrometer at

278 K on 0.5 mM E1A-12S sample in 10 mM HEPES, pH 7.5, 50 mM KCl, and 10 mM

DTT, and 0.2 mM E1A-13S sample in 10 mM HEPES, pH 7.5, 150 mM KCl, 10 µM

ZnCl2, and 10 mM DTT.
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Figure 4. The chemical shift di↵erences between the assigned resonances of HAdV 2 E1A-

12S (a-c), resp. HAdV 2/5 E1A-13S (d-f), with respect to random coil values corrected for

the sequence, pH and temperature [46] for , C↵ (a, d), C� (b, e))and C' (c, f) nuclei. The
Secondary structure propensity (SSP) score [38] obtained by combining chemical shifts for

the all assigned resonances of HAdV 2 E1A-12S (g) and . HAdV 2/5 E1A-13S (h)
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Figure 5. Relaxation data for backbone amide 15N nuclei of HAdV 2 E1A-12S (a), resp.

HAdV 2/5 E1A-13S (b), as function of the residue number. From top to bottom: 15N lon-

gitudinal relaxation rates (R1), 15N transverse relaxation rates (R2), and 1H-15N NOE

values (HETNOE). Experiments were recorded on 16.44 T spectrometer at 278 K.
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Acquisition Parameters

The NMR experiments and acquisition parameters used for sequence specific assignment

of HN, N, C', C↵, C� resonances and for further dynamic characterization of HAdV 2/5

E1A-13S and HAdV 2 E1A-12S at 278 K.

The 13C detected experiments for sequence specific assignment were acquired with a

Bruker AVANCE 700 spectrometer equipped with a cryogenically cooled probe optimized

for 13C direct detection (CON-IPAP [1], 4D HCBCACON-IPAP [2], 4D HCBCANCO-

IPAP [2], 4D HCACONCACON-IPAP [3] and 4D HNCONCACON-IPAP [3]). The 13C car-

rier was placed at 173 ppm, the 15N carrier at 124.8 ppm and the 1H carrier at 4.7 ppm.

Band selective 13C pulses were given at 173 and 39 ppm to excite or invert C' and Cali spins

respectively. The following band-selective pulses were used: 300 µs with newQ5 and time

reversed newQ5 shapes for C' and Cali excitation, 220 µs newQ3 shape for C'/Cali inver-

sion.

The 1H detected experiments for sequence specific assignment were acquired with

a Bruker AVANCE 900 spectrometer equipped with an inverse triple-resonance cryo-

genically cooled probehead (1H-15N BEST-TROSY [4, 5], BEST-TROSY HNCO [6–8],

BEST-TROSY HNCACO [6–8], BEST-TROSY HNCOCACB [6–8], BEST-TROSY HN-

CACB [6–8], BEST-TROSY HN(CA)NNH [6,9,10] and TROSY HN(COCA)NNH [11,12]).

The 1H carrier was placed at 4.7 ppm, the 15N carrier at 118.5 ppm and the 13C carrier at

173 ppm for C' and at 39 ppm for Cali . Band selective 1H pulses were given at 8.9 ppm

to excite or invert HN spins. The following band-selective pulses were used: 1800 µs

with Pc9 shape for HN excitation, 1270 µs EBURP and time reversed EBURP shapes for

HN excitation, 1250 µs REBURP shape for HN inversion. Band selective 13C pulses were

given at 173 and 39 ppm to excite or invert C' and Cali spins respectively. The following

band-selective pulses were used: 274 µs with G4 and time reversed G4 shapes for C' and
Cali excitation, 190 µs Q3 shape for C'/Cali inversion.

The other experiments (15N R1, 15N R2 and 1H-15N NOEs) were acquired with a Bruker

AVANCE 700 spectrometer equipped with an inverse triple-resonance cryogenically cooled

probehead.
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Table S1: Experiments used for HAdV 2/5 E1A-13S sequence specific assignment.

Experiments used for

HAdV 2/5 E1A-13S

sequence specific assign-

ment

Dimension of acquired data Spectral

width

(ppm)

na db

t
1

t
2

t
3

F
1

F
2

F
3

13C detected

CON-IPAPc 512*(15N) 1024(13C) 38 30 48 2.2

HCBCACON-IPAPc 128*(13C) 64(15N) 1024(13C) 60 30 49 32 1

1H detected
1H-15N HSQC 256(15N) 1024(1H) 23 12 4 1
1H-15N BEST-TROSY 512(15N) 2048(1H) 30 12 8 0.2

BEST-TROSY HNCO 96(13C) 196(15N) 2048(1H) 8 24 15 8 0.2

BEST-TROSY HN(CA)CO 164(13C) 196(15N) 2048(1H) 8 24 15 16 0.2

BEST-TROSY HN(CO)CACB 164(13C) 196(15N) 2048(1H) 70 24 15 16 0.2

BEST-TROSY HNCACB 164(13C) 196(15N) 2048(1H) 70 24 15 16 0.2

BEST-TROSY HN(CA)NNH 156(15N) 156(15N) 2048(1H) 26 26 15 24 0.25

TROSY HN(COCA)NNH 96(15N) 150(15N) 2048(1H) 26 26 15 16 1

Structure and dynamics
15N Rd

1

512(15N) 2048(1H) 24 16.1 8 3.0
15N Rd

2

512(15N) 2048(1H) 24 16.1 8 3.0

Steady-state heteronuclear
1H-15N NOEsd 1024(15N) 2048(1H) 24 16.1 32 6.0
a Number of acquired scans.
b Relaxation delay in seconds.
c For experiments acquired in the IPAP mode, the dimension in which the two experiments are

stored is indicated with an asterisk.
d In 15N R

1

, 15N R
2

and heteronuclear 1H-15N-NOEs experiments the water signal was sup-

pressed with “water flip-back” scheme. For the determination of R
1

, 10 experiments were

acquired changing the variable delay from 20 ms to 850 ms. For the determination of

R
2

, 9 experiments were acquired changing the variable delay from 18 ms to 250 ms.

All 3D and 2D spectra were processed using the standard Bruker software (TopSpin 2.0) and

analyzed through the ccpNMR (Collaborative Computing Project for NMR) [13].
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Table S2: Experiments used for HAdV 2 E1A-12S sequence specific assignment.

Experiments used for

HAdV 2 E1A-12S se-

quence specific assign-

ment

Dimension of acquired data Spectral

width

(ppm)

na db

t
1

t
2

t
3

F
1

F
2

F
3

13C detected

CON-IPAPc 1024*(15N) 1024(13C) 40 30 24 2

1H detected
1H-15N BEST-TROSY 512(15N) 2048(1H) 23 12 4 0.2

BEST-TROSY HNCO 164(13C) 196(15N) 2048(1H) 9.5 23 15 4 0.2

BEST-TROSY HN(CA)CO 164(13C) 196(15N) 2048(1H) 9.5 23 15 8 0.2

BEST-TROSY HN(CO)CACB 188(13C) 196(15N) 2048(1H) 58.1 23 15 8 0.2

BEST-TROSY HNCACB 188(13C) 196(15N) 2048(1H) 58.1 23 15 8 0.2

BEST-TROSY HN(CA)NNH 138(15N) 138(15N) 2048(1H) 23 23 15 24 0.28

TROSY HN(COCA)NNH 104(15N) 168(15N) 2048(1H) 23 23 15 8 1

Structure and dynamics
15N Rd

1

350(15N) 2048(1H) 24 15 16 3.0
15N Rd

2

350(15N) 2048(1H) 24 15 16 3.0

Steady-state heteronuclear
1H-15N NOEsd 640(15N) 2048(1H) 24 15 48 6.0
a Number of acquired scans.
b Relaxation delay in seconds.
c For experiments acquired in the IPAP mode, the dimension in which the two experiments are

stored is indicated with an asterisk.
d In 15N R

1

, 15N R
2

and heteronuclear 1H-15N-NOEs experiments the water signal was

suppressed with “water flip-back” scheme. For the determination of R
1

, 10 experiments

were acquired changing the variable delay from 20 ms to 1 s. For the determination of

R
2

, 10 experiments were acquired changing the variable delay from 18 ms to 250 ms.

All 3D and 2D spectra were processed using the standard Bruker software (TopSpin 2.0) and

analyzed through the ccpNMR (Collaborative Computing Project for NMR) [13].
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Table S3: 4D experiments used for HAdV 2 E1A-12S
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Figure S1. The prediction of disordered regions was done with the IUPred [14] and com-

bined with the prediction of binding regions by the ANCHOR [15] of HAdV 2 E1A-12S

(a) and HAdV 2/5 E1A-13S (b). c The predictions of disorder done with the metapredic-

tor PONDR-FIT [16] for HAdV 2 E1A-12S (red) and HAdV 2/5 E1A-13S (blue) protein

sequences are compared. The alignment between both isoforms was done taking in con-

sideration the 46 residues of the CR3 region between residues 144 and 191 of the E1A-13S

missing in E1A-12S.
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Figure S2. 1H-15N HSQC and 13C-15N CON-IPAP spectra recorded for HAdV 2 E1A-

12S (a) and HAdV 2/5 E1A-13S (b). Experiments were recorded at 16.4 T spectrometer

and 278 K. The conditions of the HAdV 2/5 E1A-13S sample were 0.5 mM protein con-

centration in 10 mM HEPES bu↵er pH 7.5, 50 mM KCl and 10 mM DTT. The protein

concentration of the HAdV 2/5 E1A-13S sample was 0.2 mM in 10 mM HEPES bu↵er pH

7.5, 150 mM KCl, 10 µM ZnCl2, and 10 mM DTT.
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[3] Bermel W, Felli IC, Gonnelli L, Koźmiński W, Piai A, Pierattelli R, Zawadzka-Kazimierczuk

A. High-dimensionality C-13 direct-detected NMR experiments for the automatic assignment

of intrinsically disordered proteins. J Biomol NMR. 2013;57(4):353–361.

[4] Favier A, Brutscher B. Recovering lost magnetization: polarization enhancement in biomolec-

ular NMR. J Biomol NMR. 2011;49(1):9–15.

[5] Lescop E, Kern T, Brutscher B. Guidelines for the use of band-selective radiofrequency

pulses in hetero-nuclear NMR: example of longitudinal-relaxation-enhanced BEST-type 1H-

15N correlation experiments. J Magn Reson. 2010;203(1):190–198.

[6] Lescop E, Schanda P, Brutscher B. A set of BEST triple-resonance experiments for time-

optimized protein resonance assignment. Journal of Magnetic Resonance. 2007;187(1):163–

169.

[7] Salzmann MM, Pervushin K, Wider GG, Senn HH, Wüthrich K. TROSY in triple-resonance
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Chapter 6

Conclusions and Perspectives

Intrinsically disordered proteins have expanded our idea of the mechanisms behind protein

function. Thanks to their peculiar properties they are involved in many key regulatory

and signaling processes in cells. Hence their detailed characterization is essential for

the understanding of key cellular mechanisms, whose malfunction causes serious diseases.

Among the biophysical techniques NMR spectroscopy occupies a unique position since it

is able to provide high-resolution information also on highly dynamic macromolecules such

as IDPs. Nonetheless, the development of the NMR methods has for a long time focused

on the investigation of structured proteins, as a result of the influence of the structural-

function paradigm. NMR experiments optimized for the study of folded proteins are not

necessarily also optimal IDPs. This has stimulated the development of NMR experiments

tailored for the characterization of IDPs, which is the central topic of this thesis.

The identification of the spectroscopic challenges originating from the highly dynamic

nature of IDPs is the initial step towards the optimization and design of new NMR meth-

ods aiming at their investigation. The lack of a stable 3D structure has both advantages

and disadvantages from the spectroscopic point of view. The high flexibility, in in case

of IDPs amenable to NMR, results in short rotational correlation times and thus slowly

relaxing spin coherences, which allows the design of complicated pulse sequence schemes.

On the other hand, the low chemical shift dispersion and fast exchange of labile protons

with solvent protons responsible for line-broadening represent problems that should be ad-

dressed. The common aspects of the experiments proposed are the use of LRE techniques

and the exploitation of the superior chemical shift dispersion of backbone carbonyls and

nitrogens.

Fast hydrogen exchange rates, provided they lie in a specific regime, can be exploited to

significantly improve experimental sensitivity by combining LRE techniques with 13C de-

271



tection. This approach, employed for the design of the HN-BESTCON pulse sequence, is

particularly useful for monitoring of post-translational modifications at close to physio-

logical conditions and for studying the behavior of IDPs inside living cells. The selective

manipulation of di↵erent pools of proton spins, at the basis of LRE, adopted for the design

of IR-HN-flipCON and IR-H↵-BESTCON experiments, provides information on overall lon-

gitudinal proton relaxation properties. This provides interesting information on the local

proton density and solvent exchange processes, which report on the local structural and

dynamic properties of a protein. The investigation of longitudinal relaxation in IDPs is

also important for the design of new experiments that exploit 1H polarization as a starting

source. Indeed these findings were used for the design of additional 5D multidimensional

experiments exploiting C'i-Ni+1 pairs for sequence-specific assignment, either based on

direct detection of 1HN or 1H↵. These 5D NMR experiments, together with the previ-

ously developed ones based on 13C detection, now form a complete suite to assign IDPs

(“CON-CON” assignment strategy).

NMR experiments optimized for studying IDPs resulted particularly useful for the

characterization of two viral IDPs: E7 from HPV 16 and E1A from HAdV 2/5. Both

proteins play a crucial, however opposite, role in cancer development in humans, yet neither

of them had been investigated by high-resolution techniques in their full-length form.

Our NMR studies revealed very heterogeneous structural and dynamic properties of E7,

displaying variable extent of disorder going beyond the schematic view of a fully disordered

N-terminal half and a well-structured CR3 region. Similar heterogeneous structural and

dynamic properties were also identified for E1A. In this case investigation confirmed the

presence of disordered, flexible parts comprising the CR1, CR2 and CR4 regions, while

the CR3 region escaped detection through NMR. Its more ordered, structured nature was

verified by other biophysical techniques.

In conclusion, the development of the new NMR methods in parallel with the improve-

ments of the instrumental sensitivity extends the number of IDPs that can be studied at

atomic resolution by NMR. The proposed experiments represent a promising tool for the

investigation of IDPs, in particular approaching physiological conditions. The simple 2D

experiments proposed based on carbonyl direct detection provide a useful tool for in-cell

applications, as they can provide additional experimental information on the structural

and dynamic behavior of the IDPs inside the cell that are di�cult to access by other tech-

niques. Higher dimensionality experiments are the key to extend the size and complexity

of IDPs that can be characterized at atomic resolution, Furthermore, the thorough NMR

characterization of the two viral IDPs has laid the basis for future high-resolution studies
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of their complex interaction network and the e↵ect of the post-translational modifica-

tion on their function. These investigations provide important insights into the molecular

mechanisms that enable IDPs to act as hub proteins and thus interfere with many cellular

processes.

Finally, speculating on more long term perspectives, development of improved NMR

methods to study IDPs is expected to provide a large amount of experimental data on IDPs

contributing to our understanding of the molecular basis responsible for their function,

filling a gap of about 50 years respect to our knowledge on the structural and dynamic

behavior of folded proteins, well documented by the many data available in the PDB.

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 are now largely based on missing electron density

maps in X-ray crystallography.
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