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ABSTRACT

In this review, we detail the most common experimental approaches to assess and characterize
protein intrinsic structural disorder, with the notable exception of NMR and EPR
spectroscopy, two ideally suited approaches that will be described in depth in two other
reviews within this special issue. We discuss the advantages, the limitations, as well as the
caveats of the various methods. We also describe less common and more demanding
approaches that enable achieving further insights into the conformational properties of IDPs.
Finally, we present recent developments that have enabled assessment of structural disorder in
living cells, and discuss the currently available methods to model IDPs as conformational
ensembles.

Key words. Experimental assessment of protein disorder; degree of compactness; secondary
and tertiary structure content; ensemble models; in-vivo assessment of disorder.

Abbreviations. IDP, intrinsically disordered protein; IDR, intrinsically disordered region; 3D,
three-dimensional; NMR, nuclear magnetic resonance; EPR, electron paramagnetic
resonance; SDS-PAGE, sodium dodecyl sulfate polyacrylamide electrophoresis; TFE,
trifluoro  ethanol; MoRE, Molecular Recognition Element; SEC, size-exclusion
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IR, infrared; SDSL, site-directed spin-labeling; FTIR, Fourier Transform Infrared; ATR,
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naphthalenesulfonic acid; DSF, differential scanning fluorimetry; TSA, thermal shift assay;
ESI, electrospray ionization; MS, mass spectrometry; CSD, charge state distribution; SASA,
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isothermal titration calorimetry; GFP, green fluorescent protein; MeV, measles virus; DEER,
double electron electron resonance.
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Introduction

Intrinsically disordered proteins (IDPs) or regions (IDRs) lack stable secondary and
tertiary structures under physiological conditions and in the absence of binding partners.
While the structure of folded proteins is dominated by enthalpy and can be represented by a
countable number of well-defined models, the overall shape and transient structures in IDPs
are imprinted to high entropy levels. IDPs should thus be regarded as “protein clouds”, i.e.



ensembles of conformers exhibiting a rapid conformational exchange and devoid of
equilibrium geometry [1, 2]. Thereby, their description can’t be based on a countable number
of models, such as those provided by conventional high-resolution structural approaches for
the determination of the three-dimensional (3D) structure of ordered macromolecules (i.e. X-
ray crystallography, nuclear magnetic resonance NMR and cryo-electron microscopy).

By contrast, high-resolution structural information of IDPs in complex with binding
partners or antibodies is available and can be easily retrieved from dedicated databases such
as DisBind (http://biophy.dzu.edu.cn/DisBind/), DIBS (http://dibs.enzim.ttk.mta.hu/) [3] and
FuzDB (http://protdyn-database.org/) [4]. However, it should be kept in mind that the
structure of IDPs bound to their partners are neither representative of all the conformations
sampled by the free protein in solution (i.e. they only represent one out of all the possible
conformations), nor of the conformation that the IDP may adopt upon binding to a different
target. Indeed, some IDPs were shown to exhibit an extreme polymorphism, i.e. they adopt a
partner-dependent conformation [5, 6].

By contrast, methodological approaches that make use of protein samples in solution
can give more representative information and are, thus, better suited for the study of IDPs.
The extreme conformational heterogeneity of IDPs renders, however, their characterization
inherently challenging and requires the combination of various, complementary approaches.

This review is meant to provide an outline of the experimental methods most
commonly used to assess protein disorder, with the notable exception of NMR and electron
paramagnetic resonance (EPR) spectroscopy that will be described in two other reviews of
this special issue. The various experimental methods broadly vary in terms of the molecular
detail and resolution provided, of protein amounts and instrumental requirements, and ease of
implementation. Figure 1 illustrates a general suggested procedure to assess protein structural
disorder through experimental techniques of increasing level of complexity.

Before detailing the various experimental approaches that can be used to assess and
characterize protein disorder, we would like to provide a list of “obvious” features that should
alert biochemists and prompt them to suspect the presence of disorder. In particular, one can
suspect that a protein or a protein region is intrinsically disordered if it presents at least one of
the following properties: sequence hypervariability (as judged from multiple sequence
alignment of homologous proteins), low sequence complexity and unusual amino acid
composition with typical enrichment in proline, glycine and other disorder-promoting residues
(glutamic acid, aspartic acid, serine, lysine, arginine, and glutamine), no or little predicted
secondary structure, persistent solubility upon heat or acid treatment, ability to interact with
multiple partners and very low extinction coefficient at 280 nm (because of depletion in
aromatic residues).

It is worthy to emphasize that the compositional bias of IDPs may lead to errors in
estimating their concentration using classical assays for protein quantification, such as the
Bradford assay or ultraviolet absorbance at 280 nm [7]. This is well illustrated in the case of
the intrinsically disordered, N-terminal region of glycine transporters that were found to
exhibit a dynamic interaction (e.g. spectral evolution with time) with Coomassie G-250
resulting in interference with their Bradford assay [8]. Whether this behavior is unique to
these IDPs or whether it can be regarded as a hallmark of protein disorder remains to be
established and certainly deserves to be investigated.




Finally, we would like to take this opportunity to underline that whenever dealing with
proteins containing more than two cysteines (and hence potentially able to form
intramolecular disulfide bonds) it is advised to perform experiments in both oxidizing and
reducing conditions. Indeed, so-called “conditionally disordered proteins™ are proteins whose
conformational state depends on environmental factors, such as pH, temperature or redox
potential [9]. Examples of redox-dependent conditionally disordered proteins are Hsp33 [10],
Cox17 [11] and CP12 [12]. A useful tool to obtain hints on possible redox-dependent
conditional disorder is IUPred2A, a disorder predictor that takes into account the redox state
and that is meant to identify protein regions featuring a redox-dependent conditional disorder
[13].

2. Obtaining hints of structural disorder

2.1. SDS-PAGE and limited proteolysis

IDPs often display abnormal mobility in sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) experiments and their apparent molecular mass (MM)
determined by this technique is often 1.2—1.8 times higher than expected from sequence data
or measured by mass spectrometry (MS). This aberrant electrophoretic migration is mainly
due to the compositional bias typical of IDPs, e.g. high net charge and low hydrophobicity. As
a result, IDPs bind less SDS than globular proteins and are thus delayed in their migration
[14]. It has been suggested that the peculiar amino acid composition of IDPs leads to a larger
Stokes radius (Rs) of the protein by the loss of the necklace-like structure of the protein-
detergent complex, thus further slowering migration and yielding apparent higher MMs [15,
16]. Beyond the charge, other additional parameters can be responsible for the abnormal
electrophoretic migration. One such a parameter is proline content: proline-rich proteins were
shown to migrate differently than expected or even not as a single band ([17] and references
therein). The high proline content presumably increases the rigidity of the protein, which
makes the protein migrate more slowly in SDS-PAGE than globular proteins of the same
MM. The appearance of two bands may result from conformational differences arising from
cis-trans isomerization in proline-rich domain. An additional parameter is the degree of
compaction of the protein in solution, as well exemplified in the case of the homologous pairs
of Nipah virus and Hendra virus Nrtaw truncation variants, which were found to display a
different migration in spite of their similar content in charged and hydrophobic residues [18].
Another parameter that affects the electrophoretic behavior is the linear distribution of
opposite charge (referred to as x) [19], as well illustrated by charge permutants of two IDPs,
which were found to exhibit a different electrophoretic mobility - overall lower for high-x
variants — although they possess the same net charge [20] (Figure 2A). Differences in
migration are probably due to the clustering of positively charged residues, which may hinder
their interaction with the sulfate groups of the detergent [21].

Therefore, hints about intrinsic disorder may be retrieved by the analysis of protein as
early as in the first purification steps. However, anomalous migration in SDS-PAGE can be
regarded only as a hallmark of structural disorder, e.g. it does not prove that the protein under



study is an IDP. An additional step towards the goal of drawing reliable conclusions about the
(dis)ordered state of a protein could be performing limited proteolysis.

Proteolytic sites are typically found at flexible loop regions (as indicated by high
crystallographic temperature factors or B-values) that are also exposed to the solvent [22, 23],
and are notably absent in regions of regular secondary structure, especially B-strands [24, 25].
Flexible loops protrude from the protein surface and are expected to bind and adapt to the
protease active site as a result of a local unfolding [23]. Fontana and co-workers have shown
that the higher the content in disorder, the faster the proteolysis [26, 27]. Furthermore,
proteolysis hypersensitive sites often occur within protein regions characterized by missing
electron density (as assessed by X-ray crystallography), thus allowing establishing a direct
link between proteolysis sensitivity and disorder. Limited proteolysis was proved to be very
useful and reliable to explore protein structure and dynamics, thereby complementing other
physicochemical approaches. Striking advantages of this simple biochemical technique are the
requirement of very small amounts of (unlabeled) protein and the ability to provide region-
specific information. The main disadvantages of this technique reside in the dependence of
cleavage sites in the protein sequence and in its inability to discriminate between disordered
proteins and proteins with a high content in loops or linkers. To address the first limitation, it
is advised to use multiple proteases with different sequence specificity and to favor those with
low sequence-specificity, such as thermolysin, elastase and proteinase k, which better reports
on the solvent accessibility and flexibility of cleavage sites (Figure 2B) [28]. Thermolysin
also offers the advantage of retaining activity in the presence of trifluoroethanol (TFE) [29],
thereby allowing limited proteolysis experiments to be carried out in the presence of this
secondary-structure stabilizer. Because TFE mimics the hydrophobic environments
experienced by proteins in protein-protein interactions, proteolysis-resistant fragments can be
regarded as protein regions containing putative Molecular Recognition Elements (MoREs)
(for examples see [30, 31]).

2.2. Resistance to denaturing conditions

The sequence compositional bias that typifies IDPs, combined with the lack of a
tightly packed hydrophobic core, results in a different response to denaturing conditions
compared to structured proteins. Thus, information about intrinsic disorder may be obtained
from the analysis of protein conformational stability.

The lack of ordered structure renders IDPs rather insensitive to temperature increase.
Consequently, IDPs can be easily separated from ordered proteins due to their resistance to
heat-induced unfolding and aggregation. In structured proteins, upon thermal denaturation,
hydrophobic patches, which are normally buried inside the folded structure, become exposed
to the solvent and engage in uncontrolled inter- and intramolecular interactions that finally
lead to the formation of insoluble aggregates. The high content of hydrophilic and charged
amino acid maintains IDPs soluble even at high temperatures. This property can be exploited
to purify disordered proteins [20, 32-34]. Noteworthy, a few IDPs were shown to become
more ordered upon heating, due to the increased strength of the hydrophobic interaction at
higher temperatures, leading to a stronger hydrophobic driving force for folding [35, 36].

Because of the lack of ordered structure, IDPs are also resistant to acidic treatment. In
ordered proteins, the protonation of negatively charged side chains, induced by a decrease in



pH, leads to charge imbalances [37], disruption of salt bridges [38] and causes the
dissociation of subunits [39] and the release of cofactors [40]. To accommodate the charge
imbalance resulting from acidification, the chain often adopts a more open conformation that
preludes aggregation. By contrast, many IDPs were shown to resist to precipitation induced
by acidification [41]. Notably, in extremely acidic and/or alkaline conditions, IDPs can
undergo partial folding as a result of the minimization of the large net charge present at
neutral pH, thereby decreasing charge-charge intramolecular repulsion and permitting
hydrophobic-driven collapse to a partially-folded intermediate [42].

More recent studies however have unveiled that, under acidic conditions, various IDPs
may undergo precipitation as a function of their net charge per residue (NCPR). The higher
the NCPR, the more intense the protein aggregation, which, for any given protein, occurs at
the isoelectric point (pl) [43]. Noteworthy, a similar effect can be observed also at alkaline
pH, giving rise to a symmetric behavior with respect to the pl. The phenomenon underlying
this behavior is rather simple to explain: as the pl approaches, the intramolecular charge
repulsions decreases, promoting the collapse of hydrophobic residues that leads to both
folding [42, 44] and aggregation [43]. Rather than being insensitive to pH changes, IDPs
appear capable of undergoing intense and reversible conformational changes coupled to
changes in protonation state, due to the high number of charges present in their linear
sequence and to the reversibility of their protonation state.

Similarly to heat, relative insensitivity towards denaturing agents, such as urea and
guanidinium hydrochloride, is a hallmark of disorder. Because of the lack of ordered
structure, addition of denaturants leads only to a limited expansion of the chain (for an
example see [45]). The extent of chain expansion can be documented through hydrodynamic
analyses as described below.

3. Assessing protein hydrodynamic properties

3.1. Size-exclusion chromatography and light scattering

One of the easiest approaches to document the extent of protein compaction is size-
exclusion chromatography (SEC). SEC allows separating proteins according to their
hydrodynamic volume and their shape. Following calibration of SEC columns with globular
protein standards, IDPs are eluted with an apparent molecular mass higher than calculated
from the amino acid sequence. Upon protein injection (typically in the 0.5 — 1 mg range for
analytical purposes), the Rs can be determined from the elution volume using a calibration
curve obtained using globular proteins of known MM. The Rs (in A) of the MM standards (in
Daltons) is calculated according to [46]:

log (Rs°*) = 0.369 * (log MM) — 0.254 (Eq. 1)

Note that this equation can be used irrespective of the chemical nature of the matrix of
the column, provided that (i) the matrix is suitable to allow a proper separation of the target
protein, (ii) the matrix does not aspecifically bind the target protein (a possibility typically
ruled out by assessing that SEC elution profile at different ionic strengths remains unvaried).
From this calibration curve one can thus infer the Rs of the protein of interest. This
experimentally observed value (Rs®?") is then compared to the value expected for a natively



folded protein (R,"F), and for a fully unfolded (i.e. denatured) protein (R,Y). The latter can be
calculated according to [47]:

log (Rs™) = 0.357 * (log MM ™) — 0.204 (Eq. 2)
log (RsY) = 0.521 * (log MM ™) _ (0,649 (Eq. 3)
where MM ™ is the expected MM calculated from the amino sequence.

The compaction index (CI) allows comparing the degree of compaction between two
proteins in a way that is independent of MM. It can be calculated according to [48]:

RY-RQPS
Clgs = RU_RNF (Eq. 4)
S S
where Rs% is the experimental value for a given protein, and Rs" and Rs™' are the reference

values calculated for an unfolded protein, according to equation 3, and for a globular folded
protein, according to equation 2. CI increases with increasing compaction and, in principle,
varies between 0 and 1. However, values slightly higher than 1 and lower than O can be
obtained due to the empiric nature of the reference curves that were derived by fitting
procedures on experimental results.

When performing estimations of Rs using SEC, it is recommended to check if the
elution profile is not (strongly) dependent on pH, composition and ionic strength of the buffer.
A certain dependence on ionic strength is however expected, given the typically high content
in charged residues of IDPs. By this relatively simple analysis, along with the comparison of
the observed Rs with the values expected for an unfolded and a natively folded form, one can
draw conclusions about the degree of compaction of a protein under study.

Alternatively, the Rs can be determined by SEC coupled to multiple angle laser light
scattering (SEC-MALLS). In this case, the Rs and the MM are directly measured and not
inferred from a calibration curve. While SEC relies on fast protein liquid chromatography
(FPLC), SEC-MALLS requires the more sophisticated, and hence more expensive, high-
pressure liquid chromatography (HPLC) system.

The hydrodynamics properties of proteins can also be estimated via dynamic light
scattering (DLS). DLS measures the translational diffusion coefficient of the protein, and its
Rs is inferred from the Stokes-Einstein equation, which gives the diffusion coefficient of a
spherical particle with radius Rs in a medium of viscosity v and at a temperature 7*

— kol (Eq. 5)

- 6TTVRg

where kg is the Boltzmann's constant.

It should be emphasized, however, that once a protein is shown to possess an Rs much
higher than the value expected for a folded protein of the same size, this does not constitute a
proof of its conformational disorder. In fact, folded proteins with elongated shape (for
instance coiled-coils) can also have larger apparent hydrodynamic radii. Besides, a higher-
than-expected Rs could also arise from the presence of structured oligomers, rather than from
disordered conformations. To discriminate between these two possibilities, one has to
experimentally determine the MM of the protein (which can be done for instance by mass
spectrometry (MS) wunder native conditions, by SEC-MALLS and by analytical



ultracentrifugation, AUC), and/or to determine the content in secondary and tertiary structure
(which can be done by circular dichroism (CD) and/or NMR spectroscopy).

3.2. Analytical ultracentrifugation (AUC)

The physics of molecular sedimentation in a centrifuge is very well characterized.
Sedimentation consists in a balance between centrifugal, buoyant and friction forces. The
resultant sedimentation velocity depends on the difference between protein and medium
densities, and on protein MM and friction coefficient. Sedimentation can be described as the
evolution of protein concentration ¢, with time ¢, and radial position, r.

AUC experiments typically require protein samples to be analyzed at various
concentrations (in the 1 — 5 mg range, depending on the absorption coefficient). There are two
types of AUC experiments, sedimentation velocity (SV) and sedimentation equilibrium (SE).

In a SV experiment, a moving boundary, separating cushions of protein solutions, is
formed upon application of a strong centrifugal field. Typically, data are acquired overnight.
The radial concentration of particles over time during sedimentation is given by the Lamn
equation, also referred to as the transport equation. For a homogeneous diluted solution of a
non-interacting macromolecule in a diluted buffer (i.e. an ideal solution):

dc
r—+2c
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(Eq. 6)
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where ¢ is the protein concentration at a radial distance r, ¢ is the time, D is the diffusion
coefficient, s is the sedimentation coefficient, and w is the rotor speed. s is defined as the ratio
of the macromolecule velocity (cm/s) to the centrifugal field (o?r in cm/s?) ratio. s is
expressed in Svedberg unit S (1 S =10"s).

The Lamn equation has, however, no analytical solution and needs a theoretical model
to be assumed. Experimentally measured sedimentograms can be fit on theoretical ones,
thereby allowing determination of both D and s. This information allows the determination of
the MM of the macromolecules in solution using the Svedberg equation.

N M(1-pv
S = MO (Eq. 7)
where v is the partial specific volume of the solute, p is the solvent density, M is the solute
mass, R is the universal gas constant and 7 is the temperature in Kelvin. The partial specific
volume v of proteins can be estimated from amino acid composition using the program
SEDNTERP (available from http://www.jphilo.mailway.com/).

The Svedberg equation also relates s to the Rsand M:

_ M(1-pv)
- Np6TNRg

(Eq. 8)

where 7 is the solvent viscosity and Na is the Avogadro’s number. The sedimentation
coefficient is generally expressed as 520, after correction for solvent density and viscosity in
relation to the density and viscosity of water at 20°C (p20,» = 0.99832 g/mL and #20,» = 1.022
mPa/s). The obtained Rs value can be compared with the minimum theoretical hydrodynamic



radius Ry compatible with the non-hydrated volume, V, of the particle through the frictional
ratio f/fo:

V=2nR} = ’;’—: (Eq. 9)
Rs = (f/fo)Ro (Eq. 10)

The frictional ratio f/fo depends on the hydration, surface roughness, shape, and
flexibility of the sedimenting species. It is a measure of the degree of asymmetry in a
molecule with respect to a sphere of the same mass. Using v = 0.73 mL/g as a typical value
for proteins, Manon and Ebel have extracted f/fo values for globular proteins, random coil
(RC)-like IDPs and premolten globule (PMG)-like IDPs [49, 50], where PMGs are forms that
are more compact than RCs, but still less compact than globular or molten globule proteins,
and conserve some residual transiently populated secondary and/or tertiary structure [35, 51].
IDPs have f/fo values significantly larger than those of globular proteins. In addition, while for
IDPs the frictional ratio increases with protein size, there is only a very slight increase of f/fo
with MM in the case of globular proteins. Typical values of f/fy for globular proteins are 1.25
+ 0.5 [49]. Note, however, that f/fo values higher than the latter ones can be obtained for
structured and yet non-globular (i.e. elongated) proteins such as coiled-coils, for instance [52,
53].

Because the shape of IDPs is anomalous and because SE allows estimating the MM
independently of protein shape, it is a method of choice to assess, in a rigorous way, the MM
of IDPs. In a SE experiment, a steady-state concentration gradient develops as the tendency of
the molecule to sediment in the centrifugal field is counterbalanced by its tendency to diffuse
according to the concentration gradient so established. In this case a smooth gradient is
formed instead of distinct boundaries. Equilibrium is typically reached after 24 hours. Usually
nine equilibrium profiles are obtained using three different concentrations and three different
rotor speeds. Different approaches have been used to derive the equations describing
sedimentation equilibrium [54-57]. The final, equilibrium concentration gradient provides
accurate estimates of solute mass. SE provides s/D values (and hence M values).

Unfortunately, measuring both SE and SV is not feasible in the same experiment.
While equilibrium needs relatively low speed, in order to get a nice resolution on the balance
between sedimentation and diffusion, velocity needs higher speed, in order to maximize the
friction, which gives information on particle shape. Thus, an AUC experiment commonly
consists of two distinct experiments, namely SE and SV. Fortunately, both experiments can be
carried out using the same equipment. Finally, the experimental set-up of AUC is very
versatile (centrifugation speed, cuvette path length...), which makes this technique well suited
for a wide range of systems. Thus, analyzing the sedimentation of protein particles is a
powerful approach to assess their hydrodynamics properties.

SV and SE analyses by AUC are also particularly well suited for rapid analyses of IDP
supramolecular complexes. In a typical experimental design, SV experiments give
information on the shape of the protein and how it changes upon binding, while SE yields the
stoichiometry of the interaction and provides good estimates of the interaction strength.



3.3. Small-angle X-ray scattering (SAXS)

X-ray diffraction methods are often used in structural studies, in order to get
information on molecule geometry. Since IDPs are highly entropic systems, those methods
fail to provide information at the atomic detail. However, the irradiation of particles in
solution gives rise to an X-ray scattering pattern containing low-resolution information
(around 20 A) on the geometry of the molecules, even when the latter features high
conformational entropy. One of the strong advantages of SAXS, compared to experiments of
similar resolution, is the very few restrictions it imposes on sample preparation. Indeed,
SAXS is compatible with a wide range of particle size and buffer types, provided that the
sample is mono-disperse in those conditions. The main bottleneck of SAXS resides in the
need for access to a synchrotron facility or for the availability of an in-house SAXS set-up
that includes an X-ray source, a detector, and a 2-3 meters long tube under vacuum, which
ensures light scattering between source and detector. The use of synchrotron radiation
dramatically speeds up the process of data collection and yields data of better quality
compared to SAXS data obtained using laboratory equipment.

In a SAXS experiment, the sample is irradiated by X-rays and diffracted beams diffuse
on hundreds of cm (typically from 1 to 3 m) before hitting the detector. The higher the
sample-detector distance, the lower the scattering angle (26), and hence the lower the
resolution. The resulting scattering curve depends on the size and shape of the protein. A
typical diffusion pattern is represented by a curve of X-ray intensities (usually represented on
a logarithmic (Log) scale) at different values of the scattering vector, g, with g = 4zsin(6)/4
where 4 is the wavelength and 26 is the scattering angle, i.e. the angle between the incident
beam and a deviated beam. This two-dimensional curve is obtained by radial integration of X-
ray intensities around a central point corresponding to the incident, non-deviated beam.
Intensities at high angles (“high” relatively to the angle range used in SAXS) contain
information on the shape of the particles in solution. However, the region of the scattering
curve at very low angles also contains information on the particles and their global
organization in solution. When attempting at inferring structural parameters from a scattering
curve, one should keep in mind that SAXS is very sensitive to inter-particle interactions. The
latter have the potential of dramatically distorting the structural parameters that can be
extracted after processing SAXS curves. IDPs, and especially those belonging to the class of
strong-electrolytes, are strongly subjected to inter-particle interactions, which makes their
characterization by SAXS very challenging. Reducing inter-particle interactions might be
tackled by screening different buffers (salt concentrations, pHs, additives), in order to identify
the conditions leading to a mono-disperse solution. Sample heterogeneity, due, for instance, to
shape and mass distribution asymmetry, can be revealed by careful analysis of SEC elution
peaks using quasi-elastic and multi-angle light scattering techniques. Such features should be
considered during SAXS data analysis [58].

Typically, 30-50 pL protein samples are used in a concentration range of 1 to 10
mg/mL. It is recommended to collect data at various protein concentrations, so as to rule out
any possible attractive and/or repulsive inter-particle interactions. It is also recommended to
use strictly the same buffer, in which the protein is prepared when recording background
scattering. Experimental scattering curves at low and high concentrations can then be
combined to yield a single, merged curve. While intensity data collected at the lowest
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concentration are assumed to correspond to a monodisperse sample and allow a correct
description of the protein at low angles, intensities obtained at high protein concentrations
provide a better signal-to-noise ratio at high angles. Thus, the merged curve contains
information both at high angles and at low angles, which allows eliminating data possibly
suffering from inter-particle interactions while keeping data at the highest possible resolution
[59]. However, as this approach assumes that the lowest concentration corresponds to a
monodisperse sample, it is recommended to carry out different measurements at different low-
medium concentrations. Intensities measured at those concentrations are assumed to
correspond to a monodisperse sample, if all the scattering data yield similar Ry and
normalized Iy values, as estimated by the Guinier approximation (see below). Extrapolation of
intensities at zero concentration could also be an alternative to the merging procedure to infer
Ip and R values not biased by inter-particle interactions. However, this method assumes that
intensities evolve linearly with protein concentration and predicts intensities out of the protein
concentration range under study. Thus, it is recommended to use intensities that directly result
from measurements (i.e. merged curve) when data at low concentration meet quality criteria,
and rather perform extrapolation when data strongly suffer from inter-particle interactions.

From the scattering curve one can derive the radius of gyration, R, and its distribution
(for IDPs), the maximal intramolecular distance and the MM. The R, parameter is the average
root-mean-square distance to the center of density in the molecule weighted by the scattering
length density. It is therefore different from Rs, which corresponds to the radius of a spherical
particle with the same diffusion coefficient as the macromolecule.

Thanks to the Guinier approximation (Eq. 11), the average R, of the particles in
solution can be estimated from the Guinier representation, where /n(I) is plotted as a function
of ¢°. For small ¢ values (g < 1.3/R, for a spherical particle), the Guinier approximation
allows to fit the curve by linear regression. The slope of the line is a function of R, (slope = -
R.%/3) and the intensity at g = 0 is proportional to the mean MM of the scatterer. The R, and
forward intensity at zero angle Iy can be determined according to the following equation:

qZ R2
in{1(9)] = tnlly] - 52 (Eq. 1)

From the mean R, one can infer information on the degree of compaction of the
molecule in solution. The experimentally determined Ry (R,°”*) can be compared to the values
expected for a folded, chemically denatured or natively unfolded form. The theoretical value
of R; (in A) of a protein composed by N amino acids can be calculated from the following
equations describing the behavior of a set of natively folded (R,"") [60], chemically denatured
(RY) [61] or intrinsically disordered (R,PF) [60] proteins of given length:

RNF = / (%) 4.75N029 (Eq. 12)

log(RY) = 0.58log(N) + 0.40 (Eq. 13)
RIPP = RyNV (Eq. 14)

where Ry is 2.54 + 0.01 and v is 0.522 + 0.001.

As in the case of Rs, the CI allows comparing the degree of compaction of a given
IDP, through comparison of the observed R, to the reference values expected for a globular or
unfolded protein of identical MM. The CI referred to the R, can be calculated as follows [48]
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where R,%” is the experimental value for a given protein, and R,V and R,"" are the reference
values calculated for an unfolded protein, according to Eq. 13, and for a globular folded
protein, according to Eq. 12. As for the Rs-based CI, this index increases with increasing
compaction.

Furthermore, comparison of the Ry with the Rs also allows discrimination between
globular proteins, RCs and PMGs. The ratio R¢/Rs should in fact be \(3/5) for globular
proteins, close to 1.0 for PMG-like IDPs and about 1.5 for extended, RC-like IDPs [62].

The characterization of the global flexibility of the system can also be addressed using
the Kratky representation (¢°xI(q) versus g). Because SAXS intensity is proportional to the
MM and the angular scale depends on the protein size, comparison of different curves in
Kratky representation should be preferably performed using the dimensionless Kratky plot,
where ¢ is multiplied by R; and /(g) is divided by Ip [63]. The scattering curve of a typical
folded protein in a dimensionless Kratky representation has a typical bell shape and is
characterized by an increase of I(q)/Ioxq? from 0 to 3xe™ for ¢ ranging from 0 to V3, followed
by a decrease of I(q)/Ipxqg’. Any deviation of this maximum in either I(g)/Ipxg’ or g can arise
from flexibility or particle anisotropic shape. Fully unfolded proteins and IDPs are
characterized by a continuous increase of I(¢)/Ioxq’ in Kratky representation (Figure 3A).

This feature readily allows globular conformations (ordered and molten globule-like)
to be distinguished from non-globular ones. However, it is noteworthy that the Kratky plot
does not yield only a simple binary information, being able to discriminate IDPs by their
extent of compaction (Figure 3B). In addition, PMGs can give rise to Kratky plots featuring a
small bump followed by a plateau (for an example see [64]).

Combining SEC and SAXS is an appealing alternative, as it enables ensuring that
measurements are performed on a non-aggregated, mono-disperse sample [65]. After sample
loading on a SEC column, the eluted fractions are directly irradiated with X-rays. Thus, the
elution of the protein is followed by both UV absorbance and scattering intensities. Those
intensities are then used for subtracting buffer contribution to all measurements made on the
column resolving volume. Determination of Rg and /y using the Guinier approximation is then
computed for all the frames. Protein elution can be followed by both Iy and absorbance. The
evolution of R, over protein elution is then used in order to ascertain the possible presence of
different species eluted with different ratio at different time. Intensities of frames of similar Rg
can be averaged and the resulting curve is then suitable for further analysis and modeling.
SEC coupling is a powerful way to measure intensities on single species for samples
consisting of a mixture of interacting proteins. If the different eluted particles are well
resolved, the final scattering curve can be obtained without using any deconvolution methods.

Notably, SAXS can also be used to study complexes of IDPs bound to their partner(s).
Deconvolution methods can be useful to characterize systems of well-defined composition
[66].

Although SAXS is very well suited to study IDPs [67-70], it should be emphasized
that, since IDPs consist of particles of different shape, their scattering curve is an average of
the contributions of all the particles. Thus, describing IDPs using a single value of Rg is not
appropriate. Ry distributions provide a much more meaningful and realistic description of
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IDPs (see section 8 on modeling IDPs as conformational ensembles). In the same vein, one
should be aware that attempting at modeling IDPs using ab-initio shape reconstruction is a
non-sense, as IDPs inherently exist as ensembles of conformers of different shape and they
cannot be described by a single conformer. By contrast, envelopes can be calculated for
complexes made of IDPs bound to their folded partner(s), provided that the complex
possesses at least a folded core (for an example see [71]).

4. Assessing protein secondary structure content

Various methods enable assessing the secondary structure content of proteins. Below,
we provide a description of two commonly used methods, i.e. CD in the far-ultraviolet (UV)
region and infrared (IR) spectroscopy. NMR and site-directed spin-labeling (SDSL) EPR
spectroscopy, two powerful techniques to assess the (dis)ordered nature of proteins, are not
included in this section, as they are discussed in two distinct reviews within this special issue.

4.1. Circular dichroism (CD) spectroscopy

CD spectroscopy is a quick and simple spectroscopic technique that provides
information on the secondary and tertiary structure of proteins, as well as on its temperature
dependence [72]. It is well suited to study IDPs [73]. This technique requires protein amounts
in the microgram range and relies on the interaction of circularly polarized light with optically
active (chiral) compounds. The signal that is measured in CD reflects the differential
absorption of left- and right-handed circularly polarized light. As a result of the differential
absorption, the light that has crossed the sample is no longer circularly polarized but
elliptically polarized. Depending on the spectropolarimeter used, the differential absorption
can be given in ellipticity (0) or in difference between left- and right-handed molar attenuation
coefficient (Ag). Those two different units both refer to the same phenomenon and are related
to each other according to Eq. 16:
0 =3300 x Ag (Eq. 16)

However, the standard unit used to describe proteins ellipticity is MRE (Molar
Residue Ellipticity). The latter can be calculated as follows:

0 (33004¢)
MRE = (len) - (len)

where the ellipticity 0 is given in degrees, Ae¢ is the difference of molar attenuation coefficient
between the left- and right-handed radiation, the path length [/ is given in cm, protein
concentration c is expressed in dmol.cm™ and the number of residues n has no unit. Thus, the
final unit corresponds to deg . cm? . dmol™.

There are two types of optically active chromophores in proteins, side groups of
aromatic amino acid residues and peptide bonds [74].

CD spectra in the far-UV region (peptide part of the spectrum, 180-250 nm) reflect the
peptide bond environment and indicate the content of secondary structure in the protein
molecule. The main contributor to the far-UV CD spectrum of a protein is the excitation of
the partially delocalized electrons of the peptide bonds. Isolated amino acids, except glycine,
also show a CD signal in this wavelength range. Thus, side chains of amino acids, tryptophan
in particular, contribute to the protein CD spectrum, as well [75]. This contribution is

(Eq. 17)
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typically much smaller than that of the protein backbone but could become significant in
proteins of low helical content. In the far-UV region, the different forms of regular secondary
structure found in proteins give rise to characteristic CD spectra. Any CD spectrum can be
resolved into components corresponding to main secondary structure types (o-helix, B-sheet,
random etc ....). The CD spectrum of an IDP is typically dominated by the random-coil
features, with a largely negative ellipticity near 200 nm, a negligible ellipticity at 222 nm and
by an ellipticity close to zero at 185 nm (Figure 4A). The CD spectra of many unordered
polypeptides show a remarkable resemblance to that of poly(L-proline) II conformation (Pr),
that shows a strong negative band at 206 nm and a weak positive band at 225 nm [76]. Other
unordered polypeptides show a strong negative band below 200 nm and a negative rather than
positive shoulder in the 220-230 nm wavelength region. This type of spectrum reflects a
higher extent of disorder as compared to that of Py-like spectra. Far-UV CD spectroscopy also
enables discriminating RCs from PMGs, based on the ratio of the ellipticity values at 200 and
222 nm (Figure 4B) [35].

A number of algorithms exist, which use the data from far UV CD spectra to estimate
the secondary structure composition of proteins. An online server, DICHROWEB [77, 78],
has been developed, which allows CD data to be analyzed by various algorithms with a choice
of databases. It is also possible to obtain estimates of the a-helical content of peptides and
proteins from more limited data by using the values of the CD signals at 208 nm or at 222 nm.
However, it must be emphasized that all these estimates are to be treated with caution, as they
do not provide reliable quantitative estimations and are, rather, more appropriate for
comparative analyses.

4.2. Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy also provides quantitative information on the secondary structure
motifs of proteins through decomposition of the Amide I absorption band (1700-1600 cm™
region) by curve fitting procedures. This band originates from the C=0 stretching vibration of
the peptide group, whose frequency is sensitive to the protein conformation. To resolve the
Amide I band constituents, Fourier self-deconvoluted and second-derivative spectra can be
calculated from the raw spectrum [79].

Because RC and a-helix contributions largely overlap in H2O but not in D20, spectra
should be acquired in both solvents, in order to discriminate between disordered and
structured proteins. The absorption spectra of proteins in aqueous solution can be measured
despite the high absorption of water in the amide I region, using highly performing FTIR
spectrometers and algorithms for the subtraction of the solvent spectrum. Typically, protein
solutions at a concentration ranging from 1 to 15 mg/mL are required for measurements in
water, while concentrations can be decreased down to 0.3-0.5 mg/mL when measurements are
performed in D>O. However, the total protein amount is about 10-100 pg, since only 10-20
uL are required for a single measurement.

The different structural components can be identified, and their relative intensities can
be quantified by Gaussian fitting from the ratio between band area and total Amide-I area
(Figure 5). In D>O, peaks at ~1645 cm™! are indicative of RC structure. B-turns can be found
at 1671 cm’!, while 30 helices occur in the range 1645 to 1634 cm™. Peaks at 1652 cm™
correspond to a-helices. Intramolecular B-sheets display two absorption bands at 1630 and
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1679 cm™! of different intensity.

In contrast to CD, FTIR spectroscopy enables a better deconvolution and
quantification of the various structural components. In addition, it also allows discrimination
of helices with different extents of flexibility [80]. This information is encoded by minor
shifts in band position. In particular, higher wavenumbers characterize short and flexible
helices, while lower wavenumbers are associated to long and rigid structures. Like CD, FTIR
spectroscopy offers the possibility to explore the temperature-dependence of protein content
in secondary structure. When recording spectra in water, the temperature needs to be carefully
controlled since the infrared absorption of water displays strong temperature dependence [79].

Notably, FTIR spectroscopy is one of the few techniques that allow studying dry
proteins (i.e. protein films), obtained by evaporation of protein solutions. This can be
achieved through attenuated total reflection (ATR) measurements, a method in which the
sample is placed on a support having a refractive index higher than the sample. The infrared
beam reaches the ATR-plate/sample-interface at a larger angle than the limit angle of total
reflection. Under these conditions, the beam is totally reflected by the interface and
penetrates, as an evanescent wave, into the sample where it can be absorbed. The optical path
of the penetrating beam, which is of the order of the IR wavelength, depends on the incident
wavelength and angle, and on the refractive indices of the sample and ATR support. After one
or several reflections, the attenuated beam is collected at the detector. This method requires
that very small amounts (i.e. pg range) of the protein under study are placed on the ATR
support and allowed to evaporate (for an example see [43]). An interesting advantage of ATR
measurements resides in the possibility of studying the interactions, and hence possible
ensuing conformational changes, of proteins with surface and synthetic membranes.

5. Assessing protein tertiary structure

5.1. Near-UV CD spectroscopy

CD spectra in the near-UV region (250-350 nm, also called the ‘“‘aromatic region”)
reflect the environment of aromatic amino acid residues and, consequently, characterize the
tertiary structure of a folded protein. Each aromatic residue has its own characteristic dichroic
bands. Signals in the 250-270 nm region arise from phenylalanine residues, while signals in
the 270-290 nm and 280-300 nm regions arise from tyrosine and tryptophan residues,
respectively. Disulfide bonds give rise to broad, weak bands throughout the near-UV
spectrum [81]. The near-UV CD spectrum, therefore, provides a detailed fingerprint of the
tertiary structure around these specific residues. Proteins with rigid tertiary structure are
typically characterized by intense near-UV CD spectra, which reflects the restricted
orientation of the individual aromatic side chains. By contrast, the near-UV CD spectra of
IDPs generally show low intensity and low complexity, reflecting their large conformational
freedom (Figure 6). Although near-UV CD spectroscopy requires larger amounts of sample
compared to far-UV CD (typically ten times more), it remains an affordable technique, also
considering that samples can be recovered and used for further analyses. Although IDPs are
typically depleted in aromatic residues, near-UV CD has been used to probe conformational
transitions of this class of proteins (as an example see [82]).

15



5.2. Differential scanning calorimetry (DSC)

Protein structures that undergo thermally-induced conformational changes present a
redistribution of non-covalent bonds accompanied by the absorption of heat. Differential
scanning calorimetry (DSC) is an analytical technique that measures this heat uptake in terms
of molar heat capacity of sample, as a function of temperature. DSC experiments are carried
out on protein solutions heated at a constant rate. DSC instruments can operate with very
small quantities of sample, approximately 100 uL or 100 pg. In a DSC experiment, the
thermal unfolding results in a temperature profile of the heat capacity of the system, which
serves as a structural “fingerprint” of the protein [83, 84]. DSC provides measures of
unfolding enthalpy (AH), changes in heat capacity (ACp) of denaturation, and thermal
transition midpoint (Tm). In the case of ordered proteins undergoing a two-state transition
from the native to fully unfolded state, the thermal profile shows a characteristic peak
indicative of cooperative transitions involving its secondary and tertiary structure [85]. Helix-
to-coil transitions in peptides also give rise to heat capacity peaks. By contrast, the lack of a
heat absorption peak in a calorimetric curve (i.e. a flat profile) is indicative of the absence of
ordered structure [86-88]. Such a gradual, non-cooperative denaturation transition, or "uphill"
unfolding transitions, is typical of IDPs, although it can also be found in very small/simple
structured proteins [89]. DSC not only allows recognizing IDPs from their typically flat
profile, but also enables recognizing the presence of residual (e.g. intrinsic) structure in IDPs.
This is well illustrated in the case of Bacillus pasteurii UreG, whose smooth DSC
thermogram is consistent with a continuous and non-cooperative loss of residual secondary
structure upon increasing temperature (Figure 7) [90].

DSC is especially convenient for proteins devoid of aromatic amino acids, for which
information on the lack of tertiary structure cannot be obtained by other spectroscopic
methods such as near-UV CD and intrinsic fluorescence [91]).

5.3. Fluorescence spectroscopy

Fluorescence spectroscopy is a widely used technique to study protein structural
transitions. Aromatic residues are intrinsic fluorescent chromophores with different quantum
yield (tryptophan > tyrosine > phenylalanine). The aromatic residue most commonly
exploited for fluorescence spectroscopy studies is tryptophan, since the quantum yield of
phenylalanine fluorescence is extremely low and tyrosine fluorescence is strongly quenched
mostly due to its ionization, or location near polar groups (such as amide or carboxyl groups),
or energy transfer to tryptophan [92]. Tryptophan has an absorption maximum close to 280
nm and an emission maximum that is highly dependent on the polarity of its environment. In
particular, a tryptophan in a non-polar environment (i.e. buried in the protein core) has an
emission maximum close to 320 nm, while in a polar environment (i.e. solvent exposed) has
an emission maximum close to 350 nm, a phenomenon known as solvatochromism [93]. In
addition, the intensity of tryptophan fluorescence is dependent on interactions with
neighboring groups, which can lead to transfer of the excitation energy. This results in
reduction of fluorescence quantum yield and in smaller emission intensity, a phenomenon
known as fluorescence quenching [93]. Quenching is the result of a variety of molecular
interactions requiring molecular contact between the fluorophore and the quencher [93].
Therefore, the solvatochromic and the quenching effects can be exploited to probe how
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variations in experimental conditions affect polarity/hydrophobicity of tryptophan
environment and its overall accessibility/permeability to quenchers. As such, variations in
fluorescence intensity under varying experimental conditions (such as the presence or absence
of ligands) provide hints on the gain/loss of ordered structure in the vicinity of the
fluorophore(s) (Figure 8).

Beyond intrinsic fluorescence, it is also possible to use extrinsic fluorescence probes,
such as 1-anilino-8-naphthalenesulfonic acid (ANS), whose fluorescence in water is almost
negligible, while strongly enhanced in hydrophobic environments. These compounds can
enter hydrophobic cavities of protein structures and strongly emit fluoresce when bound to a
non-polar surface. Thanks to this property, they have been widely used to study protein
conformational changes (see [94] and references therein cited). In particular, extrinsic
fluorescent probes can be used to assess the presence of hydrophobic pockets within globular
or partially folded proteins, such as molten globules and PMGs, and to discriminate between
them and extended forms (i.e. RCs).

A related approach is differential scanning fluorimetry (DSF). DSF monitors thermal
unfolding of proteins in the presence of a fluorescent dye that has the same properties as ANS.
When the fluorescence intensity is plotted as a function of the temperature, the apparent
melting temperature (Tm) of the protein can be derived from the inflection point of the
resulting sigmoidal curve. This method, also known as thermal shift assay (TSA), is routinely
used for structured proteins to identify the best (in terms of protein stability) storage buffer. In
striking contrast, IDPs, which do not possess well-defined hydrophobic cavities, are
characterized by a fluorescence profile that is rather flat and temperature-independent. This
behavior therefore enables IDPs to be readily distinguished from structured proteins.

5.4. Electrospray ionization (ESI) mass spectrometry (MS)

ESI-MS relies on the generation of gas-phase ions through nebulization of a liquid
sample in the presence of a strong electric field and accurate determination of the mass-to-
charge ratio (m/z) for each detected ion [95, 96]. Instrumental progress and, most importantly,
development of nano-ESI equipments, has enabled maintenance of non-covalent interactions,
such as those responsible of protein folding and binding, under ESI conditions, driving
growth of an entirely new field named ‘“native-MS” [97]. By this approach, structural
investigation of macromolecules is conjugated with the exceptional analytical power of MS in
dissecting complex samples, without averaging over the molecular population. This aspect
makes native-MS a very valuable tool for the investigation of heterogeneous systems and
conformational ensembles [98]. One technical limitation of ESI-MS is its poor solvent
compatibility, requiring volatile buffers and accurate desalting. Aqueous solutions of
ammonium acetate are typically used for native MS. Proteins prone to precipitation are
sometime challenging to analyze under these conditions. However, highly diluted samples can
be used (i.e. UM protein concentrations), reducing aggregation risk and sample consumption.

A large amount of evidence suggests that the extent of protein ionization under
electrospray conditions is strongly affected by structural compactness at the moment of
transfer from solution to the gas phase [99]. Thus, protein charge-state distributions (CSDs)
by native-MS can deliver important structural information. The higher the structural
compactness, the lower the average net charge will be for each protein conformer populating a
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given molecular ensemble [100] (Figure 9A). This observation has been rationalized by the
influence of native-like intramolecular interactions on the protonation propensity of ionizable
sites [101, 102]. These structural features, including zwitterionic configurations, contribute
lowering net charge of folded proteins in the gas-phase and preserving native-like structures.
Simulations support this conclusion even when proton mobility is allowed for [103, 104].

CSDs can be deconvoluted by Gaussian-fitting procedures, upon transformation from
x=m/z7 to x=z of the abscissa axis (Figure 9B) [105]. The average charge state of each
component yields an estimate of the solvent-accessible surface area (SASA) for each resolved
protein conformer (Figure 9C) [106-109]. Such a charge-to-SASA relation seems to hold
regardless of protein size and protein conformational state, offering a link to a quantitative
structural parameter that can be used as a constraint for computational modeling of
conformational ensembles [110, 111]. A SASA-based compaction index has been developed
to compare the extent of compaction in polypeptide chains of different length and to provide a
continuous, quantitative parameter for IDP classification [112].

Ion mobility (IM) spectrometry is a separation technique that is increasingly used in
combination with mass spectrometry (IM-MS) to analyze conformation of desolvated analyte
ions, including macromolecules [113, 114]. The mobility of an ion is a measure of its velocity
in a neutral buffer gas under the influence of a weak electric field. The number of collisions
with the gas, together with the charge and shape of the ion, leads to an arrival time
distribution, which can be used to determine the rotationally averaged collision cross-section
(CCS) of the selected ion. The CCS serves as an indicator of the shape of the molecule in the
gas phase [113]. Thus, this technique adds a second dimension to the ion sorting process
inside a mass spectrometer, increasing resolution and yielding the two different descriptors
m/z and CCS, for each isolated ion. ESI-IM-MS allows resolving possible conformational
heterogeneity even within a given charge state.

ESI-IM-MS is a useful tool for the structural investigation of IDPs and their non-
covalent complexes [113]. Although normally folded proteins have been shown to retain
solution-like structures upon ESI, IDPs can undergo even dramatic structural rearrangements
in the gas phase [115-118]. Nonetheless, folding-upon-binding events have been detected,
showing good consistency with CSD analysis and solution spectroscopy data. One example is
provided by a-synuclein binding to dopamine and epigallocatechin-3-gallate, two small
molecules inhibiting the fibrillation process through opposite effects in terms of protein
compaction [119]. Analogously, IM-MS allowed documenting conformational transitions
towards more compact states in p5S3 and MDM2 upon interaction with small ligands [120].

The measles virus Ntai-XD complex exemplifies a challenging type of assembly for
ESI-MS, as its interface is characterized by almost exclusively hydrophobic interactions
[111]. Although only a fraction of the complex could be preserved, complex-specific peaks
could be identified and their CSD was found to be bimodal, indicating the coexistence of at
least two distinct conformations in the bound state differing in the extent of structural
compaction. ESI-IM-MS identified distinct components, providing CCS values to filter
structural models of the complex obtained by computational simulations. The results
highlighted a large conformational freedom of the Ntan. moiety when bound to XD and
unveiled that not only the main interface, but also the neighboring, disordered appendages are
dominated by hydrophobic interactions [111].
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ESI-IM-MS combined with molecular dynamic simulations has also been applied to
investigate the conformational heterogeneity of isolated domains from yeast and human
cyclin-dependent kinase inhibitors (Sicl and p27, respectively). Molecular-dynamics
simulations in water gave results consistent with the distribution of SASA values derived
from CSDs for the Sicl KID domain [110] but failed to sample compact conformers for the
p27 QT domain detected by IM, unless step-wise water evaporation was introduced in the
simulation protocol [117]. These results suggest that even major structural rearrangements of
highly disordered polypeptides can take place upon desolvation and indicate the need to
account for these effects while interpreting IM data of IDPs. Nonetheless, consistent effects of
charge patterning in IDPs have been captured by IM and solution techniques (such as partial
proteolysis, CD, SEC and SAXS) showing increasing compaction along with increasing
charge clustering in the protein sequence [117].

5.5. Hydrogen-deuterium exchange (HDX) reaction

The HDX reaction gives information on the protection of exchangeable hydrogens
exerted by the protein structure [121]. Exchangeable hydrogens are those bound to
electronegative atoms (not carbon), being continuously shuffled between protein and solvent.
Protection can derive from shielding or hydrogen bonding. The detection of HDX reactions
can be exploited to probe secondary and tertiary structural properties by measuring the rate of
exchange of protonated proteins in D20O. Side-chain exchangeable hydrogens typically
exchange too fast to be structurally informative. Amide protons instead can be effectively
monitored. Those located in a-helices, B-sheets, or buried in the hydrophobic core of a protein
exchange slowly, due to hydrogen bonding [122]. In contrast, hydrogens located in “floppy
loops” on the protein surface exchange much faster [123]. Therefore, fast exchange rates
reflect local lack of ordered structure. Accordingly, amide hydrogens can be used as a
structural probe to discriminate IDRs from regions with inherent structural features. Several
instrumental techniques can be used to detect or to map exchangeable hydrogens. Among
these we will consider NMR, FTIR spectroscopy and MS spectrometry.

NMR can give information about the rates of exchange of both amide and side chain
hydrogens, provided that these have been assigned in the spectrum [124]. This is possible
because 2H nuclei are silent, i.e. they do not give rise to a signal, in contrast to 'H. FTIR
spectroscopy can also be used to monitor HDX by following variations of the vibrational
frequency of the carbonyl C=0 group of the peptide bonds involved in hydrogen bonds [79].

Given the difference in mass between hydrogen and deuterium, MS is an alternative
and convenient approach to monitor HDX reactions. HDX-MS not only allows recognizing
IDPs and IDRs from their typically high exchange rates [125, 126], but also enables
monitoring induced folding [125, 127] and aggregation processes [128, 129]. Sequence-
specific information can be obtained by bottom-up approaches, i.e. digesting the protein by a
protease and analyzing the exchange at the peptide level, or by top-down approaches, i.e. by
subjecting the whole protein to fragmentation and analyzing exchange products at single-
residue resolution [130-132]. Both approaches allow identifying regions of the IDPs that are
engaged in intrinsic structure [133], in folding induced by binding to ligands [31, 134]
(Figure 10A) or partner proteins [135] (Figure 10B), or in amyloid aggregation [128]. HDX-
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MS also enables the peculiar modality of gas-phase isotopic exchange, which can provide
insightful information on the role of solvent on IDP structure [136].

6. Approaches relying on protein labeling and/or site-directed
mutagenesis

Once the prevalently disordered nature of a protein has been ascertained using the
above-described approaches, additional insights into structure and dynamics of IDPs can be
obtained using more demanding approaches that require protein labeling and/or site directed
mutagenesis. Among these, heteronuclear NMR, which relies on isotopic labeling, is an
extremely powerful approach. It gives access to parameters (such as chemical shifts,
secondary structure propensity, relaxation rates, and residual dipolar couplings) that
collectively enable a detailed, quantitative description of the structural and dynamic properties
of IDPs [137]. SDSL EPR spectroscopy and fluorescence resonance energy transfer (FRET)
are two commonly used approaches for the characterization of IDPs. While the former relies
on the covalent grafting of a nitroxide spin label onto a cysteine residue [138, 139], FRET
typically (although not exclusively) relies on the grafting of fluorophores onto selected
protein sites. Less common, though promising approaches are vibrational spectroscopy of
cyanylated cysteines and tryptophan triplet cysteine quenching (TCQ). Both methods require
the presence of a cysteine residue at a desired protein site, and thus entail the need for site-
directed mutagenesis, unless a unique cysteine residue already natively occurs at the proper
site. In addition, TCQ also requires a tryptophan residue to be introduced into a unique protein
site. Consequently, these two approaches, as all those based on labeled proteins, are quite
demanding in terms of experimental set-up and better suited for an in-depth characterization
of IDPs rather than for assessing their disordered state.

6.1. Fluorescence resonance energy transfer (FRET)
Fluorescence resonance energy transfer (FRET) is defined as the non-radiative process

whereby an excited-state donor fluorophore (D) transfers energy to a proximal ground-state
acceptor (A) via long-range dipole coupling. The phenomenon arises from the ability of the
electromagnetic field of the excited oscillator to induce oscillation with the same frequency in
the non-excited oscillator [92, 140]. FRET experiments can be designed by using either
intrinsic chromophores (tyrosines or tryptophans) as donors and extrinsic chromophores as
acceptors, or by using only extrinsic chromophores. Chromophores of the latter type emit
light in the visible region and are covalently grafted to the protein, generally onto cysteine
side chains.

The transfer of excitation energy between the donor and the acceptor occurs only
provided that: i) the absorption (excitation) spectrum of the acceptor overlaps with the
emission (luminescence) spectrum of the donor; ii) the donor and the acceptor are in close
proximity of each other (i.e. the distance must not exceed a few dozens of A); iii) the donor
has a sufficiently high quantum yield; iv) the donor and the acceptor have a mutual spatial
orientation compatible with an effective energy transfer.

FRET can be used as a “molecular ruler” to measure distances between the donor and
acceptor. In fact, the efficiency of energy transfer, E, from the excited donor, D, to the non-
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excited acceptor, A, located at a distance r from the donor is determined by the Forster
equation [140]:

_ ¢
E(r) = RS§+16
where R, is the Forster radius, i.e. the characteristic donor-acceptor distance that results in a
transfer efficiency of 50%. The mean distance between dyes can be estimated from the mean
FRET efficiency. If the donor and the acceptor are grafted both on the same polypeptide
chain, then intra-molecular FRET can be measured.

From the above description it is quite obvious that FRET is a rather complex
technique that requires the use of labeled proteins and dedicated equipment.

As already discussed for data provided by SAXS, it should be kept in mind that, since
IDPs are extremely heterogeneous systems, describing them by a single, averaged parameter
is poorly informative. Single-molecule approaches are convenient tools to resolve
heterogeneity and to avoid the complications arising from ensemble averaging [141, 142].
Single-molecule FRET is an attractive method for probing long-range distances and dynamics

(Eq. 18)

in IDPs, because its sensitivity range (12 to 10 nm) corresponds well to the typical
intramolecular distances of polypeptide segments from tens to hundreds of residues [143].
Thanks to the fact that the molecules are observed individually, structural heterogeneity can
be resolved provided that the various conformations differ in transfer efficiency and that their
interconversion dynamics are sufficiently slow, compared to the time resolution of the
measurement. Therefore it is possible to single out the properties of folded and unfolded
proteins co-existing and freely diffusing in the same solution, provided that the distinct
subpopulations differ in their transfer efficiency and that they interconvert on a timescale
slower than approximately a millisecond, the typical diffusion time through the confocal
volume [143]. In this case, the unfolded state can be investigated without overlap from the
signal of folded molecules. To further solve the conformational heterogeneity within the
unfolded state ensemble, polymer-physical models (such as Gaussian chain, worm-like chain,
excluded volume chain or a weighted Flory-Fisk distribution), which are meant to reflect the
underlying chain statistics, can be used to obtain appropriate distance distributions.

The combination of FRET with nanosecond fluorescence correlation spectroscopy
(nsFCS) allows probing the reconfiguration dynamics of IDPs. From the measured decay time
of the fluorescence correlation curves, the diffusion coefficient, D, which determines the
relaxation time, can be obtained. This relaxation time corresponds to the reconfiguration time,
7r, of the chain segment between the two dyes.

Single-molecule FRET measurements can be carried out under a variety of
experimental conditions. The changes in transfer efficiency induced by variations in the
experimental conditions can be used to extract information on the corresponding changes in
chain conformations. Using polymer-physical models, one can infer the underlying distance
distributions, and the latter can be used to quantify the dimensions of the polypeptide chains
in terms of either mean-squared intramolecular distances or R of the segments separating the
donor and acceptor fluorophores. Typically, in IDPs the FRET efficiency increases in the
presence of crowding agents, ligands and partner proteins [144] (Figure 11).

In FRET measurements, the donor and the acceptor can also be grafted individually
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onto two distinct polypeptide chains, thereby allowing inter-molecular distances to be
measured. In this case, it is possible to monitor binding events. Borgia and co-workers have
recently used this approach to investigate the interaction between Prothymosin o and histone
H1, two prototypic small IDPs of opposite electrostatic charge [145]. Through the generation
of a set of variants of both proteins bearing each a single fluorophore grafted at different
positions along the IDP sequence, they could probe various combinations of interacting sites
on the two proteins and came up with a picture whereby the two proteins form an extremely
disordered, though ultrahigh-affinity, complex [145].

FRET studies based on extrinsic fluorescent probes suffer however from possible
labeling heterogeneity, structural alteration of the proteins resulting from the labeling per se
(including protein compaction [146]), and perturbation of the binding process, due to the large
size and hydrophobic nature of the fluorescent labels typically used in these studies. This can
lead to possible discrepancies with respect to measurements that do not rely on the grafting of
probes (for an example see [147]).

The combined use of tryptophan as donor and of nitrated tyrosine (which has maximal
absorbance at ~350 nm, and does not emit light) as an energy acceptor in FRET allows
overcoming some, if not all, these limitations. For these experiments, tyrosine residues have
to be converted into their nitro-form, Tyr(NO»), by reaction with tetranitromethane. The
decrease of tryptophan fluorescence in the presence of Tyr(NO;) provides a measure of the
average distance between these residues. The approach can be used both to investigate the
unfolded state of proteins [148] as well as protein-protein interactions [149].

6.2. Vibrational spectroscopy of cyanylated cysteines
Because the IR radiation has a high frequency and because the period of most

molecular vibrations is quite short (tens to hundreds of fs), vibrational spectroscopy should be
particularly useful in providing an accurate description of the conformational distribution of a
dynamic protein. Unfortunately, the overlap in width and frequency of most naturally
occurring protein functional groups makes IR spectroscopy only useful as a probe of global
secondary structure without any site-specific information. The controlled incorporation of
artificial functional groups that absorb in the clear region of aqueous biomolecular IR spectra,
between 1900 and 2700 cm™, provides an excellent means to overcome this limitation.

A simple approach to a vibrationally active artificial amino acid is the cyanylation of
cysteine residues, which converts the cysteine thiol group to a covalently attached thiocyanate
(Figure 12A). Since IDPs are generally depleted in cysteines, the approach often requires the
introduction of a cysteine at selected site by site-directed mutagenesis. Cyanylation of
cysteine residues is achieved through reaction with Ellman’s reagent (Figure 12A). This
method enables the introduction of a site-specific vibrational probe in IDP systems of
arbitrary size (for a review see [150]).

The side chain of a cyanylated cysteine contains a CN group, whose stretching
vibration absorbs at 2155-2164 cm™! in typical protein environments (Figure 12B) [151]. The
frequency of the SCN stretching vibration depends on the hydrogen-bonding character of its
local environment. The frequency undergoes a blue-shift upon accepting a hydrogen bond at
the nitrogen atom [151]. Water-exposed SCN bands are centered at ~2163 cm’!, while SCN
bands in hydrophobic solvents appear at lower frequencies (Figure 12C). Thus, the frequency
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can be used to discriminate between water-exposed and water-excluded environments. As
such, it can be used to document binding events whereby the SCN group becomes buried at an
interface with a partner or a lipid membrane [152, 153]. The SCN linewidth depends on the
picosecond dynamics of its local environment [151], where “local” means a length scale of
only several A, making this vibration a very site-specific probe. The structural dependence of
the linewidth and the sensitivity to water exposure of the frequency make cyanylated
cysteines an ideal probe of structural transitions in IDPs.

Accordingly, the CN stretching band of cyanylated cysteine introduced in an IDP was
shown to successfully report partner-induced structural transitions in two ways: i) via
frequency shift, due to changes in water exclusion, and ii) via lineshape change, due to
dynamical changes associated with structure formation (Figure 12D) [154].

Since the S-bound nitrile moiety is easy to incorporate and sensitive to structural
changes (including order/disorder transitions), and since it has a small size compared to any
other covalently attached probe causing negligible perturbations [153], site-specific
introduction of cyanylated cysteines is expected to become a widely-used approach to map
binding-induced structural transitions in IDPs/IDRs.

6.3. Tryptophan triplet cysteine quenching (TCQ)

TCQ monitors the quenching dynamics of the tryptophan triplet state by a cysteine (or
cystine) located within a polypeptide chain. Although this approach requires the introduction
of a cysteine and of a tryptophan residue, usually achieved by site-directed mutagenesis, it
offers multiple experimental advantages. It utilizes tryptophan phosphorescence instead of
requiring the introduction of large extrinsic fluorophores such as those used in FRET.
Furthermore, the experimentally observed lifetime simultaneously yields two basic
parameters of IDPs. The static tryptophan-cysteine reaction rate constant kr is closely related
to the end-to-end distribution of the polypeptide chain, enabling comparisons with various
theoretical polymer models, such as the random Gaussian or the wormlike chain. In addition,
TCQ provides information about chain dynamics via the diffusive rate constant kp, by which
the ends come into contact. The tryptophan triplet state is quenched by close contact with
cysteine and disulfides (at distances <0.4 nm). After nanosecond ultraviolet excitation of the
unique tryptophan residue to the triplet state, this can contact the cysteine (or cystine) at a rate
kp+ (by diffusion), and either be quenched with a rate ¢ or diffuse away with a rate kp.
(Figure 13). The observed lifetime of the tryptophan triplet state, 1/kops, is

L_fbra_ 1, 1 (Eq. 19)

kobs  akp+ kr ~ Kkp+

where kr=q(kp+/kp-) is the reaction-limited rate and depends on the probability of forming a
contact at equilibrium, kp+/kp-., and on the quenching rate upon contact, g. Because kg is
independent of solvent viscosity () while kp+ is a function of viscosity, kg and kp+ can be
experimentally obtained by measuring ko»s as a function of 5. Plotting 1/k.ss as a function of
viscosity therefore yields 1/kr as the intercept and 1/5kp+ as the slope.

This experimental approach has been used to compare the mean size and internal chain
dynamics of calcitonin-gene-related peptide (CGRP) and amylin (islet amyloid polypeptide,
IAPP), two closely related IDPs of the calcitonin peptide family [155]. End-to-end contact
formation and end-to-end distance data obtained in that study not only contribute to better
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describe these two IDPs but are also extremely useful to validate results from molecular
dynamics simulations of calcitonin family peptides in aqueous solution. TCQ holds promises
for obtaining information on both intra- and intermolecular interactions. Its main drawback
resides in the fact that it is rather demanding in terms of protein amounts (in the mg range). In
addition, experiments have to be carried out in anoxic conditions so as to avoid intermolecular
disulfide formation.

7. In-vivo assessment of disorder

One of the major challenges of structural biology pertains the possibility of exploring
biomolecules in the context of their natural intracellular environment. The viscosity of the
cytoplasm, the macromolecular crowding, as well as the presence of a huge number of
potential interactors can all in fact exert a large impact on protein structure and dynamics.
Characterizing proteins in living cells is even more relevant for IDPs, as one can question to
which extent structural features determined in vitro can be reliably extrapolated to a crowded
cellular environment. Do IDPs, which lack a stable 3D structure in isolation, fold in a cellular
environment? Do interactions of IDPs with partners/ligands characterized under in vitro
conditions bear resemblance to those occurring in the cellular milieu? Do post-translational
modifications cause significant changes in the conformation, dynamics and partner
recognition of IDPs? The recent advent of in-cell spectroscopic techniques has made it
possible to start addressing these important questions.

In-cell NMR spectroscopy has gained popularity since it provides a means to analyze
the conformational and functional properties of proteins inside living cells at atomic
resolution [156]. This emerging technique has been pioneered by the Gary Pielak’s and
Philipp Selenko’s groups (for a review see [157]). In-cell NMR was originally established in
bacterial cells and relied on protein over-expression under conditions of isotopic labeling,
followed by sample analysis in bacterial intact cells [158]. This approach, however, suffers
from the inherent drawback related to the typically high expression levels achieved in
bacteria, which might introduce biases and hence lead to erroneous conclusions. Studies
relying on the introduction, via injection and/or electroporation, of labeled IDPs in Xenopus
laevis oocytes [159, 160] or in other eukaryotic cell types [161] offer an attractive alternative
to overcome this limitation.

The Ben Shuler’s group has recently demonstrated the feasibility of probing protein
dynamics from ms down to the ns regime in live eukaryotic cells using confocal single-
molecule FRET spectroscopy [162]. Following this approach, the authors could determine the
dimensions and submicrosecond chain dynamics of prothymosin o (ProTa), used as a model
IDP. The study relied on the use of recombinant proteins, labeled via the thiol-maleimide
chemistry by organic fluorophores in combination with three different acceptors.
Microinjection was chosen for the introduction of the labeled proteins into cultured eukaryotic
cells. Compared to transfection techniques, such as electroporation and cell-penetrating
peptides, microinjection offered the advantage of enabling reproducible introduction of
sample concentrations in the picomolar to low nanomolar range, with cell remaining viable
beyond the required observation times. In addition, microinjection i) enabled the shortest
delay between protein application and measurement, ii) was compatible with fluorescence
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detection directly after injection, iii) offered the opportunity to inject molecules selectively
into different cellular compartments, and iv) preserved cell adherence, thereby avoiding
problems with positional drift of the cells during measurements. The authors successfully
overcome the major technical limitations, namely design and reproducible delivery of labeled
molecules and background (e.g. cellular) autofluorescence. This study can therefore be
regarded as an asset for an expectedly broad use of in-cell smFRET in a next future.

Karthikeyan and co-workers have recently reported a study of in-cell EPR
spectroscopy, relying on the use of a bioresistant nitroxide spin label [163]. Until recently, the
use of nitroxide-based spin labels for in-cell studies has been hampered by their very short
persistence in the cellular context and by the propensity of the protein—label bond to be
cleaved by endogenous thiols. In this study, the authors designed and synthesized a
maleimido-proxyl-based spin label (M-TETPO) (Figure 14A) that was found to be much
more resistant towards reduction than its tetramethyl analogue, maleimido-proxyl (M-PROX)
(Figure 14B). M-TETPO was found to probe protein dynamics as efficiently as M-PROX.
Most importantly, the extended lifetime of M-TETPO enabled the study of structural features
of a bacterial chaperone in the absence and presence of its binding partner at endogenous
concentration directly inside X. laevis oocytes (Figure 14C). This pioneering study paves the
way towards a broader use of this powerful technique to investigate the behavior of IDPs
inside living cells.

8. Modeling IDPs as conformational ensembles

One of the most challenging aspects in the field of “unstructural biology” [164] is to
improve experimental and computational methods to describe the structural and dynamic
features of IDPs. The representation of IDPs requires the use of models that take the high
entropy of the system into account. The current state of computational methods for studying
IDP structure and dynamics, as well as the major challenges faced in this field were recently
reviewed [165]. Overall, an efficient representation of IDPs can be addressed by building
conformational ensembles. A conformational ensemble consists in a pool of multiple “static”
structures that, together, represent the conformational sampling of the protein under study.
Although an IDP shouldn’t be represented by a fixed number of conformers - as there is
probably infinity of them - conformational ensembles made of a “reasonable” number of
conformers represent the minimum conformational diversity necessary and sufficient to
explain experimental observables. Thus, they shouldn’t be regarded as a precise description of
the conformer population and only as possible, and non-unique, solutions that satisfy the
experimental data. Indeed, describing IDPs as conformational ensembles is a typical ill-
defined problem, in that the number of experimental observables used as constraints is much
lower than the number of degrees of freedom of the system.

The challenge of ensemble approaches is to demonstrate that they provide an accurate
representation of the range of conformations explored by a given protein during its thermal
fluctuations. One of the most important issues is to define the minimal number of conformers
for such ensembles to be relevant. Although much caution should be taken when attempting
generalizations, in most cases 50—100 structures in the final ensemble were shown to suffice
in describing experimental observations [166].
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The second limitation comes from the so-called “non-uniqueness” problem. Different
ensembles can fit experimental data equally well because of the huge discrepancy between the
number of observables and the number of degrees of freedom of a typical IDP. This lack of
information can be however at least partially compensated by combining data from different
and complementary techniques such as SAXS and NMR [167].

Two different approaches are commonly used for generating disordered state
ensembles. The first uses in silico simulations, referred to as ensemble-restrained molecular
dynamics, and the second starts from a pre-defined conformational library that is reduced to a
smaller ensemble.

Ensemble-restrained molecular dynamics simulation consists in a molecular dynamics
simulation in which restraints determined from measurements are used to bias the trajectories.
Thus, the simulated structures converge to conformations that satisfy experimental
constraints. Multiple simulations are carried out in parallel and will converge to a solution
according to biases calculated on averages of all replicas. Molecular dynamics simulations
can provide an accurate representation of IDP conformation and dynamics, provided that
methods ensuring exploration of a broad conformational space are implemented.
Metadynamics is a powerful simulation method that enables enhanced sampling of
multidimensional free-energy landscapes [168]. The complexity of the system (i.e. its degrees
of freedom) is reduced by selecting a few collective variables for its description. Furthermore,
a history-dependent bias is introduced to the potential to prevent resampling of previously
visited states and, therefore, forcing the system to leave local minima and sampling low-
probability states. Metadynamics is an adaptive method, automatically biasing the employed
potential to encourage sampling configurations away from the most visited ones. This
approach has the advantage of not requiring an initial estimate of the energy landscape to be
explored. Its intrinsic limitation resides in the difficulty of choosing appropriate collective
variables for the simulation of complex systems, such as IDPs in solution. Furthermore, the
parameters for the potential correction should be chosen carefully in order to ensure that the
statistics of the population do not depend on them. Enhanced sampling simulations have been
successfully used to describe IDPs as conformational ensembles with good agreement with
experimental data (for examples see [169, 170]).

Although enhanced sampling simulations ensures a broad conformational sampling,
ensemble-restrained molecular dynamics suffers from the high number of restraints that have
to be integrated in order to drive the simulation in the typically large conformational
landscape of IDPs. The minimal and acceptable set of constraints might include both inter-
atomic distances (calculated for example from EPR, NMR, FRET...) and observables
describing the shape of the protein (calculated from SAXS, ESI-MS...). While the amount of
constraints required to achieve model convergence can be decreased by reducing model
complexity, using for example coarse-grained simulation [171], determination of the adequate
number and type of required restraints remains obscure. Thus, ensemble-restrained molecular
dynamics modeling gives no guarantee to achieve a consistent model for any given set of
constraints.

Another option consists in modeling conformational ensembles by selecting
conformers from a pre-defined conformational library sampling an as large conformational
space as possible. The initial pool of structures can be defined from an already existing
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library, computed by molecular-dynamic simulation, or modeled using statistical coil
modeling approaches such as Flexible-Meccano [172], RANCH-EOM [68, 173] or TraDES
[174, 175]. Once the initial pool is generated, a subset of conformers is selected to build
ensembles that minimize the differences between the theoretical data back-calculated from the
ensembles and experimental data. This selection of conformers involves a stochastic search
using either Monte Carlo algorithms, as implemented in ENSEMBLE or Sample and Select
(SAS) [176], or genetic algorithms, such as those used by ASTEROIDS [177] or GAJOE
(EOM) [68, 173].

For SAXS data, programs such as CRYSOL [178] and FOXS [179] are available for
the calculation of theoretical scattering curves for each individual conformer. The back-
calculated scattering curves are then compared to measurements. In this way, it is possible to
select a subset of conformers that, together, fit the actual experimental SAXS data. The fitting
between theoretical and measured values is evaluated using y%. The ¥?is given by:

2 _ _1 yn [Ith(si)_lobs(si)]z

X = n—-1 “i=1 o(sy)

(Eq. 20)

where n is the number of experimental points, 6(s) are standard deviations, I(si) and Lps(si)
are the back-calculated and observed intensities at scattering vector s;, respectively. Modeling
based on SAXS data usually uses y> as minimization function. For values greater than 1, the
lower is % the more relevant is the model. However, y* values lower than 1 only indicate that
the models are equally meaningful, according to both standard deviations on intensities and
SAXS resolution.

Modeling of IDPs as conformational ensembles is required to assess a statistical
description of the system. One can derive many parameters to describe IDPs in the form of
density functions, as long as the experimental technique used to guide modeling is sensitive to
the parameter of interest. While SAXS is sensitive to the Ry and can thus be used to study the
density of this parameter, it fails to describe secondary structure propensities, as the technique
is not sensitive to this parameter. Therefore, even if calculations can be performed on all
parameters, it is extremely important to pay attention to the kind of data used for the
generation of the ensembles, so as to be able to critically estimate whether the parameter of
interest suffers from over-fitting, i.e. if it has been modeled independently from data
restraints.

9. Assessing binding events

Many IDPs undergo a (partial) disorder-to-order transition upon binding to their
partner(s), a process known as “folding coupled to binding”. In many cases the gain of
structure is partial and limited to a region of the IDP that therefore remains conspicuously
disordered after binding, thus leading to a so-called “fuzzy complex” [180]. The extent of
fuzziness can be investigated using a combination of methods [181]. Moreover, several small
molecules have been identified to modulate the behavior of IDPs and most commonly used
techniques to probe these types of interactions were recently reviewed [182]. Although the
detailed description of the various methods enabling the assessment of binding (and folding)
events of IDPs is beyond the scope of this review, we nevertheless would like to briefly
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mention the arsenal of approaches that can be used.

The partner-induced folding of an IDP, irrespective of the underlying mechanisms (i.e.
folding after or before binding), can be detected using any of the different spectroscopic
methods that we have described above. Some techniques, such as far- and near-UV CD, FTIR
SAXS, and fluorescence spectroscopy, allow documenting an overall structural transition
through comparison of measured signals in the absence and in the presence of small ligands,
[31, 64, 183-185] (Figure 4A). When such experiments are carried out in the presence of a
protein partner, the latter contributes to the observed signal. Hence, structural transitions can
be better inferred from comparison between the experimentally measured signal and the
theoretical (i.e. calculated) average spectrum, where the latter corresponds to the spectrum
expected in case no transition takes place. In all cases, the obtained information is global, with
no indication about the specific IDP region(s) involved. The major difficulty lies in extracting
the signal of the folded IDP from that arising from the partner and from the unbound form of
the IDP. The presence of unbound IDP is not necessarily an issue, as the amount of the
uncomplexed form can be minimized (or even zeroed) by increasing the concentration of the
two proteins well above the equilibrium dissociation constant (Kp) (provided that this is
compatible with the requirements of the given technique), as well as by performing titrations.
By contrast, the problem related to the contribution of the partner to the measured signal
persists. Methods that allow only the IDP to be monitored (while the partner remains
invisible) are of course much more powerful. Examples of such methods are heteronuclear
NMR [186], site-directed spin-labeling EPR spectroscopy [187, 188], and HDX-MS [135].
These approaches, in addition, provide site-resolved information and are thus ideally suited to
identify the IDP region(s) involved in structural transitions.

Isothermal titration calorimetry (ITC) is an additional method that can be used not
only to document binding events but also folding coupled to binding processes [189]. Under
specific experimental conditions, ITC allows estimating the extent of folding upon binding as
well as to distinguish between binding mechanisms (conformational selection vs induced fit)
(for an example see [190]).

Regions of IDPs involved in binding can also be identified by generating truncation
constructs and then assessing their ability to interact with the partner. These interactions can
be documented using methods such as isothermal titration calorimetry, surface plasmon
resonance, microscale thermophoresis, and biolayer interferometry that all rely on the use of
purified proteins, although this approach implicitly assumes a mono-dimensional description
of the protein, which may fail to offer an adequate representation of binding sites. A valuable
and attractive alternative to detect protein interactions is provided by protein complementation
assays such as those based on reassembly of split-GFP [6, 181, 191-194] and on proximity
ligation [195-197]. The advantage of these assays resides in the fact that protein interactions
are directly detected in cellula, without requiring prior protein purification.

10. Conclusions

Conformational heterogeneity is an inherent property of IDPs that renders their
characterization extremely challenging owing to the inherent multiplicity of species, which
entails problems of resolution, spectral broadening and averaging.
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Here, we have reviewed a variety of techniques enabling recognition of IDPs that
differ in terms of the information they convey and ease of implementation. In-depth
characterization of the conformational landscape of IDPs can be achieved by combining
computational methods and experimental data, where the latter are used as constraints. Some
issues, such as averaging over collective motions with different timescales, have still to be
solved. Single-molecule approaches are ideally suited to study IDPs as they circumvent the
inherent averaging problem from which all the other approaches suffer [145]. The
combination of different techniques, such as NMR and SAXS for instance, is of course an
additional step toward a more realistic description of IDPs as conformational ensembles, as it
allows limiting data over fitting thanks to the enlarged number of experimental constraints
used to compute the ensemble.

The number of experimentally characterized IDPs is continuously expanding, as are
the methods to investigate them. Among emerging approaches, high-speed single-molecule
atomic force microscopy has attracted attention as a powerful approach for the
characterization of IDPs [198, 199] that also holds promises for their site-resolved
conformational analysis. Any novel original approach will enlarge the repertoire of available
means to depict the structure of these ubiquitous and elusive proteins, thus shedding light on
their peculiar mode of action. We hope that the next years will see the rise of increasingly
more performant and sensitive methods.

Acknowledgments

We wish to thank Sébastien Brier (Institut Pasteur, Unité de Spectrométrie de Masse
Structurale et Protéomique, Paris, France) for generating Figure 10. We are also grateful to
Barbara Zambelli (Bioinorganic Chemistry Lab., Dept. Pharmacy and Biotechnology,
University of Bologna, Bologna, Italy) and Elisabetta Mileo (BIP Lab., CNRS and Aix-
Marseille University, France) for kindly providing us with the data used in Figure 7 and
Figure 14, respectively. A.S. is a recipient of a Ph.D. fellowship from the French Ministry of
National Education, Research and Technology allotted to the Ecole Doctorale des Sciences de
la Vie et de la Santé (Aix-Marseille Université). The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript.

29



Figure Legends

Figure 1. General suggested procedure for the experimental assessment of protein
disorder. The different approaches that can be used to assess protein disorder are herein
summarized. The different techniques are listed from top to bottom according to the suggested
work-flow (see arrows) and from left to right according to increasing complexity (in terms of
both protein and technical requirements). The molecular information provided by each
approach is indicated, as is the information common to all the approaches grouped within the
same box.

Figure 2. Anomalous electrophoretic mobility and protease sensitivity assay. (A) SDS-
PAGE analysis of the intrinsically disordered C-terminal domain of the measles virus (MeV)
nucleoprotein (NtaiL). M: protein molecular-mass standards, / and / stand for low-x and high-
x variants, respectively. The three variants display a different electrophoretic migration
although they possess the same net charge. In addition, none of the variants migrates at the
expected molecular mass. Data were taken from [20]. (B) SDS-PAGE analysis of thermolysin
digestion of Nipah virus Nraw at different time intervals (0, 1 h and 24 h) showing that the
IDP is readily fully digested after one hour of incubation. The protein also displays an
aberrant migration (expected molecular mass: 15 kDa). M: protein molecular mass markers.
Data were taken from [45].

Figure 3. Dimensionless Kratky plots. (A) Three proteins illustrative of three different
conformations. Unfolded protein: TtASR1 [31]; partially folded protein: Hendra virus V
protein [200]; folded protein: Hendra virus XD [201]. (B) MeV Nraw charge permutant
variants, where / and A stand for low-x and high-k variants, respectively. Modified from [20].

Figure 4. Far-UV CD spectroscopy analysis. (A) Far-UV CD spectra of an IDP (e.g. MeV
NraiL. Q499E variant) (at 3.5 uM) in the presence of a 2-fold molar excess of its folded partner
(XD) (violet). The CD spectra of the IDP alone (red) or the folded partner alone (blue), as
well as the theoretical average curve (dark pink) calculated by assuming that no structural
variations occur are also shown. The deviation of the spectrum of the mixture (violet) from
the calculated average spectrum (dark pink) indicates that a structural transition (i.e. a gain of
a-helicity) takes place. Modified from [202]. MRE: mean residue ellipticity (B) 222-200
ellipticity plot modified from [35]. The mean residue ellipticity (MRE) at 222 nm of a set of
well-characterized unfolded, RC-like or PMG-like proteins (from [35]) has been plotted
against the MRE at 200 nm.

Figure 5. Fourier transform infrared (FTIR) spectroscopy analysis. Amide-I absorption
spectrum (continuous line) and curve-fitted spectrum (dashed line) of the intrinsically
disordered Sic142!* truncated variant in D20 solution. The curve fitting of the spectrum as a
linear combination of Gaussian components (dot-dashed lines) is superimposed to the
measured spectrum. The Fourier self-deconvoluted (dotted line) and the second derivative
(continuous bold line) spectra are also reported. Modified from [48].
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Figure 6. Near-UV CD spectroscopy analysis. CD spectra in the near-UV wavelength range
of green fluorescent protein (GFP), of three IDPs (e.g. MeV Nram, MeV PNT and Sicl) and
of their respective GFP fusions. Modified from [203].

Figure 7. Differential scanning calorimetry (DSC) analysis. Temperature dependence of
heat capacity of Bacillus pasteurii UreG (57 puM), followed by DSC in the 10-90°C
temperature range. The theoretical profile for the fully unfolded state is also shown. Modified
from [90].

Figure 8. Intrinsic fluorescence spectroscopy analysis. Fluorescence emission spectra of
HvASRI, an IDP of the ASR family from barley, at 20 °C. The protein concentration was 1
puM in 10 mM sodium phosphate buffer pH 7 supplemented with various concentrations of
ZnSOq. The spectra show a decrease in the intensity of the emission peak with increasing
concentrations of ZnSOs reflecting a metal-induced folding process leading to tryptophan
burying and decreased quantum yield. Modified from [31].

Figure 9. Native mass spectrometry (MS) analysis. (A) ESI-MS spectrum of an IDP
acquired under non-denaturing conditions. The most intense peak of each CSD is labeled by
the corresponding charge state. (B) Deconvolution of the peaks envelope of panel (A) by
multi-Gaussian fitting. A cartoon representative of the conformational compactness of the
conformer labels each component. (C) SASA vs Zay relationship under ESI conditions allows
the estimation of SASA for each protein conformer.

Figure 10. Hydrogen-Deuterium exchange mass spectrometry (HDX-MS) analysis. (A)
HDX-MS analysis of HvASRI1 in the presence of 10% TFE and 2 mM ZnSO4. The relative
fractional uptake was plotted as a function of peptide position for the full-length ASR1
protein, where each color and dot represents a specific time point. The region encompassing
residues 81-115 shows a dynamic behavior, i.e. increasing uptake with time, indicating that
this region is not fully exposed to the solvent and reflecting metal-induced gain of structure
occurring therein. Data were taken from [31]. (B) HDX-MS analysis of the catalytic domain
of the adenylate cyclase toxin from Bordetella pertussis. The relative fractional uptake was
plotted as a function of peptide position for the full-length protein, where each color and dot
represents a specific time point. Regions displaying a dynamic HDX-MS behavior, indicative
of the presence of structured elements, are colored in green, whereas non-dynamic regions are
colored in gray. Data were taken from [135].

Figure 11. Single-molecule FRET spectroscopy analysis and quantification of the
compaction of IDPs by molecular crowding. Representative FRET efficiency histograms at
different concentrations of polyethylene glycol (PEG) 6000 for four IDPs, the N- and C-
terminal segments of human prothymosin-o (ProTa-N and -C), the binding domain of the
activator for thyroid hormones and retinoid receptors (ACTR), and the N-terminal domain of
HIV-1 integrase (IN). Histograms of ACTR and IN in the presence of their respective
interaction partners, NCBD and Zn?**, are shown for comparison. The solid line in all panels
corresponds to fits. The transfer efficiency peaks from molecules lacking an active acceptor
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dye are shaded in gray. The data show an increase in FRET efficiency with increasing
crowder concentration, except for IN that exhibits only a small crowding-induced population
at the transfer efficiency of the folded state. Modified from [144].

Figure 12. Vibrational spectroscopy of cyanylated cysteines. (A) Reaction scheme for the
cyanylation of cysteines. (B) IR absorption spectrum of methyl thiocyanate in water, showing
the CN stretching band of thiocyanate on top of the collective absorption band of H>O. (C) IR
absorption bands in the CN stretching region for methyl thiocyanate in varying mixtures of
tetrahydrofuran (THF) with water illustrating the red shift with increasing hydrophobicity. (D)
Infrared spectra in the CN stretching region for the cyanylated MeV Nrtan. S491C variant in
the absence (black) and presence (red) of the folded partner XD. The addition of the partner
causes an increase in the line width reflecting formation of a-helical structure in the vicinity
of residue 491. Data were taken from [154].

Figure 13. Kinetic scheme of tryptophan triplet quenching by cystine (TCQ) experiment.
The tryptophan is shown in red and the cystine in yellow. The asterisk denotes the excited
form of tryptophan. Taken from [155].

Figure 14. In-vitro and in-cell EPR spectroscopy. (A) Chemical structure of the new
maleimido-proxyl-based spin label (M-TETPO) and of its tetramethyl analogue, maleimido-
proxyl (M-PROX). (B) Reduction profiles at room temperature of M-TETPO (filled circles)
and M-PROX (empty circles) grafted on a cysteine variant of NarJT (Glul19Cys) at 50 uM in
the presence of 4 mM ascorbate in aqueous solution. The EPR amplitude of the central peak
(ho), as observed in CW X-band EPR spectra recorded at room temperature, is plotted as a
function of time. Results show the much higher resistance of the new spin label to reduction.
(C) Inter-label distances distribution for NarJT variant H21C/Q104C labeled with M-TETPO
and M-PROX as inferred from double electron electron resonance (DEER) experiments with
a protein solution at 120 uM (top and middle panels) or with injected X. laevis oocytes. The
inter-spin distance profile obtained in the whole cells is similar to that obtained in vitro,
indicating that the protein retains its dynamic nature in the cytosol and demonstrating that M-
TETPO is efficient in determining inter-spin distances at endogenous concentration inside
cells. Data were taken from [163].
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