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ABSTRACT
Introduction: Intrinsically disordered proteins (IDPs) represent a family of proteins that lack secondary 
or tertiary structure. IDPs are hubs in interaction networks, participate in liquid–liquid phase separation 
processes, and drive the formation of proteinaceous membrane-less organelles. Their unfolded struc
ture makes them particularly prone to post-translational modifications (PTMs) that play key functional 
modulatory roles.
Areas covered: We discuss different analytical approaches to study phosphorylation of IDPs starting 
from methods for IDP enrichment (strong acid extractions and heat-based pre-fractionation), strategies 
to enrich and map phosphopeptides/proteins, and mass spectrometry-based tools to study the phos
phorylation-dependent conformational alterations of IDPs (limited proteolysis, HDX, chemical cross- 
linking, covalent labeling, and ion mobility).
Expert opinion: There is a growing interest in IDPs and their PTMs since they are involved in several 
diseases. The intrinsic disorder could be exploited to facilitate purification and synthetic production of 
IDPs taking full advantage of those structural mass-spectrometry-based methods that can be used to 
investigate IDPs and their phospho-dependent conformational alterations. The diffusion and imple
mentation of mass spectrometers with ion mobility devices and electron transfer dissociation capabil
ities could be key-elements for increasing information on IDP biology.
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1. Introduction

The perception that disordered or unstructured regions in pro
teins could have functional roles expanded in the 1990s when 
different studies showed that these amino acid sequences where 
more than just linker regions, providing of the necessary flex
ibility to allow different domains to juxtapose. Recently, Uversky 
and Kulkarni published an interesting chronology of research 
that led to the concept of a function being associated with 
intrinsic disorder [1]. Some relevant examples of the first func
tional evidence of the roles of unstructured protein regions 
regard (i) the yeast alpha 2 protein that relies on the presence 
of an unstructured region to form a complex with MCM1 and to 
bind to an operator [2] and (ii) the p65 subunit of the NF-kappa 
B transcription factor and its disordered C-terminal tail. This was 
demonstrated to be essential for its transactivating ability, work
ing with an ‘induced fit’ mechanism implying a disorder/order 
transition upon binding to specific targets/partners [3]. 
Additional evidences provided by limited proteolysis experi
ments performed on NF-κB pointed in the same direction. 
These indicated how the AB loop of p50, not involved in the 
direct contact with DNA, was readily subjected to proteolytic 
cleavages in the DNA-unbound state, but was highly protected 
upon contact of NF-κB with DNA, thus suggesting a disorder/ 
order transition guided by DNA binding [4]. Evidences of 
a disorder/order transition were also provided by NMR analyses 
of the flagellum-specific sigma factor, sigma 28, and its inhibitor, 
FlgM. The latter undergoes ordering that involves up to 50% of 

its amino acid sequence on binding to sigma 28 [5]. However, it 
was only in 2000 that the term ‘intrinsically disordered proteins 
(regions) – IDP(R)s’ became popular, recognizing the peculiari
ties, unicity, and diffusion of this particular ‘family’ of proteins.

Dunker at al. in 2001 [6] showed that IDP(R)s can be recognized 
based on the amino acid composition and indeed they showed 
that some amino acids are underrepresented in IDP(R)s (W, C, F, I, 
Y, V, L, and N), while others are strongly enriched (A, R, G, Q, S, P, E, 
and K), and proposed to call them order-promoting and disorder- 
promoting amino acids, respectively. In addition, other attributes 
can be exploited to identify the propensity of a protein region to 
be disordered, such as for instance the hydropathy and the net 
charge. All these indications prompted the development of tools 
for the prediction of disordered regions within proteins. To date, 
about 100 such predictors have been developed exploiting differ
ent methods [7], and given the importance of these tools, there 
has been a drive toward the evaluation and comparison of their 
performances [7,8]. The Critical Assessment of protein Intrinsic 
Disorder prediction (CAID) [8] evaluated the performance of 43 
methods for their effectiveness in predicting intrinsically disor
dered regions (IDRs), fully disordered proteins (IDPs), and disorders 
binding regions. fIDPnn (http://biomine.cs.vcu.edu/servers/ 
flDPnn/), SPOT-Disorder2 (https://sparks-lab.org/server/spot- 
disorder2/), RawMSA (https://bitbucket.org/clami66/rawmsa/src/ 
master/), and AUCpreD (http://raptorx2.uchicago.edu/ 
StructurePropertyPred/predict/) were among the top performing 
tools/algorithms [8].
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The importance of IDPs/IDRs is underlined also by the fact 
that several annotated databases for IDPs/IDRs are available, 
each providing different and relevant information [9].

A peculiar property of IDPs is their ability to establish a myriad 
of interactions with nucleic acids (both DNA and RNA), mem
branes, and other proteins, and for this reason, they have been 
defined as networks’ hubs [10]. IDP interaction modalities differ 
on the basis of the specific modules employed: these being 
molecular recognition features (MoRFs), short linear motifs 
(SLiMs), and low-complexity regions (LCRs). MoRFs usually 
undergo a disorder-to-order transition upon binding, and SliMs 
can retain disorder on binding, while LCRs are highly repetitive 
modules with an elevated binding promiscuity [11].

IDP’s interactions are explained by different models: (i) two 
state binding, in which a single module of the IDP interacts 
with a single site on the partners; (ii) avidity, in which multiple 
specific sites on both the IDP and the partner are involved 
with a cooperative effect; (iii) allovalency, in which multiple 
modules on the IDP compete for the same site on the binding 
partner; (iv) fuzzy binding, in which multiple sites on both the 
IDP and the binding partner are present and can establish 
short-lived interactions also at the same moment [12].

It is important to highlight that, since in the fuzzy binding 
modality several interactions occur in parallel, they all contri
bute to a ‘cooperative’ effect that leads to high-affinity inter
actions. However, the fact that disorder is maintained and that 
each single interaction is short lived allows for a higher acces
sibility to the surfaces involved in the interactions, thus mak
ing their modulation by PTMs possible; taken together, these 
features lead to stable complexes that can be easily disas
sembled [8].

This high interactivity has been demonstrated to be key for 
the participation of IDPs in liquid–liquid phase separation pro
cesses that are at the basis of the formation of proteinaceous 
membrane-less organelles (PMLOs). PMLOs are peculiar intracel
lular subdomains (both nuclear and cytoplasmic) formed follow
ing the increase of certain critical factors, temperature 
fluctuations, PTMs, and other alterations. Within these domains, 
proteins and nucleic acids can be stored or different activities can 

be strongly enhanced by providing high local concentrations of 
the factors responsible for these processes/transformations 
[13,14]. Key features of IDPs have been summarized in Figure 1. 
For more details about IDPs, their involvement in LLPS, and their 
PTMs, we suggest a series of recent reviews, particularly focused 
on these specific topics [15–20].

It seems clear that PTMs are strategic for the modulation of 
IDP’s functions and, as a matter of fact, given their high 
accessibility, they undergo a plethora of PTMs [21]. Among 
these, phosphorylation is the most studied and perhaps the 
most relevant modification affecting IDPs’ functions [22].

In this review, we will focus on several technical aspects 
regarding the methods used to study phosphorylation of IDPs, 
ranging from sample preparation and enrichment strategies 
for IDPs, to mass spectrometry-based approaches to map and 
identify phosphorylation sites, and then to the analytical stra
tegies that can be adopted to extrapolate conformational 
information regarding structural alterations induced by 
this PTM.

2. Article body

2.1. IDP enrichment methods

In general, one of the main problems that must be overcome 
when studying specific protein subfamilies is related to the 
wide dynamic range of expression levels. Indeed, very abun
dant proteins quite often mask the detection of those that are 
present at lower levels. Moreover, specifically concerning the 
study of protein phosphorylation, an additional obstacle 
derives from the fact that phosphorylations usually occur at 
sub-stoichiometric levels, therefore making phosphopeptide 
enrichment methods essential (see below). In light of these 
considerations, any strategy that could assist in focusing on 
a specific subset of proteins can help in providing a better 
information coverage. As highlighted in the introduction, IDPs 
have a peculiar amino acid composition that causes them to 
behave differentially from conventionally 3D-structured pro
teins. When a protein with a canonical set of secondary struc
tural elements forming a tertiary structure is exposed to harsh 
conditions (i.e. extreme pH values or high temperature), it 
usually undergoes a denaturation/misfolding process, which 
results in the exposure of the inner hydrophobic residues that 
are normally in the core. This phenomenon triggers an aggre
gation process that ends up with protein precipitation. IDPs 
have a very low content of hydrophobic residues and lack 
stable secondary and tertiary structures and, therefore, when 
exposed to these harsh conditions, do not aggregate or pre
cipitate. This peculiar feature has led to the development of 
two IDP enrichment strategies based on the application of 
high temperature or very low pH values (Figure 2).

Regarding the first strategy, the various proposed protocols are 
comparable. After the extraction of proteins from the biological 
sample of interest, temperatures ranging from 95°C to 100°C can 
be used for either a short time (5 or 10 min) or for a longer period 
(1 h), yielding similar results. Despite the time element, the key 
factor is temperature: heating samples at 60°C for 10 min results in 
lower IDP enrichment [23]. The same method has also been 

Article highlights 

● Intrinsically disordered proteins (IDPs) represent an emerging hetero
geneous family of proteins involved in different diseases;

● IDPs are highly post-translationally modified and phosphorylation is 
key in modulating their functions;

● IDPs can be extracted/pre-fractionated by unconventional methods 
such as strong acid- or heat-based extractions;

● The characterization of IDP phosphorylation can take advantage of 
consolidated phosphopeptide enrichment strategies;

● The conformational role of phosphorylation must be studied with 
non-conventional structural methods such as limited proteolysis, 
hydrogen-deuterium exchange (HDX) mass spectrometry, chemical 
cross-linking mass spectrometry (XL-MS), covalent labeling mass 
spectrometry, ion mobility mass spectrometry (IM-MS), and electron 
transfer dissociation (ETD);

● The spread of mass spectrometers with both IM and ETD capabilities 
would pave the way in boosting the characterization of this family of 
proteins from both a conformational and functional point of view.
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proposed to enrich IDPs starting from plant samples [24]. After the 
heating step, samples can be centrifuged at 4°C for 30 min at high 
speed (from 20.400 g up to 100.000 g) [25,26], or centrifuged after 
cooling on ice for 15 min [23,24,27,28]. This allows heat-unstable 
proteins to precipitate, while IDPs are enriched in the supernatant. 
If required, IDPs can then be precipitated with cold (−20°C) tri
chloroacetic acid (TCA, 20% solution), followed by cold (−20°C) 
acetone, and finally pelleted through centrifugation [23,24,27,28]. 
In mammalian biological samples, this strategy permits to enrich 
up to 69–77% of IDPs [26,27] and up to 80% for enrichment 
performed on nuclear extracts [28]. To underline the reliability of 
this enrichment strategy, it is worthwhile noting that the total 
number of the heat-stable proteins extracted with these proce
dures and identified using high-sensitivity methods are compar
able among the different published works [26,27].

Regarding the second strategy, i.e. the application of very 
low pH values, slightly different protocols have been pro
posed, but the common characteristic is the use of diluted 
(5%) perchloric acid (PCA) solution. PCA can be directly pre
sent in the extraction solution [29] or added to the super
natant after cell lysis [30,31]. In the first case, the solution is 
then frozen (−20°C)/thawed/vortexed (10 s) thrice and centri
fuged at 15,000 g for 10 min. To precipitate acid-soluble pro
teins, the clear supernatant is collected, and cold 
trifluoroacetic acid (TFA) is added to a final concentration of 
33%. Precipitation occurs on ice for 1 h and proteins are 
collected through centrifugation as described previously, 
washed once with 0.2% HCl in acetone, and twice with pure 
acetone. In the second case, the sample is kept on ice for 15 
min after addition of PCA and then centrifuged at 4500 g for 

20 min and the supernatant collected. To precipitate acid- 
soluble proteins, 8 volumes of acetone are added and left at 
−20°C overnight. The use of different acids, like trichloroacetic 
acid (TCA) at different concentrations has been evaluated [30]: 
3% PCA is the minimum quantity to allow for a strong enrich
ment. 5% and 9% PCA do not result in different spot patterns 
on 2D-gels, suggesting that 5% can be considered a suitable 
concentration to perform the enrichment. TCA is less selective 
compared with PCA at the same percentage, but results in 
a different spot pattern on the gels, suggesting that the 
combination of these two extraction methods can increase 
the coverage of the acid-soluble proteins. Cortese and collea
gues, using a small set of already characterized proteins, esti
mated that about 70% of the acid-soluble proteins are IDPs 
[30]. Despite the small sample of proteins considered, this 
percentage is concordant with our analysis performed on the 
154 acid-soluble proteins isolated by Zougman and 
Wiśniewski [29]. Using PONDR software, we estimated that 
74% of these proteins have a percentage of disorder higher 
than 30% (for 55.8% of the proteins, the percentage is higher 
than 50%). Using the same classification of Galea et colleagues 
[23], it turns out that 61.7% of proteins are disordered proteins 
(DPs), 35.1% are folded proteins (FPs) and 3.3% are classified 
as mixed proteins (MXPs), confirming the specificity of the 
enrichment strategy for IDPs.

Comparing heat-based and acid-based enrichment strate
gies, it is clear that there is a relevant difference in terms of 
identified IDPs when using these two methods (about 1300/ 
1400 obtained using the heat-based method versus only 154 
adopting the acid-based one). To the best of our knowledge, 

Figure 1. Main features of intrinsically disordered proteins (IDPs). Intrinsically disordered proteins (IDPs) and intrinsically disordered protein regions (IDPRs) are hubs 
in protein/protein interaction networks. They are characterized by different modules, i.e. molecular recognition features (MoRfs), short linear motifs (SLiMs) and low- 
complexity regions (LCRs) that enable them to interact with other factors using different strategies: two state, avidity, allovalency, and fuzzy. IDPs have a biased 
amino acid composition and this allowed the development of disorder prediction tools that in turn aided the generation of databases of IDPs. The main relevant 
biological aspect of IDPs is that they participate in liquid-liquid phase separation (LLPS) processes thus significantly contributing to the generation of proteinaceous 
membrane-less organelles (PMLOs).
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the work of Zougman and Wiśniewski, published in 2005, is 
the last that attempted to define the so-called ‘unfoldome’ by 
acid-based enrichment; on the other hand, heat-based strate
gies are more recent (2009 and 2022). This difference might be 
explained by the lower sensitivity of the mass spectrometer 
that was used in the first case so that a new investigation of 
the unfoldome derived from acid treatment, using more 
advanced, high-resolution MS systems, should be considered. 
In addition, a comparison between the heat- and acid-stable 
proteins has never been performed. We are convinced that 
this analysis should be conducted to better understand the 
common and different features of the two subsets, which 
could lead to a better characterization of IDPs.

2.2. MS-based structural methods

From a structural point of view, IDPs or IDRs exist as an ensemble of 
interconverting conformers. PTMs, and in particular phosphoryla
tion, can affect this ensemble and in the case of IDPs can modulate 
structural elements and enable conversion into a conformation 
able to mediate a specific biological function. IDPs are indeed 
highly modified in vivo, and in particular, phosphorylation often 
occurs in flexible protein regions [32,33]. The acquisition of 
a distinct conformation by an IDP or IDR can be important to 
determine the function of the protein, such as the involvement 
in a particular cell signaling pathway, its localization, or its degra
dation. For this reason, the structural characterization of conforma
tional changes induced by phosphorylation becomes important. 
Several studies on the structural effect of phosphorylation have 
been reported in the literature [34,35]. Adding a phosphate group 
to Ser, Thr, Tyr, and His introduces a negatively charged moiety in 
the sequence in place of neutral or partially cationic (His) residues. 
In IDPs, this modification can induce intramolecular contacts due 
to specific hydrogen bonds established by the phosphate group or 
to nonspecific electrostatic effects, can stabilize helix dipoles or 
simply provide a novel binding site to phosphoprotein-binding 
domains.

The structural biology of conformational effects induced by 
PTMs, and in particular by phosphorylation, is quite challen
ging. IDPs are not amenable to crystallization and even if the 
disordered region is part of a larger globular arrangement, in 
X-ray structures they result in missing electron density. NMR 
spectroscopy has instead been successfully applied to the in- 
depth characterization of the conformational changes induced 
by phosphorylation on IDPs [35,36].

In this review, we will focus on the possibility to apply 
structural mass spectrometry (MS) methods to the character
ization of the conformational changes that phosphorylation 
induces in IDPs or IDRs. In particular, we provide an overview 
of limited proteolysis (LiP), hydrogen-deuterium exchange 
(HDX), chemical cross-linking (XL), covalent labeling, and ion 
mobility (IM) (Figure 3). All these techniques, which exploit 
mass spectrometry, do not allow the residue-resolution of 
NMR, but have the advantage to analyze proteins under phy
siological conditions, without a molecular mass limit or the 
need of isotopic labeling [37]. Moreover, MS-based techniques 
require only minute amounts of protein, which is an advan
tage in the context of phosphorylated proteins, given the 
difficulty to quantitatively reproduce this modification in vitro 
and to purify the modified protein in sufficient amounts [34]. 
In particular, with in vitro phosphorylation it is challenging to 
obtain a site-specific phosphorylation of IDPs due to the 
accessibility of nonspecific sites that determine an excess of 
phosphorylation [36]. The production of a large protein con
taining intrinsically disordered regions can also be limited by 
its high tendency to degrade and fragment during the purifi
cation procedures [38]. Finally, MS-based techniques allow to 
identify and study the presence of discrete conformers of 
a protein in a conformational ensemble, as is often the case 
in IDPs [39]. In general, structural MS techniques provide 
complementary data that can be combined to unravel the 

Figure 2. Prefractionation strategies for enriching intrinsically disordered pro
teins. Heat- and strong acid-based extraction methods exploit the precipitation 
of non-IDPs (folded proteins) in these harsh conditions (high temperature/low 
pH) to enrich for IDPs that, due to their strong hydrophilic characteristic, remain 
in solution and are then recovered by precipitation using hydrophobic solvents.
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conformational preferences of proteins in an integrative struc
tural approach [40]. In the following paragraphs, we provide 
a concise background of the structural mass spectrometry 
techniques considered for the conformational characterization 
of phosphorylated IDPs and a description of studies in which 
these methodologies were applied.

2.2.1. Limited proteolysis
Limited proteolysis (LiP) exploits proteases to map regions in 
the protein structure that are exposed and flexible or that 
undergo a conformational change in different conditions 
[41,42]. In a LiP experiment, the protein substrate is incubated 
with the protease at very low enzyme to substrate ratios and 
for short times (generally only minutes). Aliquots of the reac
tion mixture are quenched for enzymatic activity at different 
times and analyzed by LC-MS [43]. Mass spectrometry allows 
to measure the accurate mass of the large fragments of the 
protein that are produced after the initial nicking by the 
protease and thus to determine the first sites of hydrolysis in 
the polypeptide sequence. It has been previously demon
strated on several proteins, whose structure was determined 
by NMR or X-ray crystallography, that the first sites of hydro
lysis occur at the level of flexible regions of the protein sub
strates such as those characterized by a high crystallographic 
temperature factor (B value) [44]. The localization in the 

sequence of the sites of hydrolysis is determined, besides by 
the accessibility provided by the conformation of the protein, 
also by the specificity of the enzyme. Generally, a broad- 
specificity protease such as proteinase K is preferred since 
this allows to hydrolyze the protein substrate almost indepen
dently of the sequence. Interestingly, when proteases of dif
ferent specificities are used, they all hydrolyze the protein in 
the same narrow region [45]. In the case of IDPs, LiP can be 
used to identify disordered regions in proteins, but also con
formational changes induced upon binding or due to the 
introduction of PTMs. Since IDPs-IDRs are hydrolyzed very 
rapidly due to their flexible conformation, it is necessary to 
adjust the digestion conditions to map the sites of initial 
proteolysis, for example, by lowering the amount of enzyme 
used. A recent interesting development of LiP is its application 
on a proteomic scale in cell lysates to study structural changes 
induced upon molecular interactions [46]. Drug affinity 
responsive target stability (DARTS) is a method linked to LiP 
in which the target protein of a small molecule is identified 
based on a change in susceptibility to proteolysis upon bind
ing. This possibility is certainly of interest with respect to IDPs 
since it could aid to decipher the conformational changes 
induced in IDPs by the binding of small molecules as well as 
the influence of PTM-induced conformational alterations 
toward the binding of specific drugs [47].

Figure 3. Intramolecular interactions induced by IDP phosphorylation and mass spectrometry–based methods that can be used to characterize conformational 
changes. (A) In this example, phosphorylation of the IDP favors a conformation in which the N- and C-termini establish long range contacts. (B) Limited proteolysis. 
In the phosphorylated IDP, the N- and C-termini of the protein display a higher resistance to protease hydrolysis. (C) Hydrogen – deuterium exchange. After 
phosphorylation, protein regions involved in intramolecular interactions show a slower exchange rate of amide hydrogens with deuterium. (D) Cross-linking mass 
spectrometry. Cross-linkers allow to link two functional groups that after phosphorylation have been placed in close spatial proximity in the structure of the protein. 
(E) Covalent labeling mass spectrometry. After phosphorylation, protein regions involved in intramolecular interactions are not accessible to chemical labeling. (F) 
Ion mobility. The conformational change induced by phosphorylation can be investigated by measuring the collision cross-sectional (CCS) area of the protein.
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2.2.2. Hydrogen deuterium exchange mass spectrometry 
(HDX-MS)
In a typical HDX experiment, the protein sample under 
physiological solution conditions is diluted at least 10-fold 
in the same buffer prepared in D2O, leading to the 
exchange of backbone amide hydrogens with deuterium 
[48,49]. In HDX-MS, the mass difference of 1 Da between 
hydrogen and deuterium allows the analysis of the extent 
of deuterium incorporation upon accurate mass measure
ment of the biomolecule. In a typical HDX workflow, hydro
gens are allowed to exchange with deuterium for different 
incubation times ranging from seconds to hours and the 
reaction is quenched by dilution in ice-cold acid, where the 
labeling rate is slower. The exchange can be monitored by 
MS on the intact protein (global exchange) or at the level of 
peptides produced by digestion of the protein with 
a protease active at acidic pH (local exchange). The rate of 
exchange of backbone amide hydrogens is determined by 
the presence of hydrogen bonding, of local secondary struc
ture, as well as by their solvent accessibility. In the case of 
IDPs, due to the lack of secondary structure, the exchange is 
fast and short deuteration times (milliseconds) are used to 
unravel the ensembles of conformational states that are 
present at the equilibrium under physiological conditions 
[50]. Quench-flow systems [51] or rapid mixing devices [52] 
allow the analysis of HDX exchange on millisecond labeling 
times and thus to study the conformational features of 
disordered regions of proteins.

PTEN (phosphatase and tensin homologue deleted on chro
mosome 10) is a tumor suppressor that can be inactivated by 
mutations in many types of solid tumors. This 47 kDa protein is 
a challenging structural target due to its intrinsically disordered 
C-terminal segment and the conformational heterogeneity 
caused by phosphorylation of its C-terminus. Phosphorylation 
of the intrinsically disordered C-terminal region of the protein 
appears to inhibit the phosphatase activity of the protein and to 
influence its membrane binding. HDX-MS was used to study the 
effect of phosphorylation of the C-terminal tail on the conforma
tional properties of the protein [53]. The results demonstrated 
that phosphorylation at the level of six residues of the disordered 
tail causes a decrease in HDX at the phosphatase active site and 
at the membrane-binding interface of PTEN. These effects sug
gest that upon phosphorylation, the tail establishes a contact 
with these regions of the protein, causing auto-inhibitory inter
actions. Analysis by HDX-MS was also performed on the phos
phorylated form of the protein modified at only four sites 
(instead of six) on the C-terminal tail since experimental data 
indicated that this modified form shows phosphatase activity but 
still lower membrane binding. HDX-MS data confirmed that 
phosphorylation at four sites induces the formation of an inter
mediate state with a reduced protection to HDX at the active site 
of the phosphatase domain. Conformational changes induced in 
PTEN by phosphorylation at four sites of the C-terminal tail were 
also monitored by LiP with trypsin [54], revealing a higher resis
tance to hydrolysis for the phosphorylated form, which is indica
tive of a more structured conformation.

In neuronal cells, the IDP α-synuclein (αSyn) is involved in 
Parkinson’s disease (PD) in which it forms fibrils in Lewy 

bodies (LB) and Lewy neurites (LN). In LB and LN, 96% of 
αSyn is phosphorylated, but the contribution of phosphory
lation in vivo to the aggregation process is still not under
stood [55]. Monomeric αSyn has three characteristic main 
regions: an N-terminal region that is positively charged, 
a central non-amyloid β component (NAC) region that is 
hydrophobic and forms the core of fibrils during aggregation, 
and a negatively charged C-terminus that can bind metal 
ions. As an IDP, αSyn populates an ensemble of conforma
tions in solution. In order to study the effect of phosphoryla
tion of Ser129 on αSyn, HDX-MS was used to unravel the 
protection to HD exchange of the protein after 30 s of incu
bation at 20°C in D2O buffer at pD 7.2 [56]. Upon comparison 
with wild type (WT) αSyn, there was no significant difference 
in exchange due to phosphorylation. However, the same 
experiments were conducted in the presence of calcium 
since cytosolic calcium concentration increases in PD, and it 
was shown that it enhances the aggregation rate of WT αSyn. 
Calcium binds at the level of the acidic C-terminus of the 
protein. In the presence of calcium, in both WT and phos
phorylated αSyn, a difference in HD exchange is observed in 
the central region (NAC region), which becomes deprotected 
and, at the C-terminus that, in turn, shows an increase in 
protection. However, while in phosphorylated αSyn the HD 
exchange of the N-terminus is unaffected by calcium binding, 
under the same conditions in WT αSyn it shows a higher HDX 
rate indicating that it becomes more solvent exposed likely 
due to the disruption of long-range contacts. Since in vitro in 
the presence of calcium phosphorylation lowers the aggre
gation propensity of αSyn, these differences in the level of 
protection of the N-terminus between phosphorylated and 
non-phosphorylated αSyn suggest a role of this region of the 
protein in the aggregation process.

HDX-MS was also applied to the study of phosphorylated 
tau, an IDP that has the physiological role to stabilize micro
tubules in the neuronal axis but that in tauopathies such as 
Alzheimer’s disease is involved in the formation of amyloid 
aggregates, named neurofibrillary tangles (NFT). 
Hyperphosphorylation of tau appears to have a role in the 
pathology, since this modification inhibits the physiological 
function of tau and favors the formation of NFT [57], making 
it important to understand the conformational changes 
induced by phosphorylation. To this aim, hyperphosphory
lated and native tau have been compared by HDX-MS using 
the Time-Resolved ElectroSpray Ionization (TRESI) HDX meth
odology that allows to monitor HDX resulting from labeling 
times between 42 ms and 8000 ms [58,59]. TRESI-HDX kinetics 
indicated that hyperphosphorylation of tau causes the adop
tion of a more extended structure characterized by a general 
increase in deuterium uptake. Measured changes in HDX 
along different regions of the phosphorylated protein were 
rationalized with the observation that hyperphosphorylation 
increases the amyloidogenicity propensity of tau.

2.2.3. Chemical cross-linking mass spectrometry (XL-MS)
In the XL-MS technique, chemical cross-linking of proteins and 
MS analysis are combined to study protein structure and 
interactions. Cross-linking allows to link two functional groups 
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that are in close spatial proximity in the structure of the 
protein or in a protein complex using a bifunctional modifica
tion reagent (cross-linker) with a defined length [60,61]. The 
formation of the covalent linkage between residues can be 
determined by enzymatic digestion of the modified proteins 
and LC-MS analysis of the peptides, often performed after an 
enrichment step of the cross-linked species in order to facil
itate their assignment. The length of the cross-linker works as 
a ‘molecular ruler’ that allows to estimate distances between 
cross-linked residues and it can be used in computational 
modeling to derive protein 3D-structures and map protein 
interfaces [62,63]. XL-MS has been applied to IDPs to charac
terize the ensemble of protein conformations [37]. An advan
tage is that most used cross-linking reagents target lysine 
residues, and these charged residues are often present in 
high number in IDPs and IDRs. IDPs involved in neurodegen
erative diseases were studied by XL-MS with the aim to derive 
model structures of the monomeric protein as for tau protein 
[64] and α-synuclein [65] or to unravel molecular mechanisms 
of aggregation of disease-associated variants as for tau [66].

2.2.4. Covalent labelling mass spectrometry
Covalent labeling of proteins and protein complexes allows to 
obtain structural information by mapping the accessibility of 
certain residues to chemical modification with a modifying 
reagent [67,68]. Again, the location in the sequence of the 
modification can be detected by MS since it determines 
a specific mass addition, while an estimate of differences in 
derivatization can be useful to monitor conformational 
changes between two states of a protein. Several chemical 
probes for protein labeling are currently used. Among these, 
important labeling agents are hydroxyl radicals that react 
preferentially with aromatic, heterocyclic, and sulfur- 
containing amino acid side chains [69]. They are produced 
with different methods including laser-induced photolysis of 
hydrogen peroxide in fast photochemical oxidation of proteins 
(FPOP) [70] and synchrotron radiolysis of water [71]. In FPOP, 
the lifetime of the radicals can be controlled by introducing 
a scavenger, thus allowing to tune the timescale of the experi
ment up to ~1 μs and to monitor the modification only of 
reactive and solvent-exposed residues avoiding over-labeling 
[72]. As an example of application in the field of IDPs, FPOP 
has been used to monitor changes in solvent accessibility of 
amino acid side chain in peptide Aβ1 − 42 during the aggre
gation process [73].

2.2.5. Ion mobility
Ion mobility devices exploit the principle for which molecules 
with the same m/z, traveling in a buffer gas and subjected to 
a weak electric field, move with different velocity as a function 
of the friction they experience. This is strictly dependent upon 
their collision cross section (CCS), i.e. the extent of the surfaces 
colliding with gas molecules [74]. Several ion mobility plat
forms differing in their separation principles are nowadays 
commercially available: TWIMS (traveling wave ion mobility 
spectrometry), DTIMS (drift tube ion mobility spectrometry), 
and TIMS (trapped ion mobility spectrometry) [75]. Regardless 
of the differences between these technologies, all provide the 

possibility to follow a specific m/z value and to visualize the 
different conformations of a protein, as peaks differ from each 
other for their drift time; the higher the drift time, the more 
extended the conformation and vice-versa.

As was previously anticipated, IDPs exist as an ensemble of 
interconverting conformers due to the fact that their folding 
energy funnel landscape is made of several small funnels 
separated by small energy barriers. If these conformers differ 
in their compactness (i.e. CCS) they can be spatially resolved 
and visualized separately by a mass analyzer placed down
stream the ion mobility device.

Ion mobility has been widely used to probe the presence of 
different conformations of IDPs, especially as concerns pro
teins involved in neurodegenerative diseases such as alpha- 
synuclein and tau. Some recent examples regard the effect of 
singly (Na+, K+, and Cs+) versus multiply (Ca2+, Mg2+, Cu2+, 
Zn2+, and La3+) charged metal ions on the αSyn compaction 
[76], the binding and accelerating effect of ScSERF (the 
S. cerevisiae homolog of human SERF and Caenorhabitis ele
gans MOAG) with respect to the αSyn amyloid formation [77] 
and the propensity of different tau isoforms to form oligo
meric complexes [78]. However, notwithstanding the fact that 
IDPs are among the most post-translationally modified pro
teins [32,79–82], very few works focus on the influence of 
phosphorylation on conformational transitions in IDPs.

High Mobility Group A proteins are chromatin architectural 
factors often cited as prototypes of IDPs and characterized by 
a negatively charged acidic tail and three highly positively 
charged DNA binding domains. It was demonstrated by IM- 
MS that the acidic tail was responsible for the presence of 
a compact conformer. Indeed, when a C-terminal truncated 
HMGA form missing the acidic tail was analyzed, IM-MS evi
denced the presence of a slower protein conformation (higher 
drift time) not present in the wild-type form. Since multiple 
CK2 phosphorylation sites are embedded on the HMGAs’ 
acidic tail, the effect of these PTMs was also evaluated and it 
turned out that HMGA phosphorylations were responsible for 
a shift toward a more compact protein conformation [83]. 
Limited proteolysis experiments using Lys-C digestion sup
ported these data, showing that the central region of the 
protein is more prone to hydrolysis in the truncated form 
with respect to the full-length protein, confirming a shielding 
effect of the C-terminal tail on these regions. IDPs are strongly 
enriched in charged amino acid residues and in certain cases 
can be considered as polyampholytes. It has been first shown 
by atomistic Metropolis Monte Carlo simulations that confor
mations of IDPs can be influenced by the linear sequence 
distributions of oppositely charged residues [84] and later, 
taking p27Kip1 as a model, that the extent of linear mixing 
versus segregation of oppositely charged residues influences 
the ion mobility-measured collision cross section and thus its 
conformational distribution [85]. This was exactly the case for 
HMGA proteins; indeed, the three DNA-binding domains and 
the acidic tail represent oppositely charged protein regions 
that can undertake electrostatic interactions. These interac
tions are responsible for the formation of a sort of loop that 
was demonstrated to shield HMGA proteins to the accessibility 
of other HMGAs modifying enzymes [83]. In a recent NMR 
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study, the phosphorylation of HMGA1a was demonstrated to 
strengthen long-range contacts between the C-terminal tail 
and adjacent regions, in agreement with the IM-MS and lim
ited proteolysis results obtained on HMGA2 and further 
demonstrating the impact of phosphorylation on the struc
tural ensemble of IDPs [86]. HMGA proteins are among the 
most post-translational modified nuclear proteins [87], and it 
was demonstrated that phosphorylation at different sites by 
different kinases (CK2 and cdc2) lead to different conforma
tional ensembles and that phosphorylation by CK2 impairs 
DNA binding as corroborated by isothermal titration calorime
try (ITC)-based analyses. These findings support the interest to 
study the effect of phosphorylation on IDPs to explain the 
consequences of this modification on the function of these 
proteins and to support the development of therapeutic 
strategies.

Studying the conformational effects of the molecular twee
zer CLR01 on the tau protein, it was observed an effect of 
phosphorylation toward the compactness of tau/CLR01 com
plex. CLR01 is able to bind to Lys residues, acting as a nano- 
chaperone preventing the formation of oligomers and aggre
gates [88], and it is of particular interest in those neurodegen
erative pathologies characterized by aggregation of specific 
proteins such as the Alzheimer’s and Parkinson’s diseases. 
Since a pathological hallmark of Alzheimer’s disease is the 
accumulation of hyperphosphorylated tau protein [89], the 
effect of phosphorylation on a tau fragment was evaluated 
with respect to the binding of CLR01. Mono- and bi- 
phosphorylated tau fragments were more shifted toward 
a compact conformation with respect to the unmodified frag
ment, suggesting a phosphorylation dependency on the con
formational effect of the molecular tweezer CLR01.

2.3. Phospho-enrichment strategies

Despite the tremendous progresses that phosphoproteomics 
has witnessed in the past 20 years, the study of phosphory
lated proteins remains very challenging. Since phosphoryla
tion is a transient and sub-stoichiometric modification, 
a phosphoproteomic analysis can require up to 100 times 
more material compared to a classical whole-proteome study 
[90]. Protein phosphorylation is one of the most common PTM, 
and indeed, the number of phosphorylation sites that have 
been mapped since the advent of proteomics is extremely 
high. In the PhosphositePlus database (www.phosphosite. 
org) almost 300,000 phosphosites are currently listed, and it 
has been suggested that phosphorylation events might 
involve more than 90% of the expressed proteome [91]. 
However, due to the dynamic nature of this PTM, only part 
of these sites actually exists at a given time [92]. Furthermore, 
among this population, there may be phospho-isoforms that 
differ in the phosphorylation sites as well as in the occupancy 
of each of them [93].

To address this daunting task, mass spectrometry (MS)- 
based approaches have been proven to be the most appro
priate. Standard methods are based on the complete digestion 
of the proteins into peptides with the use of specific pro
teases. The limited dynamic range of the current instrumenta
tion, however, still represents a major obstacle in the 

identification of the sub-stoichiometric phosphopeptides in 
shotgun experiments [94]. Conventionally, in these experi
ments, the mass spectrometer operates in a data-dependent 
acquisition (DDA) mode. The consequence is that only the 
most abundant peptides are selected for the MS/MS scans, 
while the low abundant ones are generally lost. Data- 
independent acquisition (DIA), in which all peptides present 
in a predetermined m/z window are selected and co- 
fragmented, has emerged as a powerful alternative to DDA, 
but it has not yet been broadly applied to protein phosphor
ylation analysis, because of the difficulties in implementing 
the workflow and the necessity of a reference spectral library 
[95,96]. A notable example of the application of DIA-MS to 
a phosphoproteomic study is the work of Bekker-Jensen et al. 
[95]. These authors included a phosphorylation localization 
algorithm in the DIA computational workflow that allows the 
profiling of phosphoproteomes in a robust and reproducible 
manner, without the need for experiment-specific spectral 
libraries. Moreover, very recently, a comprehensive study com
paring several software tools and workflows for DIA applica
tions has been published [97]. Using specifically designed 
benchmark data, the authors compare the performance of 
several DIA software packages for proteomics and phospho
proteomics, highlighting the very good performance of some 
of these tools also with in-silico generated libraries, therefore 
without the need for building experiment-specific spectral 
libraries.

In any case, to correctly identify the low abundant phos
phoproteins, improve the coverage, and determine the locali
zation of the modifications, a prior enrichment step is often 
required to reduce the complexity of the samples [93,96]. 
Enrichment strategies, commonly performed at the peptide 
level, can be divided into different categories. Some of the 
most commonly used techniques are based on chromatogra
phy and involve the interaction with metal ions (IMAC), metal 
oxides (MOAC), or with hydrophilic resins (HILIC). Alternatively, 
immunoprecipitation with specific antibodies can be per
formed. Other, less established protocols are based on the 
chemical derivatization of phosphate groups.

In the following paragraphs, we provide a brief description 
of the most popular strategies that can be used in MS-based 
phosphoproteomics, as a standard and well-accepted proce
dure is still lacking.

2.3.1. Chromatographic techniques
2.3.1.1. Strong Cation Exchange (SCX). SCX, often per
formed prior to MS/MS analysis to pre-fractionate complex 
samples, was first used as an enrichment strategy in 2004 
[98]. At low pH (~2.7), cation exchange columns retain pep
tides with positive charges, which are then eluted with 
increasing salt concentrations. It can be assumed that phos
phorylated peptides are eluted earlier than their non- 
phosphorylated counterparts because their interaction with 
the anionic stationary phase is weaker since the negatively 
charged phosphate groups lower the affinity for the resin. 
Thus, the early-eluting fractions are enriched in phosphopep
tides. The main drawback of the SCX enrichment is its low 
selectivity: peptides with other acidic modifications can be 
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enriched as well, while phosphopeptides with multiple basic 
amino acids can be lost [93]. For this reason, SCX has often 
been applied in combination with other enrichment strategies, 
such as IMAC or MOAC.

2.3.1.2. IMAC. Immobilized metal affinity chromatography 
(IMAC) is one of the most widely used enrichment strategies. 
IMAC relies on the strong affinity between transition metal 
cations (such as Fe3+ or Ga3+) non-covalently immobilized on 
a resin, and the negatively charged phosphate groups [96]. 
IMAC columns can also suffer from low specificity because 
peptides that contain multiple acidic amino acids tend to 
strongly bind to the resin. This problem, however, can be 
reduced by lowering the pH of the buffer below 3 to proto
nate the acidic residues (carboxylic acids have a pKa of ~5), 
while the phosphate groups remain negatively charged (pKa 
~2) [99]. The elution is then conducted at a basic pH (>10).

To date, various IMAC supports for phosphoproteomic ana
lysis are commercially available, and research on new supports 
and materials is actively ongoing. Recently, some very promis
ing new chelating agents and matrices have been developed, 
such as core-shell composite microspheres based on nanodia
mond that can bind titanium ions (Ti4+) and thus be used for 
selective phosphopeptide enrichment [100].

2.3.1.3. MOAC. MOAC (Metal oxide affinity chromatography) 
is another very popular metal-based chromatography method, 
which differs from the IMAC technology for the use of metal 
oxide matrices, such as titanium dioxide (TiO2), zirconium 
dioxide (ZrO2) or magnetite (Fe3O4) [96]. Interestingly, even 
though both IMAC and MOAC have been widely used for 
large-scale applications, different protocols show a modest 
overlap [90]. For example, a comparative analysis of four 
different enrichment protocols (including TiO2 and IMAC 
enrichment) performed in melanoma A375 cells concluded 
that each method allows for the isolation of different fractions 
of the phosphoproteome [101], indicating that the implemen
tation of more sensitive, selective, and reproducible enrich
ment methods is still required. To overcome the diverse 
enrichment preferences of the different methods, several pro
tocols that combine more than one strategy have been devel
oped, such as the Sequential Elution from IMAC (SIMAC 
method) [102].

2.3.1.4. Phos-tag. A popular alternative to these techniques 
is represented by phos-tag molecules. Phos-tag is a binuclear 
metal complex developed by Kinoshita and coworkers that, 
unlike the other methods mentioned, can specifically capture 
phosphate groups at a neutral pH [103], a characteristic that 
makes it particularly suited for the analysis of acidic labile 
phosphoresidues such as histidine and aspartate. Various stra
tegies based on phos-tag derivatives have been applied in 
phosphoproteomics studies, such as Phos-tag polymer beads 
that can be used to perform affinity chromatography [104].

2.3.2. Antibodies-based enrichment
Immunoprecipitation with specific antibodies is another 
method extensively used for the investigation of the 

phosphorylated residues (pTyr, pSer, and pThr). The identifica
tion of phosphorylated tyrosine residues is particularly chal
lenging because of the very low abundance of this PTM in 
proteins. Indeed, p-Tyr residues account for <1% of the total 
phosphorylation events [91]. In this context, specific antibo
dies against p-Tyr residues turned out to be particularly useful 
because the methods discussed so far allow for the detection 
only of a small number of pTyr-containing proteins, in line 
with the lower level of pTyr compared to pSer and pThr [105]. 
To date, pTyr-specific antibodies have been applied in studies 
addressing the role of tyrosine phosphorylation and allowed 
the recovery of thousands of pTyr-peptides with high specifi
city [96]. The main drawback of their usage, apart from the 
cost, is the large amount of biological material required [106]. 
As discussed for the previous strategies, immunoprecipitation 
with pTyr antibodies can also be combined with other techni
ques to improve selectivity and efficiency of the enrichment.

It is worth mentioning that although phosphorylation 
mostly occurs on the canonical sites (Ser, Thr, and Tyr), six 
other residues, namely His, Lys, Arg, Asp, Glu, and Cys, can be 
phosphorylated as well [96]. Various attempts to isolate these 
phosphopeptides have been made, but since they are very 
unstable in the acidic conditions necessary for phospho- 
enrichment and LC-MS analyses they have not been deeply 
investigated; however, current efforts are predominantly 
focused on pHis because of its unique properties [107]. 
Indeed, pHis can act as an enzyme intermediate in the transfer 
of the phosphate moiety to other residues and can exist in the 
form of two isomers that have different reactivity and stability 
[108]. In 2015, the development of monoclonal antibodies 
against each of these isomers [109] helped to accelerate the 
characterization of the pHis phosphoproteome: interestingly, 
in eukaryotic cells, pHis sites tend to be located in unstruc
tured regions exposed to the solvent [110].

2.3.3. General principles of quantitative 
phosphoproteomics
Quantitative phosphoproteomic experiments are generally 
performed using the same methods that are applied for the 
‘classical’ proteome-wide studies, such as label-free quantifica
tion and techniques based on chemical labeling. The removal 
from the datasets of phosphopeptides with a high number of 
missing values has been shown to be important to reduce 
variations and obtain more robust quantifications [111]. 
Moreover, a normalization step is generally required to mini
mize systematic biases introduced in the sample preparation, 
which is often not very reproducible when phosphopeptide 
enrichment methods are applied. However, how to properly 
normalize the abundances of phosphopeptides is one of the 
main issues still associated with quantitative phosphoproteo
mics [112]. Indeed, most of the normalization methods used 
for proteomics data assume that the abundances of the major
ity of the peptides do not vary between the samples, but this 
may not be true in the context of phosphoproteomics because 
there could be global changes in the phosphorylation if 
kinases/phosphates are altered. The normalization could be 
performed using the abundance of the proteins from which 
phosphopeptides were generated, but a pairwise normaliza
tion method has also been proposed, which uses the 
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phosphopeptides identified both in the enriched and in the 
non-enriched samples to adjust the abundance values in label- 
free experiments [112]. Alternatively, PhosR, an R package for 
phosphoproteomic workflow, uses ‘stably phosphorylated 
sites’ (SPSs) to normalize the data and remove unwanted 
variations [113].

2.3.4. Tools for the assignment of phosphorylation sites
It is well known that determining the precise localization of 
the phosphosites within peptide sequences can be very chal
lenging. In fact, the unambiguous localization of phosphoryla
tion sites requires the identification of specific product ions in 
the MS/MS spectra, which can be used to discriminate 
between the possible candidate sites [111]. To address this 
issue several localization tools have been developed: some of 
them, as the Ascore algorithm [114], assign a probability of 
correct phosphosite localization based on the presence and 
intensity of site-determining fragment ions in MS/MS spectra, 
others, as Mascot delta score [115], use the difference between 
the scores of the highest ranked peptide spectrum matches 
(PSMs) to assess the confidence of the localization [116,117].

The popular software MaxQuant (freely available at http:// 
www.maxquant.org/) integrates the PTM-score algorithm, 
while MS Amanda search engine (freely available at https:// 
ms.imp.ac.at/?goto=msamanda) employs as localization score 
the phosphoRS algorithm [118]. The commercial software 
Proteome Discoverer (Thermo Fisher Scientific) can exploit 
both the delta score and the phosphoRS tool to assess the 
confidence in the localization of phosphorylation sites.

In 2020, Locard-Paulet et al. conducted an extensive eva
luation study on the performances of three software suites 
(MaxQuant, Proteome Discoverer, and PeptideShaker), investi
gating different combinations of search engines, PSMs valida
tion strategies, and localization score algorithms [119]. This 
investigation showed that results obtained with different pipe
lines are not easily comparable and highlighted the impor
tance of setting a proper score threshold for each algorithm to 
limit the rate of false localization.

2.4. Electron transfer dissociation for the study of IDPs

Electron transfer dissociation (ETD) is a protein/peptide fragmen
tation process that is substantially different from collision- 
induced dissociation (CID) and higher-energy collisional dissocia
tion (HCD) strategies: while the later accelerate ions so that they 
collide with a neutral gas causing the fragmentation, the former 
uses the transfer of a low energy electron on the polypeptide 
chain in order to initiate a series of molecular rearrangements 
finally leading to fragment generation [120]. CID/HCD fragmen
tation generates b/y fragments (rupture of the amidic C-N bond), 
while ETD causes cleavage of the Cα-N bond of the different 
amino acids, generating c/z fragments. CID/HCD works preferen
tially with 2+/3+ charged peptides that have been generated by 
trypsin, Lys-C, or Arg-C digestion in order to obtain peptides with 
a length of 4–20 residues carrying a positive charge at the 
C-terminus; longer peptides or peptides with a higher charge 
state are not fragmented efficiently. On the contrary, ETD frag
mentation requires only that the charge state is higher or equal 

to 2+ without limitation concerning the enzyme used for gen
erating the peptides [121]. The main problem regarding the 
study of protein/peptide phosphorylation by CID/HCD is the 
preferential loss of phosphoric acid (loss of 98 Da) from the 
phosphorylated S/T/Y residues, implying that the fragmentation 
pattern is dominated by the m/z peak corresponding to the 
neutral loss of phosphoric acid and that other fragments are 
poorly detectable, thus impairing the localization/mapping of 
the phosphorylation site [122]. This limitation is generic and 
does not apply only to IDPs. However, there are some considera
tions that can be made with respect to the advantages of the 
application of ETD in the context of IDPs:

a. IDPs have a bias in their amino acid content, and
indeed, they are rich in basic residues (K and R) that
are recognized and cleaved by the proteolytic
enzymes preferentially used in proteomics (trypsin,
Lys-C, and Arg-C). This means that when analyzing
IDPs with conventional protocols, there is a higher
probability to obtain low mass peptides or highly
charged ones that are not ideal for the CID-based
PTM mapping process. ETD fragmentation has been
shown to overcome this issue because of the possibi
lity of utilizing ‘middle-down’ proteomic strategies to
obtain sequencing information from longer peptides.
Indeed, it has been adopted to map phosphorylation
and methylation sites in arginine-rich RNA binding
proteins [123,124];

b. ETD provides sequence information also on very long 
peptides/short proteins [125,126]. This aspect is relevant 
especially concerning the mapping of multiple PTMs on 
the same amino acid chain. In the introduction, we have 
underlined that IDPs are heavily post-translationally mod
ified (due to their higher accessibility), thus implying that 
different combinations of PTMs can be present on the 
same protein. Being able to gain information on the 
mapping of different co-existing PTMs is a necessary 
step to comprehend the PTM code, its role in influencing 
the conformational ensemble of IDPs and thus their 
functional implications. Obviously, these considerations 
apply also to non-IDPs, but we believe they are particu
larly relevant for this protein family. An example of the 
utility of ETD for the characterization of coexisting PTMs 
comes from a study on histone H3 [127]. Histones are 
considered to be IDPs [128], and their protruding tails are 
subjected to a myriad of PTMs whose different combina
tions constitute the histone epigenetic code [129]. In 
particular, ETD allowed the identification of 114 different 
combinations of PTMs on histone H3 extracted from 
mouse embryonic stem cells [127].

c. ETD also opens the possibility of obtaining informa
tion at the level of single amino acids upon fragmen
tation of the peptides that have undergone HDX.
Indeed, the electron-driven fragmentation process in
ETD is suitable for HDX experiments since it prevents
intramolecular hydrogen/deuterium migration (hydro
gen scrambling) that, conversely, occurs using CID
[130]. However, there are constraints in the
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applicability of this technique given the requirement 
for multiply charged ions.

d. It has been shown that, in the context of top-down
approaches for the characterization of protein structures 
by electron-driven fragmentation, flexible protein 
regions turn out to be preferentially fragmented with 
respect to those having a well-defined and rigid 3D 
structure [131]. This peculiarity could be of significant 
interest in studying those IDRs that are embedded in 
structured proteins, either to confirm and identify the 
IDRs themselves, or to map phosphorylation specifically 
affecting these regions.

It is worthwhile to underline that instrumentation with ETD 
capabilities was initially confined to costly FT-ICR MS systems 
using the electron capture dissociation (ECD) method and 
then extended to low-resolution tridimensional or linear 
traps. For logical reasons, this limited the applicability of this 
fragmentation technique. Nowadays, however, this limit has 
been overcome, and high-performance orbitrap- and Q/TOF- 
based mass spectrometers are available for ETD experiments.

3. Conclusion

We have presented a brief overview of different strategies that 
can be used to study phosphorylation and its effect on the 
conformational ensemble of intrinsically disordered proteins. 
We believe that the key to approaching to the field of IDPs is 
‘combination.’ Indeed, it is evident that there is no single 
method or analytical tool that can overcome all the problems 
intrinsic to IDP analysis. However, the combination of different 
approaches, starting from IDP prefractionation strategies 
(strong acid- or heat-prefractionations), phospho-enrichment, 
and mapping tools to the conformational analysis by limited 
proteolysis, HDX, chemical cross-linking, covalent labeling, ion 
mobility, and ETD can aid in solving functional questions 
regarding IDPs’ phosphorylation.

4. Expert opinion

The field of IDPs is an emerging one, and a deeper under
standing of IDP mechanisms of action would be of consider
able impact on the understanding of the pathological 
conditions they are connected with, also beyond their well- 
established involvement in neurodegenerative disorders, such 
as αSyn and tau for Parkinson’s and Alzheimer’s diseases, 
respectively. It is indeed evident nowadays that IDPs and 
their PTMs are widely involved in a plethora of diseases.

IDPs possess a defining feature, that is the lack of second
ary or tertiary structure. Despite the fact that this characteristic 
has often been considered as a limitation in the understand
ing of their mechanism of action, it is important to underline 
that it allows to adopt less stringent conditions for their 
purification and even to chemically synthesize them (at least 
for those proteins with a relatively low number of amino 
acids). This last possibility is an important strategy to produce 
IDPs with site-specific PTMs. For the same reasons, the pro
duction and purification of recombinant IDPs in bacteria could 
also be less problematic with respect to non-IDPs. We believe 

that these features will bring further improvements to the 
pipeline required to obtain ‘pure’ IDPs. These can then be 
subjected to the conformational studies essential to under
stand their conformational landscapes but can also be used to 
study the role of PTMs in contributing to or driving structural/ 
conformational shifts. In our opinion, one of the main pro
blems is to unravel the function(s) of IDRs found within pro
teins that are otherwise structured to a large percentage, 
because of the well-known limitations in the process of pur
ification of folded proteins.

We are surprised by the fact that many IDPs with well- 
established impact on cell biology have not yet been explored 
by conformational mass spectrometry approaches. For exam
ple, stathmin, cyclin-dependent kinase inhibitors 1, 1C, and 1B, 
eukaryotic translation initiation factor 4E-binding protein 1, 
nuclear protein 1, and PCNA-associated factor are all 100% 
disordered proteins listed in the Disprot database (https:// 
www.disprot.org), whose activity is modulated by phosphor
ylation but that have not been investigated (to our knowl
edge, at least).

We believe that the IDP field will greatly benefit when 
specific technologies, and in particular ion mobility mass spec
trometry, will gain popularity. As a matter of fact, an estimate 
of its limited diffusion can be obtained by a simple PubMed 
search using ‘protein ion mobility mass spectrometry’ as 
query, which returns 1761 entries, while searching for ‘protein 
mass spectrometry’ returns 168,177 results. This means that 
currently, the impact of ion mobility mass spectrometry is 
roughly only about 1% with respect to all the applications of 
mass spectrometry in the protein field.

One of the areas that could reasonably progress in the 
future is the application of ECD/ETD in combination with 
middle-down or top-down approaches to elucidate the com
binatorial PTM code and the cross-talk between different PTMs 
and to obtain relevant information on IDRs and their PTMs 
within structured proteins. Indeed, while the availability of MS 
systems with ECD/ETD capabilities is already a well-established 
reality, there is still an urgent need for the development of 
more robust and efficient tools for middle-down and top- 
down proteomic approaches. In this context, the use of new 
and non-canonical proteases for proteomic studies will prob
ably allow for a deeper and more comprehensive mapping of 
PTMs, also in the field of IDPs.

Furthermore, in the case of the HDX-MS technique, the 
application of ETD/ECD will move it toward a more quantita
tive description of the change in HDX rate at the level of 
single amide hydrogens. This single-residue-resolution HDX 
combined with the possibility to analyze millisecond 
exchange times will open to the possibility of obtaining 
a more detailed description of the conformational changes 
induced by phosphorylation of IDPs. An important develop
ment will also be an improvement of computational tools 
that allow to integrate HDX data with results from other 
structural MS techniques to obtain 3D structural models of 
the conformational ensemble within IDPs and of the confor
mational changes induced by their phosphorylation. Indeed, 
these models can advance our understanding at a molecular 
level of the differences in biological function determined by 
the introduction of PTMs.
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The growing interest in the IDP field, in our opinion, will be 
a stimulus for the optimization of pipelines aimed at the 
generation of synthetic/recombinant IDPs carrying specific 
PTMs. These ‘pure’ proteins will represent powerful tools to 
study conformational changes induced by specific modifica
tions and to elucidate how different combinations of PTMs 
influence the balance of IDP conformational ensembles.

The game changer in the IDP field could be the recognition 
of the essential role played by IDPs in the liquid–liquid phase 
separation process and thus in the organization of proteinac
eous membraneless organelles. This could provide a relevant 
push toward investing in the comprehension of IDP biology.
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