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Abstract. Proteins are fundamental biological macromolecules responsible for a wide range of cellular 

functions. Traditionally, a central paradigm linked the amino acid sequence to a unique, ordered three-

dimensional structure that underlies biological activity. While it has long been recognized that proteins are 

not rigid and contain flexible regions necessary for function, it was only in the late 1990s that attention 

turned to intrinsically disordered regions (IDRs) and intrinsically disordered proteins (IDPs)—segments or 

entire proteins that lack stable tertiary structures and exist as dynamic ensembles. To analyse local 

conformations in structured proteins, we developed a structural alphabet, known as Protein Blocks (PBs). 

This tool enables a residue-level description of backbone geometry and has proven effective in 

applications such as structure prediction and the analysis of molecular dynamics simulations. Building on 

this framework, PB analysis was extended to disordered proteins and introduced an entropy-based gradient 

that characterizes regions along a continuum from rigid to fully disordered. This scale represents the first 

model to provide a unified description of structural dynamics, bridging the gap between ordered and 

disordered states. It has been successfully applied in various studies, offering new insights into the 

complex conformational behaviour of proteins. 
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1 Interest in 3D protein structures 

Proteins are macromolecules composed of a sequence 

of amino acids that support most biological functions. 

The three-dimensional (3D) structure of proteins can 

be determined using various experimental approaches, 

including X-ray crystallography, nuclear magnetic 

resonance and cryo-electron microscopy [1]. This 3D 

information makes it possible to understand the 

mechanism of their various functions (in theory) at the 

atomic level [2]. For example, knowing the structure of 

an enzyme with its ligand provides a better 

understanding of the catalytic mechanism. Knowing 

the structure of a transmembrane transporter allows us 

to understand the passage of essential solutes. The use 

of this information in biotechnology or medicine is 

therefore particularly important. For example, knowing 

the structure involved in pathology can be used to 

propose molecules using a drug design approach to 

better propose drugs [3]. 

2  Protein flexibility 

It was clear that proteins are not rigid bodies, but they 

have flexible regions (otherwise they would be just 

inert aggregates without function). From a structural 

point of view, X-ray crystallographic data contain the 

information of B-factors [4]. B-factors or atomic 

displacement parameters) quantify the uncertainty or 

mobility in the position of an atom within a protein 

crystal structure [5]. They are also named temperature 

factors, Debye–Waller factors, or isotropic/anisotropic 

displacement parameters. They correspond to the 

extent to which an atom deviates from its mean 

position due to (i) thermal motion and (ii) static 

disorder within the crystal lattice [6].  

The B-factor belongs to the atomic scattering 

factor; it allows to better understanding the attenuation 

of X-ray scattering at higher diffraction angles [7]. A 

high B factor indicates greater atomic mobility or 

positional uncertainty, which can result from thermal 

vibrations, conformational flexibility, crystal defects or 

even data processing artefacts. Conversely, a low B-

factor indicates rigid, well-ordered regions of the 

protein. They therefore serve as an indicator for protein 

flexibility, i.e. a high value means a flexible position, a 

low value, a rigid position, even if some limitations are 

well known [8,9]. 

B-factors are provided in Å² and are often used 

visually to analyse the protein dynamics [10]. For 

example, on average we can consider that backbone 

atoms in α-helices and β-sheets often show lower B-

factors due to structural rigidity, while loops, termini, 

and solvent-exposed residues typically have higher B-

factors due to increased flexibility or disorder [11]. 

Figure 1A shows the B-factor distribution on 

recombinant ubiquitin-conjugating enzyme (E2, PDB 

2AAK [12]) structure. The central -sheet is associated 

to low B-factor values and so considered as rigid 

(noted R), while some loops are in orange and red as 

associated to low B-factor values and so considered as 

flexible and highly flexible (noted F). As often, -

helices are between both. 

 

Fig. 1. Experimental flexibility. (A) B-factor values of 

recombinant ubiquitin-conjugating enzyme (PDB id 2AAK) 

and (B) NMR structure of N-terminal domain of HTLV-I 

CA1-134 (PDB id 1G03). Examples of regions considered as 

rigid are noted with R, and, as flexible with F. Visualization 

is done using PyMOL software [13]. 

In a similar way, Nuclear Magnetic Resonance 

(NMR) spectroscopy provides information on then 3D 

structure of proteins, but also its flexibility [14]. NMR 

principle relies on the magnetic properties of atomic 

nuclei—specifically nuclei that possess a non-zero 

nuclear spin, such as ¹H (proton), ¹³C, ¹N, and ³¹P. In a 

magnetic field, these nuclear magnets align either with 

or against the field, resulting in discrete energy levels. 

As each type of nucleus and its surrounding electronic 

environment affects the resonance frequency, it gives 

rise to chemical shifts, providing distance constraints. 

These constraints gives potential structural models, 

often more than 20, that all resolve the experimental 

constraints. NMR is particularly powerful for studying 

proteins in solution, preserving their natural 

conformational flexibility [15,16]. Portion with a lot of 

constraint will be considered as rigid, while the regions 

with few would be considered as flexible. Figure 1B 

shows the NMR structure of N-terminal domain of 

HTLV-I CA1-134 (PDB id 1G03 [17]). The authors 

have proposed 20 conformers. As seen, -helices are 

proposed in a very similar way, i.e. they have a lot of 

good restraints and considered as rigid (noted R), while 

a loop is underlined with more flexibility (noted F), i.e. 

less restraints 

3 Protein Disorder 

However, it wasn't until the late 1990s that we began to 

consider protein regions that went beyond the notion of 

flexibility: protein disorder. These regions (or 

sometimes entire proteins) are so dynamic that they are 

associated with undetermined structures [18]. 

Protein disorder, or more precisely intrinsic 

disorder, means that some parts of a protein—or 

sometimes the whole protein—do not settle into a fixed 

3D shape, even under normal conditions in the lab or in 

the body. Instead of folding into a stable structure, 

these proteins or regions stay very flexible and 

constantly shift between different shapes [19]. Through 

several important studies, Vladimir Uversky showed 

that some proteins don’t need a fixed shape to work. 
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This went against the old idea that proteins must have a 

specific structure to function. Instead, he found that 

many proteins work just fine—and sometimes even 

better—when they are completely or partly flexible. At 

the time, this was a ground breaking discovery [20].  

Uversky’s research showed that intrinsically 

disordered proteins (IDPs) and intrinsically disordered 

regions (IDRs) tend to have lots of polar and charged 

amino acids and fewer hydrophobic ones, which 

prevents them from folding into stable structures 

[21,22]. Their simple, repetitive sequences make them 

highly flexible, and despite lacking a compact shape, 

they stay dissolved in water thanks to their surface 

charges and ability to attract water molecules [23,24]. 

Later it was shown that some disorder regions can 

became ordered by interacting with their partner(s), i.e. 

namely disorder to order regions [25-27]. 

 

Fig. 2. IDRs and IDPs. (A) Completed model of the Calf-2 

domain (PDB id 3FCS [28]). The model is represented with 

PyMOL [13]. Strands are in yellow, α-helices in red, and 

loops in green. The two missing regions are coloured in blue. 

(B) Set of constraints imposed on the second missing region 

of Calf-2 (positions 840G-873Q) using Modeller software 

[29]. (C) left, Structural ensemble of PaaA2 antitoxin from 

the human pathogen E. coli O157 with 50 structural models 

(PED00013 [30]), right: five extracted models [31]. 

From a structural perspective, disordered regions 

are therefore associated with unresolved regions (noted 

as missing residues in the PDB structure files [1]). 

Figures 2A and 2B underline the case of Calf-2 domain 

of integrin sub-unit IIB (PDB id 3FCS [28]). A large 

IDR (characteristic of multiple integrins) exist, here 

missing residues are between residues 840 and 873, i.e. 

33 residue length. For analysing it, it must be 

completed, but it is highly complex as all approaches 

try to compact it (as for globular protein), so multiple 

constraints must be added. This difficult is underlined 

on Figure 2B with the need of 7 constraints of 10Å and 

2 extra ones of 20Å to succeed to build with Modeller 

[29] a correct IDR loop [28]. It provides a confident 

IDRs shown in blue of Figure 2A. 

However, there are approaches to determining 

probabilistic ensembles of conformations. In this 

context, the Protein Ensemble Database (PED, 

https://proteinensemble.org/) contains a large amount 

of useful data [30]. These ensembles are calculated 

based on experimental data coming mainly from NMR 

and Small-angle X-ray Scattering (SAXS) 

measurements. Meaningful ensembles might also be 

constructed using Molecular Dynamics (MD) 

simulations. The latest update of September 14, 2023, 

includes 336, 170 for 306 different proteins. Figure 2C 

shows an example taken from PED, namely PED00013 

[31]. It is composed of 50 structural models and 

highlights the high dynamics of the system. 5 distinct 

conformers are also individually shown to underline 

their differences. 

4 Analysis of 3D structures and their 
dynamics 

Pauling and Corey were among the first to predict the 

existence of regular local structures within proteins 

[32]. Two of these, which later became foundational 

elements of protein architecture, are the α-helix and the 

β-sheet [33,34]. The α-helix was shown to be both 

geometrically stable and energetically favourable, 

based on precise structural parameters derived from 

crystallographic studies of small molecules [35]. The 

β-sheet, in contrast, was described as an extended 

arrangement of polypeptide chains stabilized by 

hydrogen bonds between neighbouring strands, which 

could be either parallel or antiparallel [36]. This series 

of landmark publications significantly reshaped the 

understanding of protein structure. 

Over time, the frequent observation of α-helices 

and β-sheets in experimentally resolved protein 

structures led to the establishment of the concept of 

secondary structure, typically divided into three 

categories: α-helix, β-strand, and coil—the latter 

representing regions that do not conform to regular 

helical or sheet patterns [37]. However, this 

classification oversimplifies the true structural 

diversity. Not all helices adopt the canonical α-helical 

form, β-sheets often display considerable variation and 

imperfection, and so-called coil regions are not truly 

random but encompass a range of conformational 

states with functional and structural significance [38-

42]. 

We, like others decided to develop a structural 

alphabet able to approximate (and analyse) every local 

protein conformations, leaving no unassigned residue, 

and using only one type of generic rule. Developed in 

the early 2000s, this method, named Protein Blocks 

(PBs), allows complex three-dimensional protein 

structures to be translated into simplified one-

dimensional sequences composed of a limited set of 

structural prototypes [43]. These prototypes were 

identified through a statistical analysis of backbone 

dihedral angles (ϕ and ψ) from known protein 

structures, resulting in sixteen representative local 

conformations labelled from PB a to PB p. Each PB 

corresponds to a five-residue fragment and captures a 

specific local geometry, including classical elements 

such as helices and strands, as well as more irregular or 
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transitional structures [44]. The 16 PBs (see Figure 3A) 

allows to translate a 3D structure into a series of PB 

letters, providing information as a 1D amino acid 

sequence, but corresponding to 3D information (see 

Figure 3B). 

 

Fig. 3. The Protein Blocks. From left to right and top to 

bottom the 16 Protein Blocks (labelled from PB a to PB p) 

are shown. For each PB, the N-cap is on the left and the C-

cap is on the right [45]. (B) Translation from 3D structure of 

recombinant ubiquitin-conjugating enzyme (PDB 2AAK) to 

Protein Blocks using PBxplore [46]. 

This approach provides a finer level of detail than 

the conventional division into α-helices, β-strands, and 

coils, which often oversimplifies the diversity of real 

protein structures. By encoding structural data as a 

string of PB letters, researchers can more easily 

compare proteins, predict local structure, and apply 

statistical or machine learning methods to structural 

bioinformatics tasks [47-51]. Additionally, Protein 

Blocks offer insight into local conformational 

variability and flexibility, making them a valuable tool 

for analysing structural features involved in protein 

function, dynamics, and evolution [46,52]. 

Originally dedicated to the analysis of 3D 

structures, PBs have been applied to many questions 

such as sequence-based prediction, superposition of 3D 

structures, definition of binding sites, and in recent 

years to the analysis of MD simulation trajectories 

[46]. 

In this context, each snapshot (time) of the protein 

simulation is translated into PBs. It is therefore 

possible to count the type of PB observed at each 

position. Figure 4A shows an example of this type of 

counting obtained with the PBxplore software [46]. A 

red square means that the position was seen 100% of 

the time with this PB assignment, something therefore 

quite rigid. Conversely, in this specific case, the other 

15 PBs will be at 0%, therefore in blue. Figure 4B 

shows the same information using WebLogo software 

[53]. 

For MD, RMSD (Root-Mean-Square Deviation) 

quantifies structural variations during dynamics by 

comparing each frame to a reference structure, i.e., the 

starting frame. For each frame, an average of the 

differences between the reference positions and the 

positions of the current frame is performed in order to 

have an RMSD value per unit of time. The RMSF 

(Root-Mean-Square Fluctuation) is similar to the 

RMSD, by determining the fluctuation of each residue 

following the same principle as for the RMSD, i.e. a 

comparison with a reference. But this time, it is the 

average position of each residue and thus the measure 

of the difference between the current position and the 

average position in order to have a flexibility value per 

position. 

 

Fig. 4. Analysis of Molecular Dynamics simulations. (A) JH1 

apo-pTyr1007 domain Molecular Dynamic simulations [54] 

translated into Protein Blocks [43] and (B) shown with 

WebLogo [53]. 

PB assignments are done for each residue of the 

protein and over every snapshot extracted from MD 

simulations. The equivalent number of PBs (Neq) is a 

statistical measurement similar to entropy that 

represents the average number of PBs for a residue at a 

given position. Neq is calculated as follows [43]: 

 
Where, fx is the probability of PB x. A Neq value of 

1 indicates that only one type of PB is observed, while 

a value of 16 is equivalent to a random distribution. 

 

Fig 5. Analysis of B-factor values. (A) Raw values of B-

factor, (B) B-factor values vs. RMSF values, and (C) B-factor 

values vs. RMSF values. Data taken from [54]. 
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Interestingly, Figure 5 shows the comparison 

between experimental values of B-factors (see Figure 

5A) and other computational measures. The correlation 

between B-factors and RMSF (Figure 5B) never 

exceeds 0.5, and that between B-factors and Neq 

(Figure 5C) never exceeds 0.2. This result is logical 

because both experimental and computational 

approaches have limitations. RMSF is closer to B-

factors because the comparison is global, while Neq 

always remains local and therefore seems very distant. 

This is the interest of Neq; it allows localizing rigid 

regions in very flexible areas, while RMSF can be 

minimal there, as shown in example [52,55-57].  

It is so implemented in PBxplore tool [46] and 

recently in Menger_Curvature [58]. It had been used in 

numerous studies such as integrin [55-57,59], VHHs 

(camel antibodies) [60-67], KISS1R [68], NMAD 

receptor channel [69], CALR [54], JAK2 [54], DARC 

[54,70] or RHD blood group proteins [71-73].  

5 For a first link between order and 
disorder 

With the availability of PBxplore [46], it became easy 

to use PBs to analyse molecular dynamics data. 

However, having no experience and the amount of 

structural data being initially small on IDRs/IDPs, it 

was difficult to tackle it. 

A dedicated database will allow for a better 

understanding of this. Thus, the May 2018 release of 

PED3: Protein Ensemble Database, the database of 

conformational ensembles describing flexible proteins 

[30] included 24 entries describing different IDPs with 

different techniques, i.e. SAXS and NMR, NMR alone, 

SAXS alone and Molecular Dynamics [31,74-83]. 

Each set was encoded using the structural alphabet and 

analysed. The results are compared with the analysis of 

the ordered protein MD simulations previously 

performed (169 proteins) [42,84,85]. 

 

Fig 6. Analysis of PED database. (A) and (B) PED entry 

2AAA, (C) and (D) PED entry 8AAC, with (A) and (C) 

superimposition of structural model ensemble, and (B) and 

(D) Neq values. (E) Neq gradient from order to pure disorder. 

Figures 6A to 6D show two representative 

examples of what was observed. PED entry 2AAA is 

representative of PDIs that are not completely 

disorganised or even very flexible (see Figure 6B). The 

central part of 2AAA is a rigid helix (Neq equal to 1), 

whereas N-terminus and especially C-terminus are 

more flexible (see Figure 6A). The maximum Neq is 

only 7. 

PED entry 8AAC is much more characteristic of 

what we expected, with very high Neq, mostly above 8 

(see Figure 6D), while even individual structures have 

locally constrained conformations (see Figure 6C). On 

average, the observations are predominantly driven by 

rigid local conformations, i.e. a Neq value of 1.0, which 

corresponds to 60% of the residues in the ordered 

globular protein dataset [85] and 58% in the IDP 

dataset [86]. The trends change dramatically for Neq > 

2.0, as only 8% of the residues in the globular protein 

dataset and 36% of the residues in the IDP dataset 

belong to this group. Almost none of the residues in the 

globular protein dataset (i.e. 0.82%) have Neq > 4.0 and 

none have Neq > 8.0, whereas 31% of the IDP residues 

have Neq > 4.0 and 15% have Neq > 8.0. This suggests 

that the entropy index Neq is relevant to the question of 

protein order and disorder, as we previously 

hypothesised [52]. 

Therefore, after visual inspection of each entry (see 

Figure 6E), we decided that a Neq greater than 8 

should be considered fully disordered. By reviewing 

our many previous molecular dynamics simulations 

[52,55,56,84,85], we found that a Neq close to 4 could 

be considered flexible. Extending this simple approach, 

a Neq of 6 can be an intermediate state between high 

flexibility and disorder [87]. It was even used to 

analyse disorder prediction [88]. Since, this result had 

been applied in different cases, the most recent ones 

being the effect of humanisation of VHH [60] and the 

impact of Ruxolitinib drug on Janus Kinase 2 domain 

JH1 [54]. 
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