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ABSTRACT 

The malfunction of the Methyl CpG binding protein 2 (MeCP2) is associated to the Rett syndrome, 

one of the most common causes of cognitive impairment in females. MeCP2 is an intrinsically 

disordered protein (IDP), making its experimental characterization a challenge. There is currently 

no structure available for the full-length MeCP2 in any of the databases, and only the structure of 
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its MBD domain has been solved. We used this structure to build a full-length model of MeCP2 

by completing the rest of the protein via ab initio modelling. Using a combination of all-atom and 

coarse-grained simulations, we characterized its structure and dynamics as well as the 

conformational space sampled by the ID and TRD domains in the absence of the rest of the protein. 

The present work is the first computational study of the full-length protein. Two main 

conformations were sampled in the coarse-grained simulations: a globular structure similar to the 

one observed in the all-atom force field and a two-globule conformation. Our all-atom model is in 

good agreement with the available experimental data, predicting amino acid W104 to be buried, 

amino acids R111 and R133 to be solvent accessible, and having 4.1% of α-helix content, 

compared to the 4% found experimentally. Finally, we compared the model predicted by 

AlphaFold to our Modeller model. The model was not stable in water and underwent further 

folding. Together, these simulations provide a detailed (if perhaps incomplete) conformational 

ensemble of the full-length MeCP2, which is compatible with experimental data and can be the 

basis of further studies, e.g., on mutants of the protein or its interactions with its biological partners. 

 

INTRODUCTION 

Methyl CpG binding protein 2 (MeCP2) is a transcriptional regulator essential for growth and 

synaptic activity of neurons1. The malfunction of this protein is associated to the Rett syndrome, 

one of the most common causes of cognitive impairment in females2,3. The MeCP2 gene is X-

linked in mammals. Mutations that affect the protein function were initially thought to be lethal in 

males4, but these are now frequently identified in cognitively impaired male patients5. 
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MeCP2 is an intrinsically disordered protein (IDP), and little is known about its molecular 

architecture during normal cellular processes and in disease6. IDPs are characterized by a low 

proportion of bulky hydrophobic amino acids and high proportions of charged and hydrophilic 

amino acids. Consequently, they cannot bury sufficient hydrophobic core to fold spontaneously 

into stable, highly organized three-dimensional structures; instead, they fluctuate through an 

ensemble of conformations7. The physical characteristics of IDPs makes their structural 

characterization a challenge as these proteins are more sensitive to degradation.  

MeCP2 contains 486 amino acids, is a monomer in solution and is composed of six different 

domains8. Residues 78-162 specifically bind to methylated CpG dinucleotides and have been 

termed the methyl-CpG binding domain (MBD)9. Another functionally annotated region 

corresponds to the transcriptional repression domain (TRD) whose main function is to repress the 

transcription of genes10. Biophysical and protease digestion experiments identified three other 

domains: the N-terminal domain (NTD), the intervening domain (ID) and the C-terminal domain 

(CTD), which can be subdivided into CTD-α and CTD-β8 (Fig. 1).  

  

Figure 1. MeCP2 is composed of six domains: The N-terminal domain (NTD), the methyl-CpG 

binding domain (MBD), the intervening domain (ID), the transcription repression domain (TRD) 

and the C-terminal domain (CTD) which can be subdivided into CTD-α and CTD-β. The only 

available structure1 contains solely the MBD domain, which is the only ordered region in the 

protein. 
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There is currently no structure available for the full-length MeCP2 in any of the protein databases. 

MBD is the only domain for which the secondary structure is known, and it only accounts for 

~17% of the amino acids1; MBD is also the only ordered domain. Circular dichroism (CD) of 

recombinant human MeCP2 has shown that the protein consists of ~35% β-strand/turn, 5% α-helix 

and almost 60% is unstructured2. Characterization of MeCP2 by hydrogen/deuterium exchange 

has indicated disorder in the entire polypeptide chain with the exception of the MBD domain3. 

Further CD studies of isolated NTD, ID, TRD and CTD domains confirmed their lack of stable 

secondary structure4. It has been experimentally demonstrated that the NTD, CTD and TRD 

domains can undergo a coil to helix transition, with the TRD showing the greatest tendency for 

helix formation4. 

To date, two computational studies of MeCP2 have been reported, and both focus on the ordered 

MBD domain only. Kucukkal and Alexov reported comparative MD simulations of the R133C 

mutant and wild-type MBD5, and Yang et al. studied the effects of Rett syndrome-causing 

mutations on the binding affinity of MBD to CpG dinucleotides6. The scarcity of computational 

studies is due to the lack of a three-dimensional structure of the full-length protein. Nevertheless, 

computer simulations have been able to predict the structures of IDPs. For example, using a coarse-

grained model, ab initio simulations of pKID successfully modeled its coupled folding and binding 

to KIX7, and a combination of homology and ab initio modelling provided valuable insight into 

the three-dimensional structures of intrinsically disordered e7 proteins8. In this work, we used the 

known structure for the MBD domain as a starting point with the rest of the protein built by ab 

initio modeling. Using a combination of all-atom and coarse-grained simulations, the folding of 

the full-length MeCP2 and the conformational ensemble it could sample were studied. 
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METHODS       

Ab initio modelling 

Modeller9 version 9.19 was used to build a model for the full-length MeCP2 protein. Using the 

BLAST algorithm10, we searched the UniProt database11 for homologues of MeCP2 with a 3D 

structure. Unfortunately, the only known structures belong to homologues of the MBD domain, 

which accounts for only ~17% of MeCP2 amino acids and whose structure has already been 

determined. Thus, we used the Protein Data Bank 1QK9,1 which contains the MBD domain 

structure, as a template.  Twenty different models were generated with Modeller9. There was little 

variation between the different models and thus the first model was chosen as the starting structure 

for the simulations (Fig. S1). With the aim of having a different starting structure for our coarse-

grained simulations, a second model was built by refining the loops of the first model using the 

loopmodel class in Modeller. There is no structural information on this protein besides its known 

disorder and the structure of the MBD domain, and thus no quality assessment predictors were 

used to evaluate the generated models. The evaluation will come from the data obtained during the 

simulations. 

The AlphaFold12 model for human MeCP2 (UniProt code: P51608) was downloaded from the 

database hosted by the European Bioinformatics Institute (https://alphafold.ebi.ac.uk). Three 

simulations were performed with this model as the initial structure, using the procedure described 

in the next section. 

 

All-atom simulations 
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The following procedure was used in all of the all-atom MD simulations: The initial structure was 

placed in a dodecahedral box in which the distance from the edges of the box to every atom in the 

protein was at least 1 nm. The box was solvated with water and 150 mM of NaCl was added to 

reproduce physiological conditions. Counterions were added to maintain the overall charge 

neutrality of the system. Simulations were performed using GROMACS 2016.313 with the TIP3P 

water model14 and the Amber99SB*-ILDNP force field15. The only exception is the set of five 

replicas for the ID and TRD domains that were run with the CHARMM36IDPSFF force field that 

is parameterized specifically for intrinsically disordered proteins16. This IDPs-specific force field 

has been shown to produce good results when compared to other force fields in a recent study of 

amyloid-β17, an extensively studied IDP. Table S1 contains the details of the all-atom simulations: 

three simulations of Modeller models, three simulations of the AlphaFold model and 12 

simulations of sections of the ID and TRD domains of different lengths. 

Each system was first energy minimized using the method of steepest descents and pre-equilibrated 

in the canonical ensemble, i.e., at constant particle number, temperature and volume, for 100 ps. 

Pre-equilibration was followed by a production run with a time step of 2 fs. The Lennard-Jones 

potential was truncated using a shift function between 1.0 and 1.2 nm. Electrostatic interactions 

were calculated using the particle-mesh Ewald method (PME)18,19 with a real space cut-off of 1.2 

nm. The temperature was set to 310 K with the V-rescale algorithm20 and pressure was kept at 1 

atm using the Parrinello-Rahman barostat21. Bonds involving hydrogens were constrained using 

the Parallel Linear Constraint Solver (P-LINCS) algorithm22.  

Some systems (marked as “resized” in Table S1) were moved into a smaller simulation box after 

an initial run in which the protein became more compact. The final configuration of the initial 

simulation was placed into a new simulation box in which the distance from the edges of the box 
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to every atom in the protein was again at least 1 nm. The new box was solvated with water, 150mM 

of NaCl and counterions. Each new system was energy minimized and pre-equilibrated in the 

canonical ensemble before moving to the production run. All parameters mentioned above were 

kept the same. Trajectory analysis was performed using Gromacs built-in tools13 and 

MDAnalysis23,24.  

Coarse-grained simulations 

The intermediate-resolution implicit solvent coarse-grained protein model PLUM25 by Bereau and 

Deserno was used to further explore the conformational landscape of MeCP2. This model 

represents the backbone with near-atomistic resolution, with beads for the amide group N, central 

carbon Cα and carbonyl group C’. The side chains are represented by single beads located at the 

first carbon Cβ of the all-atom model. The N and C’ beads can hydrogen bond through a directional 

potential which depends on the implicit positions of hydrogen and oxygen atoms within them. The 

PLUM model has been successfully used to study a variety of scenarios such as the aggregation 

of polyglutamine26, β-barrel formation at the interface between virus capsid proteins27, folding of 

transmembrane peptides28, and it has been shown to be able to reproduce the secondary structure 

of small IDPs involved in biomineralization29.  

Simulations using this model were carried out in GROMACS 4.5.513 specifically modified to 

support the PLUM model. All interaction parameters were taken from the original work of Bereau 

and Deserno25. The simulations were run in the canonical ensemble (NVT) with a Langevin 

thermostat with friction constant 𝛤 = 𝜏−1 and an integration timestep of 𝛿𝑡 = 0.01𝜏, where τ is 

the natural time unit in the simulation. The reduction in degrees of freedom removes friction and 
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speeds up the motion through phase space and thus this time unit is not equivalent to the time step 

in an all-atom simulation25. Table S2 contains the simulation details. 

RESULTS 

The all-atom protein is largely unstructured 

A full-length MeCP2 all-atom protein model, henceforth referred to as MeCP2_1, was simulated 

for 1,550 ns. The protein started with an extended conformation (Fig. 2) in order to minimize bias 

towards any particular fold. After an initial simulation of 150 ns, the protein had become more 

compact and it was moved to a smaller box to increase efficiency. Figure 2 shows a drastic decrease 

in the radius of gyration (Rg) during the first 20 ns of the simulation, when it went from 8.35 nm 

to 4.56 nm. Although Rg continued to fluctuate, it never surpassed 5 nm. Moving the protein to a 

smaller box allowed a reduction in the number of water molecules from ~793,000 to ~120,000 

(Table S1). 
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Figure 2. Radius of gyration (Rg) of the full-length MeCP2 in the initial simulation box. The 

protein becomes more compact during the first 20 ns. The inset shows the initial structure. MBD, 

the only ordered domain, is clearly visible. 

 

The protein was then run in the new box for an additional 1,400 ns. The protein remained highly 

flexible; its root-mean-square deviation (RMSD) from the initial structure continued to show small 

fluctuations throughout the trajectory, as expected for an IDP (Fig. 3A). The most populated cluster 

in the last 400 ns of the simulation is largely unstructured with only small motifs of secondary 

structure (Fig. 3B). Shown in Fig. 3B red are the residues with a root mean square fluctuation 

(RMSF) larger than 0.6 nm. Figure 3C shows the RMSF of each amino acid throughout the last 
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400 ns of the trajectory. The residues with the highest RMSF are located in the NTD and CTD-β 

domains, at the opposite ends of the protein, and in two solvent-exposed loops. 

 

Figure 3. All-atom MD simulation of the full-length MeCP2. A) RMSD of the protein in the 

smaller simulation box. B) Most sampled cluster throughout the last 400 ns of the simulation. Red: 

residues with an RMSF higher than 0.6 nm. C) RMSF of the protein throughout the last 400 ns of 

the simulation. The different domains are marked following the color code in Fig 1. 

 

The last 400 ns of the 1,400 ns trajectory were clustered using the method of Daura et al.30 with a 

0.5 nm cut-off. The secondary structure was computed for the most representative structure in each 

of the 11 clusters obtained (Table S3). The weighted averages show that 20 residues had an α-helix 

conformation (4.1%), 113 residues were in β-strands or turns (23.2%) and 338 residues were in 

random coil (69.7%). This is very similar to experimental data of Adams et al., in particular the 

amount of α-helix compared to the experimentally (by CD) determined 4%31. 
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We also computed the secondary structure of the protein throughout the last 400 ns of the 

simulation using DSSP32,33. The secondary structure elements in the MBD domain are very stable, 

appearing in at least 80% of all frames (Fig. 4). Adams et al31 reported the secondary structure for 

the MBD domain on its own to be 10% α-helix, 51% β-strands or turns and 38% unstructured, and 

the NMR structure (PDBid: 1QK91) contains 12% α-helix, 20% β-strands or turns and is 69% 

unstructured. The MBD domain in our simulation had 15% α-helix, 28% β-strands or turns, and is 

57% unstructured. Overall, our simulation is in good agreement with the experimental data. The 

most disordered domains are the ID domain (Fig. S4) and the CTDα domain (Fig. S6). The NTD 

domain has two short β-strands and two helices, with one of them present in 60% of the simulation 

frames (Fig. S3). The TRD domain formed a helix in residues 241 to 244 in 70% of the simulation 

and two β-strands were observed in 6% of the frames (Fig. S5). The residues in the α-helix 

correspond to 4% of the TRD residues and the unstructured residues to 87% of the TRD amino 

acids. This is in good agreement with the 3% of α-helix and 85% of unstructured residues measured 

by Adams et al31. Five helices are observed in the CTDβ domain, with two of them present 80% 

of the simulation (Fig. S7).  

Even though some of the secondary structure elements appeared in only a small fraction of the 

frames, these could become stable upon interaction with another protein, DNA or a small molecule. 

In fact, most domains in MeCP2 can bind to DNA; the MBD domain binds to symmetrically 

methylated 5′CpG3′ pairs with a preference for A/T-rich motifs34,35, an autonomous DNA binding 

domain has been identified in the ID domain36, the TRD domain possesses a non-specific DNA 

binding site31,36 and there is a distinct non-specific binding site for unmethylated DNA in the CTDα 

domain36. 
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Figure 4. Percentage of frames in the last 400 ns of the MBD domain with every type of secondary 

structure. The secondary structure of the MBD domain observed in the MeCP2_1 simulation, 15% 

α-helix, 28% β-strands or turns, and 57% unstructured, is in good agreement with experimental 

data31. 

 

Principal component analysis (PCA) of the trajectory underlines the structural rearrangements 

that the protein undergoes during the first 600 ns of the simulation (Fig. S8A). After this time, 

the protein explores a much smaller portion of the conformational space. In contrast, the TRD 

domain begins to sample more conformational space in the second half of the simulation (Fig. 

S8B).  

The experiments by Ghosh et al.37 showed that the single tryptophan of MeCP2, which is located 

at position 104 in the MBD domain, is strongly protected from the aqueous environment. Using 

the STRIDE web server38, we computed the relative solvent accessible surface area (rSA) of 

residue W104 in the four most populated clusters (Table S4). The first four clusters contain 98% 

of all frames in the last 400 ns simulation. Although there is no consensus on where to set the 

threshold to determine if an amino acid is buried, it is typically set between 10% and 20%39,40. The 

 

  

  

  

  

   

                                               

 
 
  
 
 
  
 
 
  
 
 

              

    

    

    

      

     

      

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 8, 2021. ; https://doi.org/10.1101/2021.11.08.467619doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.08.467619
http://creativecommons.org/licenses/by-nc-nd/4.0/


 13 

weighted average for the four clusters gave a rSA of 8.1% and thus it can be considered to be 

buried inside the protein, in agreement with the experimental data.37 

R133C is one of the most common disease-causing mutations in the MBD domain37. The x-ray 

structure of an MBD-DNA complex has revealed that Arg 133 is involved in the DNA interaction 

surface41, and the study by Lei et al.42 found that this residue, together with Arg 111, forms 

hydrogen bonds with DNA. In order to see if these two residues are solvent accessible in our 

simulation, we computed their rSA (Tables S5 and S6). Residue R111 had a rSA of 12.7% in the 

most populated cluster, which can be considered to be buried. However, this amino acid had a high 

rSA value in the second most populated cluster, giving a weighted average of 20.4%. Therefore, 

this residue is actually solvent accessible. Residue R133 had a weighted average rSA of 53.7% 

and thus is also solvent accessible. Kucukkal and Alexov5 reported an average number of hydrogen 

bonds with water of 1.68 for residue R133 and 0.47 for residue R111 in their MBD-only 

simulations. We obtained an average of 2.96 for R133 and 1.59 for R111 in the last 800 ns of the 

simulation. It is thus evident, that these residues are more solvent accessible when the full-length 

protein is considered. Kucukkal and Alexov5 did not report the total number of salt bridges 

observed in their simulations, however, they reported the loss of two salt bridges (R133-E137 and 

K119-D121) upon mutation of residue R133. We computed all salt bridges in the same manner as 

them, using the Salt Bridges plugin for VMD43. A total of 499 salt bridges were identified but most 

of them appeared in only a small fraction of the frames and only 35 were stable during the last 400 

ns of the simulation (Table S7). Most of these salt bridges occur between the NTD and the MBD 

domains. Salt bridge K119-D121 is only present in very few frames (Fig. S9A). Lys119 formed 

hydrogen bonds with neighbouring residues 115-117 and Asp121 with Lys109 and Arg111. The 

salt bridge R133-E137 can be observed at the beginning of the simulation but is lost in the last 400 
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ns of the simulation. This is consistent with the study by Kucukkal and Alexov5 who observed this 

salt bridge in their 220 ns simulation (Fig. S9B), but it underlines the need for sufficiently long 

sampling times. 

Coarse-grained simulations sample two different conformations 

In order to investigate other possible folds of the protein, we ran four coarse-grained simulations 

using the PLUM model25. Three different configurations were used as starting points: A) the 

structure of the all-atom simulation after 800 ns, B) the initial structure built with Modeller, and 

C) model “B” with its loops refined (Fig. 5).  

 

Figure 5. Coarse-grained simulations of MeCP2 using the PLUM model25. Simulations started 

from three different conformations: The end structure of the all-atom simulation after 1150 ns (A), 

the initial structure built with Modeller9 (B) and structure “B” with refined loops (C). 
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The configuration at 800 ns in the MeCP2_1 simulation (Fig. 5A) was used as the starting point 

for a coarse-grained simulation, henceforth referred to as CG1. Similar to the RMSD in the all-

atom simulation, the RMSD of the protein converges to 3.5 nm but continues to fluctuate. The 

large RMSD value indicates that the overall topology of the structure changed. A cluster analysis 

was used help to identify the differences. 

 

Figure 6. RMSD from the initial structure of the protein (the MeCP2_1 model after 800 ns of 

simulation) in the CG1 PLUM simulation. 

 

We clustered the conformations sampled in the entire trajectory using the method of Daura et al.30 

with a 2.0 nm cut-off. Two main conformations were revealed: 1) a single globule and 2) two 

globules connected by a loop (Fig. 7). The first two clusters had a single globule configuration but 

the third had two distinct globules connected by a loop. In this structure, the connecting loop starts 

at residue 228 and ends in residue 242. A similar conformation can be observed in the eight cluster. 
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The minimum distance between the amino acids of the two globules throughout the simulation 

shows that the two-globule conformation was sampled at the beginning of the simulation, around 

700 ns and at 2,600 ns of simulation. The first two times this conformation was sampled, the linker 

between the two globules was long enough to stabilize it for ~100 ns. In contrast, the two-globule 

conformation sampled at 2,600 ns had a shorter linker and it coalesced into a single globule after 

20 ns. 

 

Figure 7. Minimum distance between the two globules in the CG1 PLUM simulation. A two-

globule conformation is sampled at the beginning of the simulation at 700 ns and once again at 

2,600 ns. The single globule and two-globule conformations have their different domains marked 

following the color code in Fig. 1. 

 

Two different replicas (simulations CG2 and CG3) were run for the model built with Modeller 

(Fig. 5B). Their RMSD converged in the first 200 ns but the simulations were extended to 500 ns 

(Fig. 8A). Since the reference structure for the RMSD calculation is the initial frame i.e., the 
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unfolded structure, a high RMSD value is to be expected. Simulation CG2 sampled conformations 

similar to those observed in the all-atom MeCP2_1 simulation, albeit more compact (Fig. 8B). 

Simulation CG3 collapsed into a globule which appears to be an energetic minimum since the 

system could not sample any other conformations (Fig. 8A). Interestingly, the loop that remained 

solvent-exposed for this entire simulation, spans residues 168 to 201 and corresponds to the ID 

domain (Fig. 1). 

 

Figure 8. (A) RMSD from the initial structure (Modeller model) of the CG2 and CG3 PLUM 

simulations Brown: Most populated cluster in the entire CG3 PLUM simulation. (B) Radius of 

gyration of the CG2 PLUM simulation. Blue line: The average Rg of the MeCP2_1 system. Green: 

The average structure of the most populated cluster in the MeCP2_1 simulation. Magenta: The 

average structure of the second most populated cluster in the last 400 ns of the CG2 PLUM 

simulation. 

 

A fourth coarse-grained simulation (CG4) started from the Modeller model with its loops refined 

(Fig. 5C). Since the starting structure had not been energy minimized, a high RMSD value is to be 
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expected. This simulation sampled two-globule conformations similar to those observed in the 

CG1 simulation albeit with the connecting loop located between residues 161 and 205. 

Interestingly, the location of this loop matches the ID domain (Fig. 1).  The protein underwent two 

main transitions during the simulation. It became more compact during the first 40 ns, it sampled 

two-globule conformations from 40 to 315 ns, and it sampled a single globule for the rest of the 

simulation (Fig. 9). 

 

Figure 9. (A) RMSD from the initial structure (Modeller model with refined loops) and (B) 

minimum distance between the two globules of simulation CG4. The protein becomes more 

compact and at 40 ns (red line) it starts to sample two-globule conformations. After 270 ns (blue 

line) the two globules merge together and a single globule is sampled. 

 

A cluster analysis with the method of Daura et al.30 and a 2.5 nm cutoff of all coarse-grained 

trajectories concatenated found 23 different clusters (Table S8). The first eight clusters contain 

95.3% of all structures sampled. Four of these clusters are single globules and four are two-globule 

conformations. Only the single globule conformations had overlap between trajectories. 
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To further understand the conformational space sampled by all coarse-grained trajectories, we 

performed a single Principal Components Analysis (PCA) on all simulations. Even though each 

simulation sampled different conformations, these get closer to one another over time, when 

projected onto the first two eigenvectors (Fig. 10). This implies that the protein tends toward a 

similar, limited conformational ensemble in all four simulations. 

 

Figure 10. Principal Component Analysis. Projection of all coarse-grained trajectories on the first 

two eigenvectors, each trajectory is depicted with a different colour. Simulations CG2 and CG3 

started from the same conformation. The starting points of all simulations are marked in red and 

the end points in yellow. 

 

All-atom two-globule conformations transition into a single globule 
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Given that the two-globule conformation had only been sampled by the coarse-grained force field, 

new all-atom simulations were run starting from this conformation. Modeller9 was used to generate 

the initial structures via homology modeling. Three templates were used to generate the models: 

One for the first globule (NTD and MBD domains), one for residues in the connecting loop (ID 

and TRD domains) and one for the second globule (CTD domain).  

Model MeCP2_2 was built using the two globules from the most populated cluster with a two-

globule conformation in the first 500 ns of simulation CG1. The first template contained residues 

1-235, the second template had an extended peptide with residues 230-249, and the third one 

contained residues 311-486 from the second globule (Table S9). The peptide used in the second 

template was generated using Pymol44. Using a longer peptide for the second template produced 

single-globule models, with the two globules merged into one and a long loop forming a hoop. 

In order to study whether the secondary structure in the MBD domain would have any impact on 

the stability of the two-globule conformation, we generated another model using an all-atom 

configuration as a template for the first globule. We used the final structure after 400 ns of 

simulation as the first template for model MeCP2_3. The loop in Model MeCP2_2 was used as 

the second template and the second globule (residues 311-486) from simulation CG1 as the third 

template (Table S9). 

Model MeCP2_2 collapsed into a single globule after only 20 ns of simulation and did not sample 

any other conformations, therefore, we did not continue the production run beyond 60 ns. Model 

MeCP2_3 did not dwell into the same local minimum and its production run was extended to 600 

ns. It sampled the two-globule conformation for a longer time but eventually the two globules 

melted into one, albeit with a more extended structure than the previous model and retaining the 
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secondary structure (Fig. 11). It is possible that this conformation was not stable enough because 

the connecting loop was not in a water-soluble conformation. Simulations of the connecting loop 

could help us shed some light on this matter. 

 

Figure 11. RMSD to the initial structure of models (A) MeCP2_2 and (B) MeCP2_3. Green: The 

most populated cluster in each trajectory. Model MeCP2_2 samples two-globule conformations 

during the first 125 ns (blue line), it then undergoes a transition to a single globule. 

 

Comparing all simulations 

Using the PLUMED plugin45 for GROMACS13, we computed the α-helical content of the all-atom 

simulations, as well as acylindricity and asphericity of all simulations. 

The α-helical content was computed by generating a set of all possible six residue sections in the 

protein and calculating the RMSD distance between each residue configuration and an idealized 
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α-helical structure. This is done by calculating the following sum of functions of the RMSD 

distances, 

𝑠 =∑
1 − (

𝑟𝑖 − 𝑑0
𝑟0

)
𝑛

1 − (
𝑟𝑖 − 𝑑0
𝑟0

)
𝑚

𝑖

, 

where the sum runs over all possible segments of an α-helix. This collective variable was first 

defined by Pietrucci and Laio46 and all parameters were set equal to those used in their original 

paper: 𝑑0 = 0.0, 𝑟0 = 0.08 nm, 𝑛 = 8 and 𝑚 = 12.  

Model MeCP2_3 sampled conformations with a wider array of values for both the α-helical content 

and the Rg than the MeCP2_1 simulation (Fig. 12). The trajectory analyzed for this all-atom 

simulation does not include the 150 ns from the bigger simulation box in which the protein 

underwent initial folding. 
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Figure 12. α-helical content of the protein structure vs radius of gyration in the all-atom and two-

globule all-atom simulations. Comparison between the all-atom simulation (MeCP2_1, left) that 

started from an extended structure and the one that started from a two-globule conformation 

(MeCP2_3, right). Orange: Individual measurements of α-helical content. Purple: Individual 

measurements of Rg. 

 

In 1971, Šolc showed that the shape of polymers can be quantified using the eigenvalues (L1, L2 

and L3) of the tensor of gyration47. The symmetry of a polymer, or in this case, of a peptide, can 

be described by asphericity, 

𝑏 = 𝐿1 −
1

2
(𝐿2 + 𝐿3) 

and acylindricity, 

𝑐 = 𝐿2 − 𝐿1. 

Figure 13 shows the results. All simulations sampled similar values; however, the coarse-grained 

simulations sampled a wider array of values. From the four coarse-grained simulations, simulation 

CG1 is the most akin to the all-atom simulations. 
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Figure 13. Acylindricity and asphericity vs radius of gyration in the all-atom, coarse-grained and 

two-globule all-atom simulations. The coarse-grained simulations sampled structures with lower 

asphericity, higher acylindricity and higher radius of gyration than the all-atom simulations. 

Orange: Individual measurements of asphericity and acylindricity. Purple: individual 

measurements of radius of gyration. 

 

The ID and TRD domains are highly flexible 

In order to thoroughly explore the conformations that the flexible ID and TRD domains that form 

the connective loop can sample, all-atom simulations were run on the ID and TRD domains 

(residues 164-310). Five replicas were run with two different force fields: Amber99SB*-ILDNP15 

(simulations A1-A5 in Table S1) and CHARMM36IDPSFF16 (simulations C1-C5 in Table S1), 

using the loop in model MeCP2_3 as the initial structure. 
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Figure 14 shows Rg and end-to-end distance of all structures sampled by the ten simulations. One 

of these simulations sampled very compact structures but the other nine sampled an array of 

structures with end-to-end distances between from 3 nm to 23 nm, and radius of gyration from 2.5 

nm to 6.5 nm. Table S10 shows the most sampled conformations in all ten simulations. Overall, 

the Amber force field sampled more compact structures than the Charmm force field, in agreement 

with previous studies48–50. 

 

Figure 14. Radius of gyration vs end-to-end distance of five all-atoms simulations of the ID and 

TRD domains run with Amber99SB*-ILDNP (A) and CHARMM36IDPSFF (B). The peptide is 

unstructured and can sample a large number of conformations, from compact (low radius of 

gyration and end-to-end distances) to extended structures (large end-to-end distances). Each 

simulation is shown in a different color. 

 

In order to understand the role of length in the connecting loop between globules, we simulated 

the two connecting loops found in the coarse-grained simulations. Two all-atom simulations were 
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performed, one in which the loop spanned residues 228 to 242 (observed in simulation CG1, see 

Table S2), and another with the loop containing residues 161 to 205 (observed in CG4, see Table 

S2). The initial structures were taken from the most representative structure of the two-globule 

conformation in the corresponding coarse-grained trajectory. Modeller9 was used to add the 

missing side-chains and to obtain all-atom structures. The shorter loop (residues 228-242) sampled 

conformations with the radius of gyration lower than 1.5 nm, whereas the longer loop (residues 

161-205) had conformations with the radius of gyration of up to 2.5 nm (Fig. 15).  

 

Figure 15. Radius of gyration vs end-to-end distance in all-atom simulations of the two connecting 

loops found in the coarse-grained simulations. A) Loop with residues 228-242. B) Loop with 

residues 161-205. The shorter loop sampled more compact structures. 

 

Comparing these two simulations with those of the entire ID and TRD domains (Fig. 14) further 

underlines the relationship between the length of the loop and its compactness for these particular 

sequences and range of lengths. The shorter loops observed between the two globules may result 

in insufficient spacing to stabilize the two-globule conformations sampled in the coarse-grained 
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trajectories, which would explain why they eventually merged into a single globule. Moreover, the 

two-globule all-atom simulations may be unstable due to the poor initial conditions of the loop 

generated with Modeller. We hypothesize that a stable two-globule conformation would feature a 

longer separating loop than observed in our simulations. 

 

Comparing the simulations with AlphaFold prediction 

Last year, the field of bioinformatics had a major breakthrough when the deep learning model 

AlphaFold was able to successfully predict the three-dimensional structure of proteins from their 

sequence12. Since then, the model has been used to predict 98.5% of the proteins in the human 

proteome51; all the structures are available to the community in a database hosted by the European 

Bioinformatics Institute (https://alphafold.ebi.ac.uk). Nevertheless, predicting the structure of 

IDPs remains a challenge, as the vast number of low and very low confidence regions from the 

structures predicted by AlphaFold overlap with regions predicted to be disordered52. 

The model we built with Modeller9 (MeCP2_1) has the N- and C-terminal ends extended into the 

solvent, and its radius of gyration is large (8.4 nm). In contrast, the model predicted by AlphaFold12 

is much more compact (𝑅𝑔 = 4.9 nm) and with an overall spherical shape (Fig. 16). The per-residue 

confidence score (pLDDT) of almost all residues is either low or very low; only the MBD domain 

was predicted with confidence (pLDDT > 70). Since the model had such low confidence, we used 

it as the initial structure for three all-atom MD simulations (Table 1). 
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Figure 16. Comparison of the models generated by A) Modeller9 and B) AlphaFold12, with their 

respective MBD domains aligned with each other. The model generated by AlphaFold is much 

more compact than the one generated by Modeller. 

 

Three replicas of the AlphaFold12 model were run for 400 ns each. Each simulation sampled a 

different folding path and converged to a different conformation (Fig. S10). Using the PLUMED 

plugin45 for GROMACS13, their α-helical content, acylindricity and asphericity were determined 

(Fig. S11). The conformations sampled by all three AlphaFold12 simulations have similar 

asphericity and acylindricity values. They sampled conformations that are more spherical and less 

cylindrical than the conformations sampled by the MeCP2_1 Modeller9 simulation. Since the 

starting structure has a low radius of gyration (𝑅𝑔 = 4.9 nm) we argue that it introduced a bias in 

the folding path towards more compact structures. Each AlphaFold12 replica had a different α-
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helical content, and only one of them sampled values to similar those observed in the Modeller9 

simulation.  

The AlphaFold prediction was not stable in water and, the only exception being the MBD domain, 

underwent further folding of all of its domains. Although AlphaFold does a remarkable job 

predicting the presence of disorder, it cannot solve IDP structures53. These simulations should 

serve as a cautionary tale on the use of predicted models for IDPs; as explained by Strodel in her 

review54, extensive simulations are recommended to equilibrate the protein and sample its 

conformational space. 

 

CONCLUSIONS 

In this work we have presented a multiscale study of MeCP2, comprising six all-atom and four 

coarse-grained simulations of the full-length protein, as well as twelve all-atom simulations of the 

ID and TRD domains. Together, they represent the first computational attempt to study the full-

length MeCP2 protein. 

The initial model was built starting from the NMR structure of the MBD domain1 and building the 

rest of the protein by ab initio modeling. Two main different conformations were sampled in the 

coarse-grained simulations: a globular structure similar to the one observed in the all-atom force 

field and a two-globule conformation. This second conformation was not stable in the all-atom 

force field, probably because the length of the connecting loop was not long enough to be water-

soluble. The conformational ensemble sampled by the 1,550 ns all-atom simulation is in good 

agreement with the available experimental data1,31. Our model had 4.1% of α-helix content 
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compared to 4% found experimentally31. In addition, our model predicted amino acid W104 to be 

buried, and amino acids R111 and R133 to be solvent accessible, in accordance with 

experiments37,41,42. Finally, we used the model predicted by AlphaFold12 to run three all-atom 

simulations. The model was not stable in water and underwent further folding. This model is more 

compact than the one predicted with Modeller9, and consequently, it sampled conformations more 

compact and spherical than those sampled in our Modeller simulations. We recommend caution 

when using structures of intrinsically disordered proteins predicted by AlphaFold.  

With a total of 3 μs of atomistic simulations and 4.7 μs of coarse-grained trajectories of full-length 

MeCP2 models, extensive conformational space of this protein was sampled. Our longest atomistic 

simulation (MeCP2_1) converged after 800 ns to a very stable structure. When compared to CG, 

it is reasonable to assume that the all-atom models are more accurate, so the drift of the CG models 

towards more compact structures is likely to be an artifact. The results show that no single method 

(atomistic or CG simulations, or AlphaFold modelling) is sufficient on its own for predicting the 

conformational ensemble of a large IDP such as MeCP2. Our simulations add structural and 

dynamical detail to the low-resolution information previously available from experiments and 

could help study disease-associated mutations in their structural context.  

We finish by speculating on how the one- and two-globule conformations that were observed in 

CG simulations and also transiently in MD simulations, could be investigated experimentally – as 

discussed above, IDPs pose formidable challenges to both experiments and simulations. One 

possible way might be high-speed atomic force microscopy (HS-AFM) that has very recently been 

demonstrated to be able to characterize the structure and dynamics of IDPs (polyglutamine tract  

binding  protein-1 and four of its variants as well as two other IDPs) by Kodera et al55. In particular, 

for some of their systems they reported temporarily appearing two-globule conformations and 
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order-disorder transition with an associated change in the (relatively short) linking intrinsically 

disorder region between the globules. Given that MeCP2 has a long and very flexible disordered 

region spanning the ID and TRD domains, it is tempting to speculate that fluctuations between the 

one- and two-globule conformation might be directly detectable or/and inducible in HS-AFM. This 

seems feasible since force spectroscopy56 and MD simulations57 have shown that for intrinsically 

disordered regions forces in the range of a few tens of pN may cause significant stretching and that 

the free energy barriers are very low. In HS-AFM, the forces are higher up to about 100 pN and 

there is frictional interaction, albeit very small, with the substrate55,58. Thus, the two-globule state 

that was only marginally stable in current simulations might also be observable in HS-AFM. Such 

experiments would potentially also allow investigation of the properties of the linker and the 

globules. 
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Figure S11: Asphericity, acylindricity and α-helical content of the protein structure, vs radius of 

gyration in the AlphaFold models. 
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