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Abstract: B-cell lymphoma/leukaemia 11A (BCL11A) is a modulator of foetal-to-adult globin switching and is in-
volved in brain development and normal lymphopoiesis. The three-dimensional structure of BCL11A and its struc-
tural domains had not yet been completely determined; hence, this study aimed to elucidate the structural domains 
of BCL11A. Molecular modelling and dynamics simulation studies were conducted using in silico tools with the 
templates selected based on Basic Local Alignment Search Tool (BLAST) searches of the Protein Data Bank (PDB). 
Ten protein models were generated using the MODELLER software, and the best model was selected according to 
the Discrete Optimised Protein Energy (DOPE) score and validated using the RAMPAGE server by evaluation of the 
Ramachandran plot. More than 93% of the amino acid residues of the best model of BCL11A were found to be in 
the favoured and allowed regions. The best model was validated using a 100-ns time span molecular dynamics 
simulation. The root-mean-square deviation, root-mean-square fluctuation, and radius of gyration values were found 
to explain the stability of the best BCL11A protein molecular model generated in the study. The validated best model 
of the BCL11A protein may be useful for effective modulator studies on foetal-to-adult globin switching and related 
research.
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Introduction

B-cell lymphoma/leukaemia 11A (BCL11A) is a 
major modulator of haemoglobin switching and 
foetal haemoglobin (HbF) silencing, has a major 
role in brain development, and is essential for 
postnatal development and normal lympho- 
poiesis. BCL11A is expressed in several haema-
topoietic tissues, including splenic B cells, T 
cells, and monocytes in bone marrow [1]. The 
BCL11A gene is located on Chromosome 
2p16.1 and the UniProtKB database accession 
number of the protein is Q9H165. The BCL11A 
is a zinc-finger protein comprising 835 amino 
acids. It has six C2H2-type zinc finger domains 
and interacts with Kruppel-like factor 1 (KLF1), 
v-erbA-related protein 2 (EAR2), actin-related 
protein 1A (ARP1), protein inhibitor of activated 
STAT (PIAS3), and COUP transcription factor 1 
(TFCOUP1).

BCL11A is associated with the level of HbF and 
was identified through a genome-wide associa-

tion study (GWAS). A microdeletion syndrome 
caused by deletion of the 2p15-p16.1 region 
causes patients to exhibit conditions such as 
hypotonia, autism spectrum disorder (ASD), 
facial dysmorphism, and fine motor dysfunc-
tion. Other BCL11A variations, such as a 2.5-
Mb deletion in the upstream region or a 3.5-Mb 
deletion in the distal downstream region, are 
associated with increased HbF levels in thalas-
semia patients [2-5]. A nonsense mutation in 
exon 4 of BCL11A has been identified in 
patients with ASD and intellectual disabilities 
(ID) [3]. BCL11A expression was significantly 
elevated in triple-negative breast cancer (TN- 
BC), mainly in BLBC/IC10 tumours, with increas-
es at both the protein and RNA levels [6]. 
Genetic variations disturb the expression of 
BCL11A, which regulates HbF production and 
modifies the severity of sickle cell disease and 
β-thalassemia disorders [7]. The three-dimen-
sional (3D) structure of the BCL11A protein has 
not completely elucidated; thus, our objective 
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was to visualise the major protein structural 
domains, the protein’s functions, and the eff- 
ects of mutations on its biological functions. 
Determination of the BCL11A structure has 
proven difficult in X-ray crystallography and 
nuclear magnetic resonance (NMR) studies, as 
it is a multi-domain protein. Homology model-
ling is the most suitable and widely accepted 
method for predicting the three-dimensional 
(3D) structure of the BCL11A protein. The gen-
erated 3D structure of BCL11A was subjected 
to molecular dynamics (MD) simulations using 
the Groningen MAchine for Chemical Simulation 
(GROMACS) and structural quality assessme- 
nt.

Materials and methods

Homology modelling

Target selection: A homology modelling app- 
roach was used to predict the 3D structure of 
the BCL11A protein using FASTA sequences 
obtained from the UniProtKB database with 
accession number Q9H165.

Template selection: The 3D crystal structure of 
the template molecule (PDB ID: 5VTB) [8] was 
retrieved from the RCSB-Protein Data Bank 
(PDB) based on the similarity and identity index 
from the significant hits list acquired using The 
National Center for Biotechnology Information’s 
Basic Local Alignment Search Tool (NCBI-
BLAST) [9].

3D Structure prediction and validation

Homology modelling was achieved using MO- 
DELLER software, version 9.19 [10, 11]. The 
selected 3D structure of the protein generated 
from homology modelling was validated using 
various structural parameters and comparative 
evaluation tools, such as PROCHECK software, 
ProSA software, the discrete optimised protein 
energy (DOPE) [12-15] score, construction of a 
Ramachandran plot using the RAMPAGE server 
(http://mordred.bioc.cam.ac.uk/~rapper/ram-
page.php), and the SWISS-MODEL structure 
assessment software (https://swissmodel.ex- 
pasy.org).

Docking simulation study

The BCL11A model protein was selected and 
ligands were chosen from databases such as 
DrugBank (which contains > 4100 drug entries) 

and the PubChem database, which were used 
to retrieve structure files of ligands and com-
pounds to use for the docking [16, 17]. Lipinski’s 
rule of five was used. The chosen ligand was 
docked using the PatchDock docking server 
[18]. PatchDock is a geometry-based, rigid mo- 
lecular docking algorithm that operates by 
object recognition and image segmentation 
techniques that are used in Computer Vision. 
The recommended clustering root-mean-squ- 
are deviation (RMSD) of 4.0Aº was used as the 
default setting for PatchDock analysis. The 
data of 500 docked complexes were chosen 
from the solution list.

Molecular dynamics

MD simulation is a powerful technique and a 
useful molecular modelling method for explor-
ing the symmetry structure, dynamics, and 
transport properties of bio-molecules in dynam-
ic states. MD simulation provides substantial 
insights into the time-dependent fluctuations 
and conformational changes that occur in 
macro molecules and other systems, which is 
useful for understanding biological functions. 
In the present study, the 3D model of the 
BCL11A protein was developed using in silico 
homology modelling. The best model was con-
structed based on a 100-ns time span MD sim-
ulation study. The MD simulation was conduct-
ed using GROMACS software version 5.1.2 
[19]. For all ionisable residues, the protonation 
states were fixed to their normal states at pH 7. 
For all complexes, the simulations were carried 
out using the CHARMM27 tool [20] with the all-
atom force field of the GROMACS version 5.0.6 
software package installed with the Ubuntu 
11.10 Linux package in desktop mode. In the 
MD simulation, the protein was kept in the cen-
tre of a cubic box, and all protein molecules 
were surrounded by a cubic box of single-point 
charge 3 (SPC3) water molecules. The distance 
between any atom of the protein and the bound-
ary of the cubic box was kept at a minimum of 
10Å. The periodic boundary conditions (PBC) 
were applied in all directions. Na+ and Cl- coun-
ter ions played the role of replacing the water 
molecules to make the system neutral. The 
steepest descent algorithm was used to mini-
mise each system for 10,000 steps. Each sys-
tem was considered for 100-ps position-
restrained MD simulations. The MD simulation 
was performed for a 100-ns production with a 
time step of 2 fs at constant pressure (1 atm) 
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gyration were recorded to analyse the behav-
iour of each system [21, 22].

and temperature (300 K). The RMSD, root-me- 
an-square fluctuation (RMSF), and radius of 

Figure 1. Secondary structure of BCL11A 
and disorder prediction by phyre2.
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Results and discussion

Secondary and tertiary structure

The secondary structures of the BCL11A pro-
tein were stabilised by hydrogen bonds, alpha 
helices, and beta sheets. The secondary struc-
ture and disorder prediction were achieved 
using the Phyre2 server, which exhibited alpha 
helix (16%), beta strand (9%), TM helix (2%), and 
disorder prediction (42%) (Figure 1).

From the input sequence and the given tem-
plate molecule, a total of 10 3D protein mole-
cules were generated. MODELLER software 
was used to automatically calculate the model 
containing all non-hydrogen atoms using the 
given template. With the help of de novo loop 
modelling, structure optimisation clustering, 
screening of sequence databases, protein str- 
ucture assessment, and other analyses, the 
MODELLER software was used to predict the 
best structures that resulted in fulfilment of 
spatial restraints. The DOPE score of the 10 
best models selected are provided in Table 1.

As shown in Table 1, Model 10 had the highest 
score (-43936.098), and it was designated as 
the best model for further validation. The 3D 
structure of the best model of the BCL11A pro-
tein is given in Figure 2.

Model 10 was further validated using RAMPAGE 
geometric evaluations to prepare a Ramach- 
andran plot (Figure 2A). The Ramachandran 
plot of the best model is depicted in Figure 2A. 
Analysis of the plot revealed a total of 706 
(84.80%) amino acid residues in the favoured 
region, 71 (8.50%) in the allowed region, and 

56 (6.70%) in the outlier region. More than 93% 
of the amino acid residues were found to be in 
the allowed region. Similarly, analysis using the 
ProSA Web Server generated satisfactory 
scores for the amino acid residues [23].

Thus, the above results demonstrate the good 
quality of the selected model. An MD simulation 
of the best model was performed to conduct 
further validation by exploring the stability of 
the molecule.

Docking

As discussed above, the model built using 
SWISS-MODEL and MODELLER software was 
used for the molecular docking studies with 
glycerol (GOL) as a free ligand. The ligand was 
docked with the BCL11A model protein using 
PatchDock software. A LIGPLOT of the GOL 
(purple in colour) interactions with the human 
BCL11A protein model is shown in Figure 2B. 
Several docked structures for the BCL11A-GOL 
complex were obtained from PatchDock and 
were ranked based on their geometric shape 
complementary score, interface area, and ato- 
mic contact energy. The highest-ranked struc-
ture had a geometric shape complementarity 
score of 2,366, approximate interface area of 
253.20 Å, and atomic contact energy (ACE) of 
the approximate interface area of -106.05 kcal/
mol, as shown in Figure 2F and 2G. This docked 
complex demonstrates hydrogen bonding inter-
actions between the hydrogen atom of the -SH 
group of the active site amino acid residues 
ser627 and ser540 with inter-atomic distances 
2.55 and 3.27 Å, respectively. The docked com-
plex was simulated for 20 ns. The analysis of 
the structure obtained after the 20-ns simula-
tion demonstrated a strengthened hydrogen 
bonding interaction between the active site 
residues ser627 and ser540 of the BCL11A 
model protein.

Molecular dynamics

To assess the stability of the selected model, a 
100-ns MD simulation was performed using 
the GROMACS software version 5.1.2. The sta-
bility of the molecules was examined based on 
the RMSF and Rg values. The average, maxi-
mum and minimum RMSD, RMSF, and Rg are 
presented in Table 2.

The RMSD values of each frame corresponding 
to time are given in Figure 2F. An initial sharp 

Table 1. DOPE score of best 10 models of 
BCL11A
Model DOPE score
Model 1 -42197.797
Model 2 -41692.445
Model 3 -40916.637
Model 4 -43254.223
Model 5 -42189.961
Model 6 -41169.457
Model 7 -42919.227
Model 8 -42316.207
Model 9 -41614.074
Model 10 -43936.098
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increase in the RMSD values indicated that, for 
a period of up to 10 ns, the model was unsta-
ble. Afterward, the RMSD values rose gradually 
and finally achieved equilibrium at around 70 
ns. After 80 ns, the values decreased slightly 
and equilibrated. The difference between the 
highest and lowest RMSD values was 1.154 
nm, which was very close to the average value 
(0.932 nm), demonstrating that the backbone 
of the protein molecule did not fluctuate much.

The fluctuation of the individual amino acid res-
idues can be explained based on the RMSF val-
ues obtained from the 100-ns MD simulation. 
The maximum, minimum, and average RMSF 
values were 1.903, 0.064, and 0.290 nm, res- 
pectively. The low average RMSF value suggest-
ed that individual amino acid residues exhibit-
ed stability in the dynamic state of the protein 
during the MD simulation. A plot of the RMSF 
values vs. the amino acid residue number is 
shown in Figure 2F and 2G. The figure indicates 
that amino acid residues at the positions of 
about 1~180 and those at about 710~750 fluc-
tuated somewhat relative to the others. The 
remaining amino acid residues were found to 
be quite stable during the MD simulation.

Finally, the rigidity of the protein system was 
examined using Rg values. The data in Table 2 
show that the average Rg value (2.957 nm) was 
very close to the maximum (30.009 nm) and 
minimum (2.682) Rg values, indicating that the 
protein system retained its stability throughout 
the 100-ns time span of the MD simulation 
[24]. The Rg values corresponding to the simu-
lation shown in Figure 2E were used to facili-
tate the interpretation of the secondary struc-

ture. As shown in Figure 2E, the Rg value 
increased until the 25-ns time point, indicating 
that the stability of the system was initially dis-
turbed. After 25 ns the plot showed no fluctua-
tion at all, demonstrating that the protein sys-
tem retained its stability.

Conclusions

Molecular modelling studies were used to high-
light the advantages of comparative in silico 
interaction studies using the BCL11A protein 
employing a template selected based on a 
BLAST search of the PDB. The top 10 protein 
models were generated for homology modelling 
using MODELLER software, and the best model 
was selected according to its DOPE score. 
Furthermore, the model was validated using 
the RAMPAGE server by evaluating the Ra- 
machandran plot. More than 93% of the amino 
acid residues of the protein were found to be in 
the favoured and allowed regions. Finally, the 
model was validated using a 100-ns MD simu-
lation. The RMSD, RMSF, and Rg values 
explained the stability of the protein molecule. 
The validated model of the BCL11A protein will 
be useful for the study of effective modulators 
of foetal-to-adult globin switching and similar 
research.
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Figure 2. A: Ramachandran plot of model 10 of BCL11A from RAMPAGE. B: Three-dimensional view of Protein and 
ligand binding. C: Interpretation of the secondary structure. D: Ligplot of GOL (purple in color) interactions with hu-
man BCL11A protein model. Polar interactions are shown in green dotted line. Other interacting residues are shown 
in red lines. Carbon atoms are shown in black, oxygen atoms are shown in red, and nitrogen atoms are shown in 
blue color. E: RMSF vs. residue number of best model of BCL11A. F: RMSD vs. Time of the best model of BCL11A. 
G: Rg. vs. time of the best model of BCL11A.
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