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Erythroid Kruppel-like transcription factor (KLF1 or EKLF) plays a vital role in
haematopoiesis. The KLF1 protein is composed of 362 amino acids that are coded within
three exons of the KLF1 gene, covering three zinc fingers and two functional domains. The
Protein Data Bank contains only one structure of KLF1 (id 2MBH) from Homosapiens,
with a length of 41 amino acids, thus lacking a complete 3D model. The present study has
been undertaken to predict the 3D structure of KLF1 using automated protein homology
modelling servers. These structural attributes were predicted using a hierarchical approach
by Iterative Threading ASSEmbly Refinement, which can be used to predict similarities
and comparative awareness of ligand interactions with KLF1. Based on the output of I-
TASSER server simulations, a model was generated with a C-score of 3.79. This high
value signifies the best predicted 3D structural model of KLF1, with the lowest RMSD
value of 1.26 A and an energy minimization of -532 kcal/mol, which was validated with
KoBaMIN. Thus, our structurally and energetically optimized KLF1 3D structure can be
used as a model for further theoretical studies in structure-based drug design of novel
compounds for the treatment of SCD and beta thalassemia disorders.

Introduction

Kruppel-like factor 1 (KLF1) or erythroid
Krueppel-like transcription factor (EKLF) is a
factor responsible for haematopoietic-specific
transcription that stimulates adult beta-globin
and plays an important role in globin gene
switching and  erythrocyte  maturation
(Viprakasit et al., 2014; Tallack et al., 2010;
Vassen et al., 2014; Borgio et al., 2016).
The KLF1 gene encodes the Kruppel-like
factor 1 protein (protein symbol: Q13351-

KLF1 HUMAN), which is composed of 362
amino acids that are coded by 3 exons within
the gene, which is located on chromosome
locus 19p13.2. This protein contains 3 zinc
fingers and two functional domains. The N-
terminal domain is proline-rich, and the
transactivation domain and C-terminal domain
contain essential factors for DNA binding.
KLF1 plays a vital role as an erythroid
transcription factor, and it binds to the DNA
binding sequence, a CACCC motif, in the
beta-globin gene. The major biological
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function of KLF1 is regulation of
erythropoiesis, as it regulates the switch
between foetal haemoglobin and adult
haemoglobin expression both by direct
activation of the B-globin gene and indirect
repression of the y-globin gene expression in
human erythroid progenitors (Perkins et al.,
2016). KLF1 regulates the cell cycle, haeme
synthesis enzymes, and globin chaperones and
activates genes that encode metabolic and
antioxidant enzymes, structural membrane and
ion channels, and water channels (Perkins et
al., 2016; Borgio et al., 2016; Allack et al.,
2010; Pilon et al., 2011; AbdulAzeez et al.,
2016). The main objective of this study is to
accurately determine the 3D structure of
KLF1, which will help to identify binding
sites for the development new drugs. A well-
established structure will guide us towards
structure-based drug design using novel
compounds for the treatment of sickle cell
disease and beta thalassemia.

Materials and Methods
Template Search and Sequence Alignment

The amino acid sequence of KLF1 was
obtained from NCBI (reference sequence:
NP_006554.1) and the UniProt database
(accession number: Q13351 KLF1_HUMAN).
To build a 3D model of KLF1, template
identification was performed using a basic
local alignment search tool (BLAST)
sequence search. We selected PSI-BLAST,
and this was searched against the PDB
database to screen all human NMR and crystal
structures during October 2016, excluding
models and culture sequence samples, to find
suitable templates for homology modelling.
Crystal structures of the human proteins were
retrieved with PDB IDs
2WBS_A4M9E_A2WBU_Ajand  2L21_B.
FASTA sequences of all structures were

downloaded from PDB, and template
alignment was performed using a multiple
sequence alignment program (MAFFT)

(Katoh et al., 2002), which detects structurally
conserved regions (SCR) common to the
KLF1 template and target sequence.

3D Structure prediction

Homology modelling of KLF1 was performed
using an automated form of the I-TASSER
server and the MODELLER program. The
KLF1 FASTA sequence was retrieved from
the UniProt database (accession number:
Q13351) and was submitted to I-TASSER and
Modeller. Modeller 9v6 was used for 3D
structure prediction
(http//:www.salilab.org/modeler) (Sali et al.,
1993). I-TASSER is a hierarchical
methodology to predict 3D protein structure
and function using LOMETS, a multiple
threading approach program.

I-TASSER generates full-length  atomic
structural models from multiple threading
alignments and template fragment assembly
simulations. The KLF1 FASTA sequence was
submitted to I-TASSER, and 10 multiple
threading alignments were generated (Figurel)
based on the Z-score selected. Five 3-
dimensional models were generated with the
confidence score (C-score), estimated TM-
score and RMSD reported. The C-score of
Models 1, 2, 3, 4, and 5 are -3.79, -3.82, -3.67,
-3.73, and -3.50, respectively. Based on these
scores, the best model with a C-score of -3.79,
an estimated TM-score of 0.30+0.10, and an
estimated RMSD of 16.1+3.1 A was selected
(Yang et al., 2015).

Protein structure refinement and energy
minimization

Structural refinement of the KLF1 model was
performed using the KoBaMIN web server
(Rodrigues et al., 2012), which offers an
online interface enhancement protocol to
predict a consistent and computationally
proficient protein structure. To optimally
refine the protein structure of KLF1 based on
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energy minimization, the KLF1 model was
selected and submitted to KoBaMIN (Vyas et
al., 2015; Rodrigues et al., 2012).

Model Validation

Model validation is a key step in homology
modelling, as the accuracy of the
stereochemical quality of the protein structure
is responsible for its suitability for diverse
biological and molecular experimental
purposes. The quality estimation of the model
by I-TASSER was calculated as a confidence
score (Roy et al., 2010). The superiority of the
model was validated with a Ramchandran plot
(RAMPAGE server) (Ramachandran et al.,
1990) and VERIFY3D (Eisenberg et al.,
1997). The Ramchandran plot explains the
visualization of dihedral angles ¢ against y of
amino acid residues within the protein
structure and visualizes possible
conformations of ¢ and y angles for a
polypeptide chain. The number of amino acid
residues in the allowed and disallowed regions
of the Ramachandran plot determines the
quality of the model (Lovell et al., 2003).

Protein-ligand binding site prediction

COACH is a meta-server that predicts
complementary ligand binding sites using
TM-SITE and S-SITE as comparative
methods based on templates from the BioLiP
protein database. The COACH algorithm
produces multiple function annotation results
with the created 3D models, and the obtained
output is based on the C-score ranges [0-1].
The C-score is a confidence score of the most
reliable prediction (Yang et al., 2015).

Results and Discussion
Sequence analysis

Only one KLF1 structure from Homosapiens
is present in the Protein Data Bank (PDB) (ID:

2MBH), but the 3D structure of this protein is
not fully available as it is only 41 amino acids
in length. Human KLF1 is composed of 362
amino acids, and no full-length 3D structure of
KLF1 Human currently exists. Therefore, in
this study, | predicted the 3D structure of
KLF1. FASTA sequences from UniProtKB -
Q13351 were retrieved after an NCBI
database search for the KLF1 gene using PSI-
BLAST against PDB. Based on the output of
I-TASSER, the 10 best templates were
selected by LOMETS threading programs
based on the highest Z-score (2.29).

From these 10 best templates, 2IL3 was
selected. ~The I-TASSER  simulations
generated a KLF1 model with a C-score of
3.79 (C-score range of -5 to 2), and this higher
value signifies that the created model of KLF1
is predicted accurately.

KLF1 structure construction and validation

A total of 5 KLF1 3D structural models were
determined using the I-TASSER server, and
another 5 models were generated from
MODELLER 9.1. The final model was
selected after analysing and validating the
models.

The RMSD of the models was calculated with
the template structure using SPDBV software
and SuperPose v1.0. Additional refinement of
KLF1-modelled structures was performed
using the KoBaMIN web server, and the
lowest RMSD of 1.26 A was obtained, an
energy value of E=7219, and an energy
minimization of -532 kcal/mol (Rodrigues et
al., 2012). The selected KLF1 model was
evaluated with a Ramachandran plot using
RAMPAGE and PROCHECK (Lovell et al.,
2003). The Ramachandran plot showed 221
amino acid residues in the favoured region
(61.4%), 75amino acid residues in the allowed
region (20.8%) and 64 amino acids (17.8%) in
the outlier region (Figurel).
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Fig.1 Validation of KLF1 protein structure. A. Multiple threading alignments. B. Ramachandran
plot of KLF1, The plot calculations were based on the 3D model of KLF1 using
RAMPAGE C. The Ramachandran plot D. Verified 3D results plot shows 80% of the amino
acids (scored >=0.2)
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Fig.2 Prediction of the structure of human KLF1 protein. E. Structural differences between the
initial and final models of KLF1 with RMSD 1.653. F. Active site of KLF1. Green represents the
DNA ligand, blue denotes active site molecules of KLF1, and grey indicates KLF1 protein. G.
Active site of KLF1 predicted by CASTp and Visualized by Pymol. H. Homology models of 3D
structures of KLF1. The a-helices and [3-sheets are shown as helices and ribbons, and the
remaining structure is shown as loops. The 3D structure was generated using PyMOL. 1.
Conserved domains on KLF1
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Table.1 Overall statistics and structure quality factors of KLF1

Structure Quality Factors

w

. Verify3D
L Prosall (-ve)
5 |

5 MolProbityclashscore

Procheck G-factor e (phi / psi only)
Procheck G-factor e (all dihedral angles)

-2.03 -71.67
-1.70 -10.05
0.28 -2.89
-0.20 -3.52
54.76 -71.87

Table.2 The active site residues of KLF1 predicted

Servers Residues

cone s A97,Al124, L127, G128, R137, A139, P151, A152, A158, P159, V169, Y170,

The quality of the structure was analysed by
PSVS Version 1.5 (Luthy et al., 1992), which
identifies the secondary structure alpha
helices (60-63aa A, 77-80 aa, 123-134 aa,
185-192 aa, 241-248 aa, 295-302 aa, 325-328
aa) and the beta strands (100-102 aa, 111-113
aa, 139-140 aa, 147-148 aa, 170-171 aa, 178-
179 aa). All dihedral angles were measured
by Procheck G-factor (phi/psi only), and the
overall Z-score was found to be -7.67. At
least 80% of the amino acids have scored >=
0.2 in the 3D/1D profile (Figurel) (Table 1).
Knowledge-based potential refinement was
performed for KLF1 using the KoBaMIN web
server. The KLF1 structure was refined
through energy minimization using CaRMS,
GDT-HA, and GDT-TS based on the
calculated potential of the mean force, and the
final refinement structure was superimposed
with the initial and final structures (Figure2).
Prediction of ligand binding sites in KLF1
determined that there are 22 amino acids in
the active site (A97, Al124, L127, G128,
R137, A139, P151, A152, A158, P159, V169,
Y170, P182, P183, T185, V189, Y197, Y203,

P182, P183, T185, V189, Y197, Y203, A205, H215, Q217, F219

M1, P9, S10, S12, T13, L17, P19, T23, F27, T31, D45, P46, F48, L51, V53, K54,
Q56, D57, G59, D64, D65, G68, A69, T72, W73, L75, L78, F82, A139, L140,
R143, P157, E160, L166, P168, V169, Y170, P171, G172, G174, S178, P182,
S201, G202, P204, A205, Y207, P208, A209, Q211, Y212, H215, Q217, G221,
Q223, S234, L236, P241, G314, D324, Q325, T327, Y330.

A205, H215, Q217, and F219) as predicted by
COACH and CASTYp servers (Dundas et al.,
2006) (Table 2) (Figure2).

Conserved domains

The final predicted KLF1 structure was
subjected to identification of the conserved
regions using NCBI conserved domain tools.
A zinc-finger double domain at residues 295-
32 and 325-350 and one classical zinc finger
domain at residues 279-303 were predicted.
EKLF_TAD1 was predicted as the first
segment of the minimal transactivation
domain of erythroid-specific transcription
factor at residues 22-42. EKLF_TAD2 was
predicted as the first segment of the minimal
transactivation domain of erythroid-specific
transcription factor at residues 59-85 (Figure
2) (Marchler-Bauer et al., 2014).

In the current study, homology modelling of
KLF1 was designed wusing in silico
methodologies. The KLF1 gene is responsible
for coding a haematopoietic-specific
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transcription factor that stimulates adult beta-
globin, globin gene switching and erythrocyte
maturation.  Mutations in  KLF1 can
ameliorate the severity of p-thalassemia,
borderline HbA,, congenital dyserythropoietic
anaemia and sickle cell disease. The obtained
homology results of the KLF1 model shows a
high C-score of 3.79, which signifies that it is
the best predicted model of KLF1 using
homology modelling principles. The optimal
3D structural model was validated with the
KoBaMIN web server, which obtained the
lowest RMSD of 1.26 A. Structure quality
analysis of the KLF1 model in PSVS resulted
in a Procheck G-factor Z-score of -7.67 and a
Verify3D Z-score of -2.89 (Figure 1). The
obtained  protein-ligand  binding  site
prediction shows that 22 amino acids are
active (Figurel). The DNA ligand tightly
binds with KLF1, and two conserved domains
were predicted to be important for ligand
binding: first, a zinc finger double domain at
residues 295-32 and 325-350, and second, a
classical zinc finger domain at residues 279-
303. These observations of the KLF1 protein
structure and its binding sites could aid in the
development of new drugs through structure-
based drug design of novel compounds to
treat sickle cell disease and beta thalassemia.
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