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Abstract

Zinc finger (ZF) protein CTCF is an architectural protein that plays a crucial role in
global chromatin organization and remodeling via its interaction with several protein partners.
The interaction between Kaiso and CTCF regulates the enhancer-blocking function of CTCF.
Despite the important biological function of their interactions, structural characterization of
the Kaiso-CTCF complex has yet to be carried out. In this work, we have employed molecular
modeling and MD simulation to predict the complex between Kaiso and CTCF and investigate
its structural features. We have employed Alphafold2 to predict the optimum complex between
Kaiso and CTCF and MD simulation to explore the detailed dynamics of the interaction
involved in complex formation and stabilization. We predicted the key residues and their
interactions involved in the binding of Kaiso to CTCF. Our results show that the hydrophobic
interaction between the inter-facial residues plays a significant role in forming the Kaiso-
CTCF complex. In addition, several non-covalent interactions, such as hydrogen bonds and
electrostatic and van der Waals interactions, stabilize the complex. The significant value of
hydrophobic contact area and binding free energy signifies the stability of the predicted Kaiso-
CTCF complex.
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1 Introduction

Zinc finger (ZF) protein kaiso is a transcription fac-
tor that regulates various cellular functions, such
as gene expression, cellular differentiation, devel-
opment, and cancer progression [1–7]. Kaiso was

first identified as the binding partner of armadillo
repeat protein p120 catenin [3]. It contains three
classical C2H2 ZF domains that are involved in
DNA recognition and binding [4, 8]. The highly
conserved hydrophobic N-terminal BTB/POZ do-
main is involved in interactions with other proteins
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as well as in homodimerization [9]. Kaiso has dual
specificity for DNA binding. It recognizes the dou-
bly methylated CpG dinucleotides (mCpGmCpG)
in the core site as well as the sequence-specific Kaiso
binding site (KBS), having the nucleotide sequence
TCCTGCNA, in DNA [4, 8]. Kaiso recruits nu-
clear co-repressor complex via its BTB/POZ do-
main to mediate the transcription repression in a
methylation-dependent manner [9]. Depending on
the context and cell type, it acts as a transcription
repressor [8–10] or an activator [11]. Kaiso is impli-
cated in regulating various genes involved in devel-
opment and cancer. High levels of Kaiso expression
are observed in multiple human cancers, such as
lung [2], colon [12], breast [1], and prostate [13].

CCCTC- binding factor (CTCF) protein is
a ubiquitous multi-functional transcription factor
that binds with the thousands of tissue-specific
and conserved sites spread throughout the genome
[14–16]. CTCF was initially identified as the ZF
protein binding with a CTC-rich sequence in the
c-myc promoter [17]. It is a 727 amino acid long
protein containing 11 ZF domains, two transcrip-
tions repression domains, and N- and C-terminal
unstructured loops [18]. Specifically, ZF 4-7 are
directly involved in DNA binding, whereas other
ZF domains enhance the stability of the CTCF-
DNA complex [19]. The CTCF binding sites are
primarily present in intergenic regions but also in
the enhancer, promoter, and within the gene bodies
[15,20]. It regulates gene expression both as a tran-
scription repressor [21] as well as an activator [17],
in different cellular contexts. Most importantly, it
acts as an enhancer blocker by blocking the commu-
nication between an enhancer and target gene pro-
moter and hence preventing transcriptional activa-
tion [22,23]. CTCF is an architectural protein that
plays a crucial role in global chromatin organization
and remodeling via its interaction with several pro-
tein partners [14]. In addition, it also participates in
genomic imprinting, gametogenesis, and the early
stages of mammalian development.̧ Becaiter18use
of its methylation-sensitive binding with DNA and
transcription insulation activity, CTCF allows the
accurate expression of the imprinted genes in the
H19–Igf2 locus [23,24].

Kaiso interacts with CTCF protein via the
BTB/POZ domain and negatively regulates its en-
hancer blocker function [25]. Interaction between
Kaiso and CTCF is physiologically significant be-
cause both proteins are observed to be co-expressed
in many cells. Both Kaiso and CTCF are ubiqui-
tously expressed proteins that are mainly present in
the nucleus [3, 26]. The Kaiso consensus-sequence
KBS is positioned close to the CTCF binding site
on the human 5’ -HS5 insulator at the -globin gene
cluster. The close positioning of the KBS sequence
significantly reduces the enhancer-blocking of the -

globin insulator [25]. In addition, the Kaiso-CTCF
interaction is highly specific, as CTCF does not in-
teract with other POZ domain-containing proteins
such as BCL-6, PLZF, and HIC-1 [25]. The Kaiso-
CTCF interaction inhibits CTCF binding to its tar-
get sites, and it might be used to down-regulate
the undesirable enhancer-blocking activity in spe-
cific cell types. Similarly, since the POZ domain
of Kaiso is involved in recruiting the nuclear co-
repressor complex to mediate transcription repres-
sion, this interaction might regulate the transcrip-
tional activity of Kaiso. In addition, the POZ do-
main is involved in the homodimerization of Kaiso
(Daniel et al., 1999). Interactions of Kaiso with
CTCF could possibly affect its homodimerization
and, thereby, other Kaiso-mediated activity [25].

Defossez et al. (2005) have shown that the C-
terminal region of CTCF binds with Kaiso. The
amino-acid residues 640-724 in CTCF are reported
to be involved in the interactions with the POZ do-
main of Kaiso. However, no experimentally solved
structure is available for this complex because of the
largely unstructured and flexible nature of this re-
gion. In addition, the specific binding region and
key residues involved in the interactions are not
identified. Identification of key residues involved in
the interactions of the protein with its binding part-
ner is essential to understand the structural features
of the complex and their binding affinity. In this
work, we used the neural network-based modeling
method AlphaFold2 to predict the complex between
CTCF and Kaiso. Furthermore, we optimized this
interaction using MD simulation and assessed the
structural stability of the predicted complex. We
predicted the key residues involved in the formation
of the complex. In addition, we investigated the dy-
namics of the interactions that are responsible for
the binding of the POZ domain of the Kaiso with
CTCF. Our results show that the -sheet consisting
of two parallel -strand interacts with the C-terminal
end of the POZ domain. As the POZ domain in
Kaiso is highly hydrophobic and the -sheet in CTCF
contains several hydrophobic residues at the bind-
ing site, hydrophobic interactions play a significant
role in forming the Kaiso-CTCF complex. In addi-
tion, several hydrogen bonds, electrostatic, and van
der Waals interactions stabilize the complex. The
considerable value of binding free energy suggests
that the predicted complex is stable.

2 Materials and Methods

2.1 Protein Structures and Molecular
Modeling

The input sequences for the Kaiso and CTCF pro-
teins were taken from the UniPort Knowledgebase
(UniProtKB) [27]. The complete structure of the
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Kaiso and CTCF, shown in Figures 1a and 1b, were
modeled using the neural network (NN)-based Al-
phafold2 implemented in ColabFold [28–30]. Colab-
Fold is an accelerated approach to structure predic-
tion that combines the fast homology search of opti-
mized multiple sequence alignment (MSAs) gener-
ation by MMseqs2 (Many-against-Many sequence
searching) [30]. We used ColabFold v1.5.5: Al-
phaFold2 using MMseqs2. The C-terminal region of
CTCF is reported to interact with the BTB/POZ
domain of Kaiso [25]. Using this information,
the amino acids 640-724 in the C-terminal domain
were taken as input sequences for CTCF. Similarly,
the residues 1-120 in the BTB/POZ domain were
taken as the input sequence for Kaiso. The com-
plex between Kaiso and CTCF was modeled using
the ColabFold. We used the prediction model al-
phafold2_ptm for the monomer prediction, whereas
the Kaiso-CTCF complex was predicted using the
alphafold2_multimer_v3 prediction model. The
number of recycles controls the number of times
the prediction is repeatedly fed through the model.
For monomeric prediction, the number of recycles
is chosen to be 3 (num_recycles=3). However, we
have used 20 recycles (num_recycles=20) for com-
plex prediction using AlphaFold2_multimer_v3.
The recyle_early_stop_tolerance, which specifies
when to stop the recycling, was chosen to be 0.0
for monomer and 0.5 for multimer. In addition,
we used a single random seed to initialize the pre-
diction (num_seed =1). Similarly, to optimize the
MSA, we set the max_msa parameter to auto and
the msa_mod to mmseqs2_uniref_env. Similarly,
we used the unpaired_paired pair_mod, which
pairs sequences from the same species and unpaired
MSA. The rank one model predicted from Colab-
Fold was used as the input structure of the Kaiso-
CTCF complex for molecular dynamics simulation
and further analysis.

2.2 System Setup and Molecular Dynam-
ics Simulations

The system input files for the MD simulation were
prepared using the solution builder package of the
CHARMM-GUI web server [31]. The system was
solvated using TIP 3P water in a cubical box with
a 10 Å padding around the complex and neutral-
ized by adding 0.15M of NaCl, which resulted in
the system containing 36,210 atoms in the box with
dimensions of 73 × 73 × 73 Å3. All-atom MD simu-
lations were performed with the NAMD 2.14 pack-
age [32] using CHARMM36m force field [33], an im-
proved force field for folded and intrinsically disor-
dered protein. Standard MD protocol was followed
for the simulation as in our previous works. [34–36].
Briefly, the energy minimization of the system was
carried out for 10,000 steps using the conjugate gra-

dient and line search algorithm. The equilibration
run was performed for 125 ps with a 1 fs integration
time step at 300K. During the equilibration run, the
protein’s heavy atoms were harmonically restrained
with a force constant of 1.0 kcal/mol/Å for the
backbone and 0.1 kcal/mol/Å for the side chain.
The particle Mesh Ewald (PME) method [37] was
employed to calculate the long-range interactions.
The cut-off distance of 12 Å taken for non-bonded
interactions. The Nosé Hoover Langevin method
with a piston period of 50 fs and a decay of 25 fs
was used to control the pressure. Similarly, the tem-
perature was controlled by employing the Langevin
temperature coupling with a friction coefficient of
1ps-1. The production run was propagated for 350
ns in NPT condition at 300 K and 1 atm pressure,
taking a 2 fs time step.

2.3 System Setup and Molecular Dynam-
ics Simulations

The MD simulation trajectories were analyzed us-
ing visual molecular dynamics (VMD) [38]. VMD
was also used for visualization and image render-
ing purposes. The MM/GBSA binding free energy
was estimated using NAMD. The hydrogen bond
plugin in VMD was used to analyze the complex's
inter-protein hydrogen bonding. The heavy atom
distance cut-off of 3.5 Å and bond angle cut-off of
30° were used to calculate hydrogen bonds. Sim-
ilarly, the solvent-accessible surface area (SASA)
of the proteins and complex was estimated using
VMD. The non-bonded interaction energies were
calculated using the NAMD energy plugin in VMD.

3 Results and Discussion

We performed modeling and MD simulation to pre-
dict the complex between Kaiso and CTCF and in-
vestigated the structural stability and dynamics of
the interactions in the Kaiso-CTCF complex. The
optimum complex between Kaiso and CTCF was
predicted using Alphafold2-multimer implemented
in Google Collaboratory, ColabFold. The MD sim-
ulation was employed to assess the structural in-
tegrity of the predicted complex and identify the
major residues involved in forming and stabilizing
the Kaiso-CTCF complex. In addition, we studied
the dynamics of the non-covalent interactions, such
as hydrogen bonding, hydrophobic, electrostatic,
and van der Waals interactions, during the simu-
lation. We also estimated the hydrophobic contact
area between Kaiso and CTCF as well as the bind-
ing free energy of the Kaiso-CTCF complex.
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3.1 Modeling of the Kaiso-CTCF Complex

The amino acid residues 641-727 in the C-terminal
region of CTCF were predicted to be involved in the
interactions with the BTB/POZ domain of Kaiso
[25]. Based on this information, we selected 641-727
residues from the canonical sequence of CTCF and
used them to create a complex with the BTB/POZ
domain of Kaiso. As shown in Figure 1a, the C-
terminal region of CTCF is the unstructured loop.
Solving the crystal structure of the protein-protein
complex with large unstructured loops is experi-
mentally challenging. In such conditions, computa-
tional techniques such as molecular modeling and
MD simulations guide the structure prediction and
characterization.

The CTCF residues 641-727 were predicted to
be involved in the interactions with the BTB/POZ
domain of Kaiso [25]. Based on this information,
we selected 640-727 residues from the canonical se-
quence of CTCF and BTB/POZ domain residues
1-120 of Kaiso as the input sequence in the Co-
labFold v1.5.5: AlphaFold2 using MMseqs2 to pre-
dict the complex. The Kaiso-CTCF complex was
predicted using the alphafold2_multimer_v3 pre-
diction model. The Materials and Methods section
explains the details of the parameters and condi-
tions used for the complex prediction. We chose

the complex with rank one, with a predicted lo-
cal distance difference test (pLDDT) score of 75.5
and a predicted template modeling (pTM) score of
0.65. The pTM score greater than 0.5 indicates that
the predicted complex is close to the true structure.
Since the BTB/POZ domain of Kaiso has a stable
structural domain (Figure 1b), the predicted lDDT
of Kaiso residues in the range of 10-117 is greater
than 80, whereas the lDDT of most of the CTCF
residues is less than 50. However, the predicted
lDDT score of the CTCF residues in the range 670-
690, which are involved in binding with Kaiso, is
greater than 60. Figure 1c shows the Kaiso-CTCF
complex predicted by ColabFold. Since all-atom
MD simulation is computationally expensive, we
truncated the complex by taking the regions likely
involved in interactions. Since only the residues
666-690 in CTCF are within 5 Å of Kaiso, they
are most likely to interact with it. Therefore, we
truncated the predicted complex by taking residues
662-692 for CTCF and 9-120 for Kaiso. As the
BTB/POZ domain of Kaiso is a stable domain, we
have taken the entire domain as an input struc-
ture to maintain its stability. Figure 1d shows the
Kaiso-CTCF complex used for all-atom MD simula-
tion. The predicted Kaiso-CTCF complex is stable
throughout the simulation and features several in-
terprotein interactions that stabilize it, as shown in
Figure 2a.

Figure 1: (a) The full-length structure of CTCF highlighting the residues 640-727 in the C-terminal
domain in magenta. (b) The complete structure of the Kaiso showing the BTB/POZ domain in green.
(c) Kaiso-CTCF complex structure predicted from ColabFold. (d) Structure of the Kaiso-CTCF complex
used for the MD simulation.

3.2 Structural stability of the complex

We estimated the root mean square deviation
(RMSD) of the predicted Kaiso-CTCF complex to
assess the structural integrity. The time evolution

of the RMSD of the complex was calculated using
the initial frame of the simulation as the reference
structure. The protein backbone atoms were used
to calculate the RMSD values. As shown in the
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RMSD plot in Figure 2b, the Kaiso-CTCF complex
undergoes structural reorganization up to 200 ns
of the simulation and becomes stable. The aver-
age RMSD of the complex settles down to nearly
3.5 Å. Individually, the CTCF shows larger struc-
tural variation compared to the BTB/POZ domain
of Kaiso, owing to its flexible structure compared
to the stable BTB domain of Kaiso. We used the
MD simulation trajectories after 200ns, where the
system is properly stabilized, to estimate the av-
erage properties of the system. In addition, to
analyze the flexibility of each residue in the com-
plex, we calculated the root mean square fluctua-
tion (RMSF) of individual residues using the back-
bone C atoms. As shown in Figures 2c and 2d, the
RMSF of Kaiso residues is significantly stable com-
pared to the residues in CTCF. As expected, the
extremities of both proteins are highly flexible due
to a lack of interactions with another protein. In
Kaiso, except for the loop containing residues 62-
66, most residues have RMSF of less than 2 Å. In
CTCF, the residues in 668-676 and 680-689 that
are involved in interaction with Kaiso have lower
RMSF, indicating higher stability.

3.3 Major interactions in the Kaiso-CTCF
complex

We investigated the various non-covalent interac-
tions involved in forming and stabilizing the com-
plex between Kaiso and CTCF. As shown in Figure
2a, the Kaiso-CTCF complex has several hydropho-
bic, hydrogen bonding, and ionic interactions. We
explored the detailed dynamics of these interactions
during the simulation.

Hydrophobic Interactions

The BTB/POZ domain of Kaiso and the -sheet
in the binding site of CTCF contain multiple hy-
drophobic residues. Therefore, several inter-protein
hydrophobic interactions are present at the bind-
ing interface of the Kaiso-CTCF complex. Fig-
ure 3a shows the representative snapshot of the
MD simulation showing the hydrophobic interac-
tions in the Kaiso-CTCF. Our results predict that
the VAL673 and ILE684 in CTCF make hydropho-
bic interactions with VAL93 and LEU98 of Kaiso.
Similarly, ILE90, LEU101, and ILE102 in Kaiso
create hydrophobic grooves with VAL686, ILE671,
and ALA669 in CTCF. In addition, ILE113 and
LEU116 of Kasio interact with ALA669 of CTCF.
Moreover, PHE112 in Kaiso makes hydrophobic
contact with PRO667 and VAL668 in CTCF.

Figure 2: (a) Kasio-CTCF complex at the end of 350 ns MD simulation. (b) Time evolution of the
RMSD measurement of the Kaiso-CTCF complex. RMSF measurements of the (c) CTCF and (d)
CTCF residues in the Kaiso-CTCF complex during simulation.
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Figure 3: (a) Representative structure of the Kasio-CTCF complex during the simulation highlighting
the hydrophobic interactions at the binding interface. (b) Time evolution of the hydrophobic contact
area between the Kaiso and CTCF during the simulation.

We calculated the hydrophobic contact area be-
tween Kaiso and CTCF to estimate the contribu-
tion of the hydrophobic interactions to the stability
of the complex. The hydrophobic contact area is the
hydrophobic surface buried at the binding interface
between two proteins upon complex formation. The
higher the contact area, the greater the interact-
ing surface between the interacting partners, which
leads to the greater stability of the complex [39].
We calculated the contact area from the SASA of
individual proteins and complex using the following
equation [39].

Contact Area = (SKaiso+SCTCF−SComplex)
2

where SKaiso, SCTCF, and Scomplex are the hy-
drophobic SASA of the Kaiso, CTCF, and Kaiso-
CTCF complex.

Figure 3b shows the time evolution of the hy-
drophobic contact area between the Kaiso and
CTCF. The average hydrophobic contact area for
the last 150 ns of the simulation trajectories is
365 ± 54 Å2. Previous studies have shown that
the burial of 1 Å2 of hydrophobic surface area at
the binding interface contributes about -15 ± 1.2
cal/mol [39, 40] of free energy to stabilize the com-
plex. Therefore, the 365 Å2 of the hydrophobic con-
tact area of the Kaiso-CTCF complex contributes
about -5.5 kcal/mol to its stability. Therefore,
hydrophobic interactions are crucial in the Kaiso-
CTCF complex formation and stabilization.

Hydrogen Bonds Interactions

We analyzed the inter-protein hydrogen bond
interactions between the Kaiso and CTCF using the

criterion explained in the Methods section. The
time evolution of the total number of hydrogen
bonds between inter-facial residues in the Kaiso-
CTCF complex is shown in Figure 4a. As the com-
plex undergoes structural reorganization till 200 ns
and becomes stable, we used the simulation trajec-
tory of 200-350 ns to estimate the occupancy per-
centage of the hydrogen bonds. Figure 4b shows
the occupancy percentage of major hydrogen bonds
involved in forming the Kaiso-CTCF complex. As
more than one pair of atoms are involved in forming
hydrogen bonds in a given residue pair, the occu-
pancy percentage included in Figure 4b is the aggre-
gation of all hydrogen bonds formed within a given
residue pair. Figure 4c shows the atomic details of
the significant inter-protein hydrogen bonds in the
Kaiso-CTCF complex. Since most of the residues
in the binding interface are hydrophobic, the back-
bone atoms are involved in hydrogen bonding. Even
with the polar residues, hydrogen bonds are formed
between backbone atoms as the side chains are ori-
entated away from the binding interface (Figure 4c).
The backbone nitrogen of LYS689 in CTCF forms a
hydrogen bond with the oxygen atom of GLU115 in
Kaiso. This bond is formed around 125 ns and re-
mains consistently stable after 150 ns, as shown in
Figure 4d. Similarly, the hydrogen bond between
GLY117 in Kaiso and LYS689 in CTCF becomes
stable after 150 ns. In addition, the backbone ni-
trogen and oxygen of VAL93 in Kaiso form hydro-
gen bonds with the backbone atoms of GLN672 and
GLU674 in CTCF, respectively. These bonds are
formed at the start of the simulation and remain
stable throughout (Figure 4d). In addition, the
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ARG92(Kaiso)- GLU674(CTCF) is the only major
hydrogen bond formed between the side chains of

Kaiso and CTCF.

Figure 4: (a) Time evolution of the total inter-protein hydrogen bonds in the Kaiso-CTCF complex
during the simulation. (b) Percentage occupancy of the major hydrogen bonds in the Kaiso-CTCF
complex. (c) Details of the major inter-protein hydrogen bonds in the Kaiso-CTCF complex (shown in
the licorice structure). The dotted lines represent the hydrogen bonds. (d) Time evolution of the distance
between the heavy atoms forming major inter-protein hydrogen bonds in the Kaiso-CTCF complex.

Ionic Interactions

The ionic interactions result from the elec-
trostatic attraction between the side chains of
the charged residues at the binding interface be-
tween two proteins. The negatively charged side
chain of GLU674 in CTCF makes ionic interaction
with the positively charged side chains of ARG92
and ARG94 of Kaiso. Similarly, the GLU115
in Kaiso makes ionic interactions with the side
chains of LYS663, LYS689, and LYS690 in CTCF.
In the Kaiso-CTCF complex, a strong, consistent
salt bridge is not formed between these charged
residues, as their heavy atom pairs are beyond 3.2 Å

during most of the simulation time. Nevertheless,
the ARG92 and ARG94 in Kaiso make transient
salt bridges with GLU674 in CTCF. These ionic in-
teractions enhance the binding of these two proteins
to form a stable complex. We further estimated the
contribution of the non-bonded interaction in sta-
bilizing the Kaiso-CTCF complex. We calculated
the average values of non-bonded interaction energy
using the last 150 ns of the simulation trajectory.
The electrostatic and van der Waals interactions
contribute about -199 ± 72 kcal/mol and -56 ± 10
kcal/mol to the total energy of the complex.
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3.4 Binding Free Energy of the Complex

We estimated the binding free energy of the Kaiso-
CTCF complex using molecular mechanics with
a generalized Born and surface area solvation
(MM/GBSA) approach [41–43]. Previous studies
have shown that the MM/GBSA method has some
limitations in calculating the absolute binding free
energy of the complex and tends to overestimate the
binding free energy [44, 45]. However, it is a com-
putationally efficient way to calculate the relative
binding energy of a complex. As in our previous
works [36, 46, 47], we used NAMD to calculate the
MM/GBSA energy using the simulation trajecto-
ries from the last 150 ns of the simulation, where
the complex is properly stabilized. The binding free
energy of the Kaiso-CTCF complex is -45.1 ± 5.2
kcal/mol. Even though the MM/GBSA approach
overestimates the binding free energy [45], compar-
ing this value with our previous works [46, 47] us-
ing the same method indicates a stable complex be-
tween Kaiso and CTCF.

4 Conclusion

In this work, we employed the neural network-
based modeling method AlphaFold2 and MD sim-
ulation to predict the complex between the Kaiso
and CTCF and investigated the structural features
of the predicted Kaiso-CTCF complex. We pre-
dicted the specific binding region as well as the key
residues and their role in forming and stabilizing
the complex. In addition, we studied the atomic-
level detailed dynamics of various inter-protein non-
covalent interactions to understand the complex
formation between the CTCF and Kaiso. Our re-
sults show that the residues 662-690 towards the
end of the C-terminal end of CTCF, containing
a -sheet with two parallel -strands, bind with the
BTB/POZ domain of Kaiso. Our simulation re-
sults reveal that hydrophobic interactions between
the inter-facial residues are crucial in forming the
stable complex between Kaiso and CTCF. In ad-
dition, several hydrogen bonding and ionic interac-
tions are essential for binding two proteins. Sim-
ilarly, electrostatic and van der Waals interactions
also contribute to complex stabilization. The signif-
icant value of hydrophobic contact area and bind-
ing free energy indicate the stability of the predicted
complex. To the best of our knowledge, it is the first
computational work in modeling the Kaiso-CTCF
complex and investigating its structural features.
Previous studies have reported that Kaiso-CTCF
interaction negatively regulates CTCF insulator ac-
tivity [25]; our first structural characterization out-
lines the molecular basis of the interaction of Kaiso
with CTCF.
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