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A B S T R A C T

The interaction between barrier-to-autointegration factor dimer (BAF2) and LEM domain of emerin
(EmLEM) was studied by molecular simulation methods. Nonspecific fragment of double-strand DNA
molecule was docked with each chain of BAF2 by ZDOCK program. The model of DNA2:BAF2:EmLEM was
thus constructed. The mutant Gly25Glu of BAF2 was manually constructed to explore the detailed effect
of the mutation on the binding of BAF2 and EmLEM. It has been experimentally suggested that point
mutation Gly25Glu can disturb the binding between BAF2 and EmLEM. Then, molecular dynamics (MD)
simulations were performed on DNA2:BAF2(WT):EmLEM and DNA2:BAF2(MT):EmLEM complexes. 30 ns
trajectories revealed that the trajectory fluctuations of MT complex are more violent than that of the WT
complex. Further, the binding free energy analysis showed that the electronegative residues Asp57,
Glu61 and Asp65 from chain A, glu36 from chain B of BAF2 mainly contribute to interact with EmLEM.
Besides, a stable p–p stack between trp62 and phe39 from BAF2(WT) chain B is destroyed by Glu25 in
BAF2(MT). As a result, trp62 forms an interaction with glu25, and phe39 converts to strengthen affinity to
EmLEM. On the other hand, Trp62 from chain A also forms a strong interaction with MT Glu25. Thus, with
the docking of DNA, BAF2(MT) has higher affinity with EmLEM than BAF2(WT).
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1. Introduction

Emerin is a multiple domain lamina-associated polypeptide
emerin-MAN1 (LEM) protein comprising an N-terminal globular
LEM domain (EmLEM), which is separated by a hydrophobic nuclear
localization signal, and a C-terminal transmembrane region
(Lin et al., 2000; Wolff et al., 2001). The structure of EmLEM has
two a-helices (residues 9–19 and 28–46). The a-helices form an
angle for about 43� (Cai et al., 2007). Emerin localizes in the inner
nuclear membrane (INM) of somatic mammalian cells, and
requires A-type lamins (lamin A) (Haque et al., 2010; Wheeler
and Ellis, 2010; Zhang et al., 2005; D’Angelo and Hetzer, 2006).
Emerin regulates extracellular signal-regulated kinase (ERK)
signaling (Muchir et al., 2007a,b, 2009) and directly binds
transcription factors in developing myoblasts (Markiewicz et al.,
2006; Tilgner et al., 2009; Holaska, 2008). Besides, genetic analysis
yields important insights into their somatic roles (Huber et al.,
2009). Human emerin and lamins mutations cause many diseases,
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including one or more tissues muscular dystrophy, bone, fat,
connective tissue, skin, heart, blood or nervous, brain development
and accelerate aging (Wolff et al., 2001; Liang et al., 2011).

Barrier-to-autointegration factor (BAF) is a small (10 kDa)
double strand DNA (dsDNA)-binding protein, which is highly
conserved among metazoans (Lee and Craigie,1998). One molecule
of EmLEM binds a BAF dimer (BAF2) (Furukawa, 1999; Cai et al.,
2001). BAF2 is necessary for assembly of emerin at the nuclear
envelope (Capanni et al., 2012; Haraguchi et al., 2001). Additional
roles for BAF2 in nuclear structure are suggested by its direct
binding to nuclear lamins (Gruenbaum et al., 2005; Holaska et al.,
2003). Interactions between BAF2 and LEM proteins at the ‘core’
region of telophase chromosomes are required to assemble lamin A
filaments (Shimi et al., 2004; Segura-Totten and Wilson, 2004).
BAF-null Drosophila cells fail to express cyclins, suggesting that BAF
affects the gene expression of cyclin directly or indirectly
(Furukawa et al., 2003). Excess BAF influences higher-order
chromatin organization and nuclear envelope assembly (Segura-
Totten et al., 2002).

The solution NMR structure of the BAF2:EmLEM complex reveals
that the binding surfaces on both BAF2 and EmLEM consist of a
central hydrophobic portion surrounded by a rim of polar and
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charged residues, which is typical in many protein:protein
complexes (Williams et al., 2004). In human cells, expression of
BAF missense mutation Gly25Glu dominantly disrupts the
assembly of emerin, LAP2b and lamin A into reforming nuclei
(Haraguchi et al., 2001). The Gly25 locates in the interface between
BAF and DNA. Related experiment suggested that Gly25Glu
mutation affected emerin localization during telophase. This
BAF mutant is inactive for binding to DNA, and inactive for
binding to emerin and LAP2 in vitro (Haraguchi et al., 2001). Our
previous study (Shang et al., 2014) shows that Gly25Glu mutation
can attenuate the interactions between BAF and DNA, which is
consistent with experimental observation. We utilize molecular
docking, point mutation and molecular dynamic (MD) simulation
to compare the differences of structure and function between wild
type (WT) BAF2:EmLEM complex and Gly25Glu mutant type (MT)
in BAF2:EmLEM complex.

2. Theoretical methods

2.1. Docking study

ZDOCK module (Wiehe et al., 2005) of Discovery Studio 2.5 was
used to perform the docking simulation of DNA with BAF. The
structures of BAF2:EmLEM complex and double strands DNA
(dsDNA) were taken from Protein Data Bank (chain A in PDB
code: 2ODG and chain B and C in 2BZF, respectively). The CHARMm
Polar H force field (Grosdidier et al., 2011) was applied to depict all
the atoms except non-polar H in molecular docking. 2000 top
poses were generated and then classified into 60 clusters. The
cutoff value of root-mean-square deviation (RMSD) was 1.0 Å, and
interface cutoff was 2.0 Å (Accelrys Software Inc., 2007). Zrank
scoring algorithm was then tested on ZDOCK benchmark dataset
version 2.5 (Wiehe et al., 2005). Based on the related experimental
result (Haraguchi et al., 2001), ‘Build and edit proteins’ module of
Discovery Studio 2.5 (Accelrys Software Inc., 2007) was used to
mutate Gly25 to Glu25 in BAF.

2.2. Molecular dynamics simulation

All the MD simulations were performed on Inspur workstations
using the Amber11 software package (Case et al., 2005). The ff03ua
force field (Ode et al., 2007) was used for energy minimization and
MD simulations. The charge of DNA2:BAF2(WT):EmLEM and DNA2:
BAF2(MT):EmLEM complexes were neutralized by tleap module of
Amber11. An explicit solvent model TIP3P water box (Jorgensen
et al., 1983) was used with a distance of 10.0 Å between complex
surface and water box boundary. A minimization of 1000-step
steepest descent (SD) and 1000-step conjugate gradient (CG) was
carried out. The constraint force constant on protein was 500 kcal
mol�1 Å�2. After that, without any restraint on the whole system, a
minimization of 3000-step SD and 4000-step CG was used. Then, a
heating simulation was performed from 0 to 300 K in 500 ps with a
weak constraint force constant value of 10.0 kcal mol�1 Å�2. After
heating, a NPT ensemble of 1 atm and 300 K was applied for 30 ns
equilibrium simulation without any constraint. Periodic boundary
condition was used to the system to obtain consistent behavior.
The cutoff value of nonbonded interaction was 12.0 Å. The particle
mesh Ewald (PME) method (Essmann et al., 1995) was employed
for the computation of long-range electrostatic forces. The time
step was 1.0 fs. A simple leapfrog integrator was used to propagate
the dynamics, with the collision frequency of 1.0 ps�1. A Langevin
thermostat was adopted. The relaxation time for barostat bath was
2.0 ps. VMD (Humphrey et al., 1996) software was used to visualize
the trajectories and to depict structural representations.
2.3. The calculations of binding free energy

The MM-GB/SA method implemented in Amber11 (Gohlke
et al., 2003) was applied to calculate the binding free energy
between the ligand and the receptor (Swanson et al., 2004). The
binding free energy (DGbind) in MM-GB/SA between a ligand
(EmLEM) and a receptor (BAF2) to form BAF2:EmLEM complex was
calculated as:

DGbind ¼ Gcomplex � Greceptor � Gligand (1)

G ¼ EMM þ Gsol � TS (2)

EMM ¼ Eint þ Eele þ Evdw (3)

Gsol ¼ GGB þ GSA (4)

In Eq. (2), the EMM,Gsol, and TS represented molecular
mechanics component in gas phase, the stabilization energy due
to solvation, and a vibrational entropy term, respectively. EMM was
given as a sum of Eint, Eele, and Evdw which were internal, Coulomb
and van der Waals interaction terms, respectively. Solvation
energy, Gsol, was separated into an electrostatic solvation free
energy (GGB) and a nonpolar solvation free energy (GSA). The former
could be obtained from the generalized born (GB) method. The
latter was considered to be proportional to the molecular solvent
accessible surface area (SASA) (Hou et al., 2008). The binding free
energies were obtained by averaging over the values calculated for
2000 snapshots from the 11–20 ns of the trajectories at 5 ps
intervals for the complex structures.

2.4. Determination of p–p stacking interaction

We adopted the following tests to determine stacked and
staggered p–p interactions (McGaughey et al., 1998; Wen et al.,
2012): the default center distance cutoff was set to 8.0 Å to define
the distance between the centroid of each pair of aromatic rings.
For these, an atom from each ring should be within the closest
atom distance cutoff (4.5 Å); the angle u between the normal of one
ring and the centroid–centroid vector must fall between 0� and
�the u angle cutoff (default 60�); the angle g between the normal
to each ring must fall between 0� and �the g angle cutoff (default
30�) (Fig. 1).
Fig. 1. The parameter for p–p stacking interaction.
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3. Results and discussion

3.1. The docking of DNA and BAF2(WT):EmLEM

The Gly25Glu mutation of BAF which affects DNA binding
causes cellular mislocalization of emerin (Bengtsson and Wilson,
2006). So we docked two pairs of DNA with BAF2:EmLEM,
respectively to investigate the interaction between BAF2 and
EmLEM. The DNA2:BAF2(WT):EmLEM ternary complex is thus
formed (Fig. 2a). The X-ray crystal structure 2BZF resolved by
experimenters contains just two pairs of DNA and BAF2, but
without EmLEM. It has been suggested that the binding of DNA and
BAF is nonspecific and BAF residues interact with the backbone of
DNA but not base pair (Bradley et al., 2005). On the other hand, the
structure 2ODG contains EmLEM and BAF2, but without DNA.
However, there is not any ternary structure containing DNA, BAF2,
and EmLEM. Therefore, we used ZDOCK module to obtain the
complex structure of DNA2:BAF2:EmLEM. The reliability of the
docking method has been proved in our previous work (Shang
et al., 2014). The results show that Gly25Glu mutation attenuates
the interaction between DNA and BAF significantly. Related
experiments (Shimi et al., 2004) suggest that during the bridging
of EmLEM or DNA, BAF2 has no conformational changes. The result
indicates that the rigid docking method (ZDOCK) is compatible for
our simulating investigation. Gly25 in both chains of BAF2(WT) are
mutated to Glu25 by Discovery Studio 2.5. Thus, the DNA2:BAF2
(MT):EmLEM complex is constructed. BAF2 is a centrosymmetric
homodimer. But EmLEM is not symmetrical (Fig. 2a). It suggests that
the binding sites from the two chains of BAF2 are not identical (Cai
et al., 2007). The Gly25 of BAF2(WT) locates in the loop of helix–
hairpin–helix (HhH) motif (Fig. 2), which is the interface between
BAF and DNA. However, the mutation Glu25 in BAF2(MT) is distant
Fig. 2. (a) The docking structure of DNA2:BAF2(WT):EmLEM complex. The HhH motifs are
uppercase letters indicate residues from chain A. (c) The key residues of BAF chain B. The
(For interpretation of the references to color in this figure legend, the reader is referre
from the binding site of EmLEM. The remote effect of Glu25 on
EmLEM binding site will be further discussed.

3.2. MD simulation analysis

The conformational characteristics of DNA2:BAF2(WT):EmLEM

complex and DNA2:BAF2(MT):EmLEM complex were investigated
by MD simulation method at 300 K with explicit water. After 30 ns
MD simulation, the average RMSD value of DNA2:BAF(WT):EmLEM

complex is 2.74 Å. The RMSD values have a small deviation from the
average value. The WT complex reaches equilibrium after 5 ns
simulation, which implies that the complex structure is rather
stable. The value of DNA2:BAF2(MT):EmLEM complex is 3.31 Å,
which is higher than the former one. However, the RMSD values
deviate quite largely from the average value. The trajectory
fluctuations of MT complex are also more violent than that of
WT complex (Fig. 3). It indicates that mutating Glu25 in BAF2 may
change the conformation of MT complex in certain areas during
30 ns MD simulation.

3.3. Binding free energy between EmLEM and BAF2

The binding free energies between BAF2 and EmLEM are shown
in Table 1. These energies determine a stable binding mode for
DNA2:BAF2:EmLEM complexes. The key hydrophobic residues of
BAF2(WT) involving Val51, Leu52 and Leu58 from chain A (where
uppercase letters indicate residues from chain A); gly38,
phe39 and val51 from chain B (where lowercase letters indicate
residues from chain B) interact with Gly24, Pro25 and Val26 of
EmLEM (italics denote residues of EmLEM). Key electrostatic
residues including Asp55, Asp57, Glu61 and Asp65 of BAF2(WT)
chain A, glu36 of chain B interact with Arg17 and Lys36 of EmLEM
 represented by yellow chains in BAF2. (b) The key residues of BAF chain A. The initial
 lowercase letters indicate residues from chain B. A part of the HhH motif is deleted.
d to the web version of this article.)



Fig. 3. The RMSD plots of DNA2:BAF2:EmLEM within 30 ns simulation.

Table 2
Interaction energies between some important BAF2 residues and EmLEM in DNA2:
BAF2(WT):EmLEM complexes (kcal mol�2).

Residue Evdw Eele DGGB DGSASA Etotal

A_Gly47 �0.06 �7.58 6.44 �0.01 �1.21
A_Gln48 �1.62 �14.92 12.68 �0.24 �4.10
A_Leu52 �1.22 �2.18 1.85 0.48 �1.07
A_Lys53 �2.20 �12.30 10.46 0.63 �3.41
A_Asp55 �0.27 �8.76 7.45 �0.04 �1.62
A_Asp57 �0.20 �38.50 32.73 �0.03 �6.01
A_Glu61 �0.22 �41.69 40.14 0.33 �1.44
A_Trp62 �0.25 �18.24 14.25 0.34 �3.90
A_Asp65 �1.04 �57.00 54.15 �0.16 �4.05
B_leu34 �0.38 �9.82 8.35 �0.06 �1.91
B_glu35 �0.90 �22.22 20.14 �0.14 �3.12
B_glu36 �0.01 �14.05 11.94 0.00 �2.12
B_arg37 �3.56 �27.98 31.43 �1.28 �1.39
B_gly38 �1.10 3.95 �3.36 �0.77 �1.28
B_phe39 �2.73 �2.45 2.08 �0.41 �3.51
B_asp40 �0.38 �6.57 5.58 �0.06 �1.43
B_val44 �0.92 �1.64 1.39 �0.14 �1.31
B_val51 �1.35 �2.01 1.71 �0.20 �1.85
B_trp62 �0.01 �9.78 8.31 0.00 �1.48
B_thr66 �0.51 �11.59 9.85 �0.08 �2.33
C_ Asp9 �1.62 �51.73 50.53 �0.75 �2.07
C_ Thr10 �0.02 �4.12 0.84 �0.16 �3.46
C_ Thr13 �0.09 �36.95 34.07 0.15 �2.82
C_ Arg17 0.19 �24.80 22.09 0.00 �2.52
C_ His23 �1.84 �3.01 2.97 �0.50 �2.38
C_ Gly24 �0.40 �6.42 4.24 �0.06 �2.64
C_ Pro25 2.38 �6.75 3.52 �0.38 �1.23
C_ Val26 �1.81 �1.85 0.97 �0.29 �2.98
C_ Val27 �1.40 �9.20 9.03 �0.22 �1.79
C_Ser29 �1.93 �12.17 12.26 �0.30 �2.14
C_Thr30 0.30 �10.09 8.35 �0.05 �1.49
C_Leu33 �0.30 �16.72 13.61 �0.05 �3.46
C_Lys36 0.11 �19.88 14.74 0.00 �5.03
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(Table 2, Fig. 2b and c). The results above are coordinated with the
experimental data (Cai et al., 2007). Comparing with that of
residues in BAF2(WT), the binding free energies of following
residues in BAF2(MT) decrease expressively: Asp55, Asp57,
Glu61 and Asp65 from chain A; glu36 and phe39 from chain B.
The total binding free energy between BAF2(MT) and EmLEM

(�127.79 kcal mol�1) is lower than that between BAF2(WT) and
EmLEM (�72.29 kcal mol�1), which indicates that BAF2(MT) binds
with EmLEM more tightly. Interestingly, with the Eele decreasing to
�628.96 kcal mol�1 in BAF2(MT), Evdw in that increases to �17.78
kcal mol�1 conversely (Table 1), which suggests that the mutation
hydrophilic Glu25 may disturb the hydrophobic area of binding
site between BAF2(MT) and EmLEM. Table 1 shows that Eele
contributes greatly to the interaction between BAF2 and EmLEM.
But polar solvation effect (DGGB) counteracts most of the vacuum
energy from Eele. Otherwise, nonpolar solvation effect (DGSASA)
and entropy (�TDS) contribute a little to the total energy (DGtot).

3.4. The key residues influencing the interaction between EmLEM and
BAF2

Gly25Glu mutation may change the distribution of charge in
BAF2. The electric repulsion causes other electronegative residues
such as Asp55, Asp57, Glu61 and Asp65 from chain A to form
stronger electrostatic interaction with EmLEM (Table 1). To evaluate
the charge variation influenced by no. 25 residues, we choose CA
atom of no. 25 residues (Gly25 or Glu25) and CG atom of Asp65 for
instance to determine the distances (Fig. 4). 60,000 snapshots were
adopted during 30 ns simulation time. The average distances are
17.33 and 21.47 Å, respectively. The results show that mutation
Glu25 can convert the orientation of the same electrical residue
side chain towards EmLEM.

The binding free energy of glu36 from chain B decreases in BAF2
(MT) (Tables 2 and 3). The no. 25 residues and glu36 of chain B
locate in HhH motif (Fig. 2a) which mainly contributes to interact
with the DNA (Bradley et al., 2005). However, the results suggest
that HhH motif in chain B also interacts with EmLEM (Fig. 2c). The
Table 1
Binding free energies (kcal � mol�1) and its components between BAF2 and EmLEM.

System Evdw Eele DGGB

Wild type �27.22 � 0.84 �516.52 � 3.46 463.22 � 3.67 

Mutant type �17.78 � 0.39 �628.96 � 5.37 503.17 � 3.39 

a DGMM�GB/SA = Eele + Evdw+ DGGB + DGSASA.
b DGtot = DGMM�GB/SA� TDS.
Gly25Glu mutation may exclude the side chain of glu36 to another
direction. Thus glu36 forms a stronger salt bridge with Arg17 of
EmLEM (Cai et al., 2007).

Another interesting residue is Trp62 of BAF2. Further investi-
gation reveals that Trp62 plays different roles in either chain. We
adopt 60,000 snapshots during 30 ns simulation time to determine
the centroid distance between two aromatic rings of trp62 and
phe39 of BAF2(WT) chain B. The average distance is 5.40 Å (Fig. 5,
red). The average closest atom distance is 3.77 Å (Fig. 5, black).
Meanwhile, most u and g angles are in the acceptable angle cutoff,
respectively (Fig. 6). The results above show that there is a p–p
stack between trp62 and phe39 in BAF2(WT) chain B (Wang et al.,
2013). The binding free energy is �3.47 kcal mol�1. But the stack is
destroyed in BAF2(MT) chain B (the data are not shown), which
leads trp62 strengthening interaction with no. 25 residue
(0.77 kcal mol�1 of gly25 to �4.77 kcal mol�1 of glu25). Meanwhile,
the mutation also induces phe39 to form much stronger
interaction with EmLEM. The binding free energies of
phe39 decrease from �3.51 kcal mol�1 in WT to �14.03 kcal mol�1

in MT towards EmLEM (Table 3). The results reveal that Gly25Glu
mutation is the ultimate reason for the destruction of p–p stack in
BAF2(MT) chain B.

There is no p–p stack detected in either WT or MT of chain A
(the data are not shown). It also partially suggests that the
DGSASA DGMM-GB/SA
a �TDS DGtot

b

�2.99 � 0.16 �83.51 � 0.79 11.22 � 0.21 �72.29 � 2.37
�1.95 � 0.13 �145.52 � 1.58 17.73 � 0.15 �127.79 � 1.59



Fig. 4. The distances between CA atom of no. 25 residues and CG atom of
Asp65 from BAF2 chain A during 30 ns MD simulation.

Fig. 5. Two distance data from BAF2(WT) chain B during 30 ns MD simulation. The
centroid distance between benzene ring in phe39 and indole ring in trp62 (red). The
distance between CZ atom in phe39 and CZ2 atom in trp62 (black). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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chemical environments of the two subunits of BAF2 are different
(Cai et al., 2007). In spite of this, Trp62 is still a pivotal residue
forming a stronger interaction with MT Glu25 (�7.67 kcal mol�1),
than that with WT Gly25 (0.03 kcal mol�1). This interaction
weakens the binding free energy between Trp62 and EmLEM from
�3.90 kcal mol�1 to �1.85 kcal mol�1 (Tables 2 and 3). Through
analysis of the key residues, it is revealed that the electrostatic
effect mainly contributes to strengthen the affinity to EmLEM in
BAF2(MT) chain A. However, in BAF2(MT) chain B, only
glu36 affords electrostatic interaction with EmLEM. Due to the
disruption of p–p stack, phe39 participates in binding with EmLEM.

Related experiment observed the interaction between BAF2 and
emerin but without binding of DNA, and suggested that Gly25Glu
mutant is inactive for binding to emerin in vitro, but might retain
the ability to interact with BAF:DNA complexes (Haraguchi et al.,
2001). The structure of BAF2 may be destroyed by the mutation.
However, our molecular simulation shows that BAF2(MT) has even
stronger interaction with in DNA2:BAF2:EmLEM complex, which
Table 3
Interaction energies between some important BAF2 residues and EmLEM in DNA2:
BAF2(MT):EmLEM complexes (kcal mol�1).

Residue Evdw Eele DGGB DGSASA Etotal

A_Gln48 �0.10 �18.59 15.80 �0.02 �2.91
A_Leu50 �0.27 �7.65 6.50 �0.04 �1.46
A_Val51 �3.34 4.09 �3.48 �0.80 �3.53
A_Asp55 �0.53 �32.52 27.64 �0.08 �5.49
A_Glu56 �0.07 �24.72 21.01 �0.01 �3.79
A_Asp57 �0.36 �34.68 24.98 �0.05 �10.11
A_Leu58 �0.39 �5.09 4.33 �0.06 �1.21
A_Glu61 1.78 �65.72 51.91 0.27 �11.76
A_Trp62 �1.08 �2.08 1.77 �0.46 �1.85
A_Asp65 �2.42 �61.93 47.64 0.36 �16.35
A_Ala69 0.00 �13.49 11.47 0.00 �2.02
B_lys33 �0.16 �21.04 17.88 �0.02 �3.34
B_glu36 �2.53 �66.55 56.57 �0.38 �12.89
B_gly38 �2.01 0.20 �0.17 �0.30 �2.28
B_phe39 �0.31 �24.44 10.77 �0.05 �14.03
B_val44 �1.21 �11.69 9.94 �0.18 �3.14
B_val51 �0.88 �3.66 3.11 �0.13 �1.56
C_ Asp9 �0.35 �75.90 74.16 1.08 �1.01
C_ Arg17 �0.27 �29.19 22.38 0.00 �7.08
C_ Gly24 �0.58 �9.29 6.13 �0.08 �3.82
C_ Pro25 3.45 �9.76 5.08 �0.55 �1.78
C_ Val26 �2.62 �2.68 1.40 0.42 �3.48
C_ Val27 �2.02 �13.30 13.05 �0.31 �2.58
C_Thr30 0.44 �14.58 12.07 �0.08 �2.15
C_Leu33 �0.40 �24.16 19.67 �0.07 �4.96
C_Lys36 �0.16 �50.98 40.66 0.00 �10.48
seems to be contrary to the experiment results. We suspect that the
key point is the existence of DNA. 30 ns MD simulations were
performed on DNA2:BAF2(WT) and BAF2(WT), DNA2:BAF2(MT)
and BAF2(MT). The MD trajectory comparisons show that the
fluctuations of DNA2:BAF2(WT) and dissociative BAF2(WT) are
almost the same (Fig. 7). The average RMSD values are 2.00 and
2.28 Å, respectively. However, the average RMSD values of DNA2:
BAF2(MT) and dissociative BAF2(MT) are 2.20 and 2.95 Å,
respectively (Fig. 8). Our previous study (Shang et al., 2014)
revealed that DNA can stabilize the structure of BAF(WT) or BAF
(MT). When the DNA is docked to the BAF2:EmLEM complex, the
DNA may influence the structure variation of either BAF2(WT) or
BAF2(MT). The root mean square fluctuation (RMSF) values show
that the main chain of BAF2(MT) keeps slight movement with the
existence of DNA. The residues Gln5-Gly31, Asp55-Asp65, glu13-
lys41 of DNA2:BAF2(MT) are the three major variation groups
compared with that of dissociative BAF2(MT) (Fig. 9). The RMSF
values of DNA2:BAF2(WT) and BAF2(WT) are much lower than the
MT structures (Fig. 10). It indicates that the main chains of DNA2:
BAF2(WT) and BAF2(WT) are stable during MD simulations. The
Fig. 6. The g (black) and u (red) angle variation between benzene ring in phe39 and
indole ring in trp62 from BAF2(WT) chain B during 30 ns MD simulation.



Fig. 7. The RMSD plots of DNA2:BAF2(WT) and BAF2(WT) complexes within 30 ns
simulation.

Fig. 10. The RMSF values of DNA2:BAF2(WT) and BAF2(WT) residues.

Fig. 9. The RMSF values of DNA2:BAF2(MT) and BAF2(MT) residues.
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results are consistent with our conclusions mentioned above.
According to our simulations, Gly25Glu mutation and introduction
of DNA are two contrary forces to influence the conformation
change of BAF2 during MD simulation.

LEM proteins involve many activities, including nuclear
assembly, DNA replication, actin dynamics, signaling downstream
of the TGF-b family structural roles in nuclear assembly and
chromatin architecture during the interphase (Gruenbaum et al.,
2005). Besides, BAF might affect gene expression at multiple levels
(Holaska et al., 2003). Gly25Glu mutation in BAF2(MT) can result in
significant impact on DNA2:BAF2:EmLEM interaction. But the
effects on each subunit of BAF2 are distinct. The mutation
Glu25 makes some key residues of BAF2(MT) convert to EmLEM

(Fig. 4). Related experiments (Wolff et al., 2001; Furukawa, 1999;
Shimi et al., 2004; Shumaker et al., 2001) propose that EmLEM

binding with BAF2 is a ‘touch and go’ model during interphase,
which reveals that the contact between EmLEM and BAF2 is
frequent and transient. When BAF2(MT) reinforce the interaction
with EmLEM, the dynamic movement between BAF2(MT) and
EmLEM would be disturbed. Further, the mislocalization of emerin
would disorder the downstream pathways by changing the
localization or stability of lamin A (Haraguchi et al., 2001). BAF,
lamins and LEM proteins appear to have a special relationship.
Each can directly bind the other (Holaska et al., 2003). Disruptions
Fig. 8. The RMSD plots of DNA2:BAF2(MT) and BAF2(MT) complexes within 30 ns
simulation.
in the attachments between LEM proteins and BAF2 may also be
functionally relevant for human diseases caused by defects in
nuclear lamina proteins (Bonne et al., 2000; Cohen et al., 2001).
Further studies are needed to understand the interactions of
BAF2 with LEM proteins and lamins.

4. Conclusion

We utilize Discovery Studio 2.5/ZDOCK module and
Amber11 software package to perform DNA2:BAF2(WT):EmLEM

and DNA2:BAF2(MT):EmLEM simulations. The results show that
Gly25Glu mutation can disturb the structure of DNA2:BAF2(MT):
EmLEM in certain areas. The RMSD fluctuation of DNA2:BAF2(MT):
EmLEM simulations is more violent than that of DNA2:BAF2(WT):
EmLEM. We calculated the binding free energies between BAF2
(WT) or (MT) and EmLEM. The total energy of BAF2(WT):EmLEM

(�72.29 kcal mol�1) is higher than that of BAF2(MT):EmLEM

(�127.79 kcal mol�1). It means the interaction between BAF2
(MT) and EmLEM is more stronger than BAF2(WT) and EmLEM. With
the Eele decreasing to �628.96 kcal mol�1 in BAF2(MT), Evdw
increases to �17.78 kcal mol�1 in BAF2(MT). It indicates that
the mutation Glu25 may disturb the hydrophobic area of binding
site between BAF2(MT) and EmLEM. The electrostatic interaction is
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the main determinant in the BAF2 and EmLEM interaction. Such as
electronegative residues Asp55, Asp57, Glu61 and Asp65 from
chain A, glu36 from chain B of BAF2 contribute to interact with
EmLEM. Besides, trp62 in chain B of BAF2 is another key residue. In
BAF2(WT), trp62 can form a p–p stack (�3.47 kcal mol�1) with
phe39. But p–p stack disappears in BAF2(MT). The trp62 forms an
interaction (�4.77 kcal mol�1) with glu25, conversely. The
phe39 converts to interact with EmLEM (�14.03 kcal mol�1). There
is no p–p stack detected between Trp62 and Phe39 from chain A.
But Trp62 also forms a strong interaction with MT Glu25
(�7.67 kcal mol�1). And the binding free energy of
Trp62 increase from �3.90 kcal mol�1 to �1.85 kcal mol�1 towards
EmLEM. Gly25Glu mutation can change the distribution of the
charge in BAF2 to disturb the localization of EmLEM on BAF2. Our
simulation reveals that the introduction of DNA may change the
conformation of BAF(MT). Thus, key residues of BAF(MT) convert to
strengthen the interaction with EmLEM. The mutation
Glu25 proposed in this study is useful for understanding the
potential mechanisms of BAF2 and EmLEM interaction. Our results
may be helpful for further experimental investigations and BAF
docking studies.
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