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Abstract Lamin A/C proteins are the major components
of a thin proteinaceous filamentous meshwork, the lamina,
that underlies the inner nuclear membrane. A few specific
mutations in the lamin A/C gene cause a disease with
remarkably different clinical features: FPLD, or familial
partial lipodystrophy (Dunnigan-type), which mainly
affects adipose tissue. Lamin A/C mutant R482W is the
key variant that causes FPLD. Biomolecular interaction
and molecular dynamics (MD) simulation analysis were
performed to understand dynamic behavior of native and
mutant structures at atomic level. Mutant lamin A/C
(R482W) showed more interaction with its biological
partners due to its expansion of interaction surface and
flexible nature of binding residues than native lamin A/C.
MD simulation clearly indicates that the flexibility of
interacting residues of mutant are mainly due to less
involvement in formation of inter and intramolecular
hydrogen bonds. Our analysis of native and Mutant lamin
A/C clearly shows that the structural and functional con-
sequences of the mutation R482W causes FPLD. Because
of the pivotal role of lamin A/C in maintaining dynamics of
nuclear function, these differences likely contribute to or
represent novel mechanisms in laminopathy development.
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Introduction

The nuclear envelope of eukaryotes is composed of
membranes, nuclear pores and a nuclear lamina. The
nuclear lamina is a dense filamentous network underlying
the inner nuclear membrane and is mainly composed of
intermediate filament (IF)-type proteins, the lamins
(Newport et al. 1990). Lamins feature the typical structure
of IF that constitutes an N-terminal “head domain”, a
central alphahelical “coiled coil” rod domain and a car-
boxy-terminal “tail domain” (Strelkov et al. 2003).
Numerous functions are performed by lamins, including
maintaining stability of the nuclear structure, organization
of chromatin, regulation of cell cycle (Burke and Stewart
2002), apoptosis and various biochemical and metabolic
processes (Cohen et al. 2001); they are also implicated in
the regulation of gene expression, DNA replication and
mRNA transcription (Maraldi et al. 2007).

Specific missense mutations in the lamin A/C gene have
been shown to cause Dunnigan-type familial partial lipo-
dystrophy type 2 (FPLD2: OMIM No. 151660) (Cao and
Hegele 2000; Shackleton et al. 2000; Speckman et al. 2000).
It is a rare autosomal dominant disease, which is part of a
heterogeneous group of disorders characterized by complete
or partial absence of adipose tissue (Kobberling and Dunn-
igan 1986; Burn and Baraitser 1986). Patients with FPLD are
born with normal fat distribution, but with the onset of
puberty, they start losing subcutaneous fat from their
extremities, trunk and gluteal region (Kobberling and
Dunnigan 1986; Garg et al. 1999). Also, excess fat may
become deposited in the face, neck, back and labia majora
and lead to disfigurement (Kobberling and Dunnigan 1986;
Burn and Baraitser 1986; Garg et al. 1999; Jacob and Garg
2006). Findings indicated that transcriptional activity of
several genes involved in adipogenesis is altered in the
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affected tissues of patients with FPLD2 (Aradjo-Vilar et al.
2009) and patients with decreased subcutaneous adipose
tissue in the limbs and trunk were reported (Lado-Abeal et al.
2010). Neuromuscular and cardiac dystrophies, lipodystro-
phies, and premature ageing syndromes (Vantyghem et al.
2004) and loss of subcutaneous fat and muscular hypertro-
phy, especially of the lower extremities, started as early as in
childhood, acanthosis and severe hypertriglyceridemia
developed later in life, followed by diabetes are indicated by
FPLD patients (Schmidt et al. 2001). Prevalence of goiter
tended to be higher in LMNA-mutated than in non-mutated
subjects (Vantyghem et al. 2007). FPLD results from het-
erozygous missense mutations in the lamin A/C gene,
mapped to chromosome 1q21-q23 (Cao and Hegele 2000;
Speckman et al. 2000; Shackleton et al. 2000; Vigouroux
et al. 2000; Hegele 2001). By alternative splicing, LMNA
gives rise to different types of A lamins; the main isoforms
are lamin A and lamin C, which only differ in their C-ter-
minal amino acids. These ubiquitous intermediate filamen-
tous proteins homo- and hetero-polymerize with B-type
lamins to form the nuclear lamina, a meshwork underlying
the inner nuclear membrane, where they interact with inte-
gral proteins such as emerin (Stuurman et al. 1998; Sakaki
et al. 2001; Frock et al. 2006) and sterol regulatory element-
binding protein 1 (SREBP1) (Stuurman et al. 1998; Lloyd
et al. 2002). The FPLD-linked lamin A/C mutations are
mainly located within a highly conserved region (in exon 8)
of the gene, coding for the proximal c-terminal domain of
A-type lamins. Approximately 90% of LMNA mutations that
cause FPLD are localized to exon 8 and occur at amino acid 482
(Prokocimer et al. 2009). Out of the three mutations (R482W/
Q/L) that cause FPLD, R482W is the one that is most frequently
found (Cao and Hegele 2000; Hegele et al. 2000a, b).

The structure of the globular tail of lamin A/C reveals a
compact, well-defined domain composed entirely of f
strands (Dhe-Paganon et al. 2002). Two large f3 sheets form
a ff sandwich. One sheet has five f§ strands and the other has
four. A second, smaller f§ sheet lies perpendicular and
adjacent to the plane of the § sandwich. Short loops con-
nect most of the f strands, leading to the compact
appearance of the domain and it is depicted in Fig. 1.

Previous studies suggest SREBP1 and emerin as a novel
interacting partner of lamin A/C (Sullivan et al. 1999;
Lloyd et al. 2002; Nikolova et al. 2004). SREBP1 is a dual
specificity transcription factor of the basic helix—loop—
helix leucine zipper family that has independently been
shown to be involved in both the regulation of cholesterol
biosynthesis (Yokoyama et al. 1993) and in adipogenesis,
including the expression of genes involved in fatty acid
metabolism (Yokoyama et al. 1993; Kim and Spiegelman
1996). The helix—loop-helix motif of SREBP1 between
residues 337 and 374 interacts with c-terminal domain of
lamin A/C (Sullivan et al. 1999; Lloyd et al. 2002;
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Fig. 1 Native structure of lamin A/C in cartoon model and mutation
site Arg482 in stick model

Nikolova et al. 2004). FPLD mutations had no effect on
either lamin A/C expression or localization (Vigouroux
et al. 2001; Ostlund et al. 2001). The pathogenetic mech-
anism of inherited lipodystrophies is not yet clear; lamin
A/C may be more directly involved in the formation, sta-
bilization or regulation of transcription complexes involv-
ing SREBP proteins. Mutations in lamin A/C that affect
this interaction may disrupt SREBP1 function, thus inter-
fering with the differentiation of adipocytes. Mutation in
lamin A/C reduces the amount of the DNA-bound adipo-
cyte transcription factor SREBP1 and lowers the peroxi-
some proliferator-activated receptor expression, causing
the impairment of pre-adipocyte differentiation (Maraldi
et al. 2007). It has been suggested that the mutation in
lamin A/C which leads to the FPLD may disrupt normal
interaction between lamins and SREBPs at the nuclear
membrane (Lloyd et al. 2002; Nikolova et al. 2004).
Human emerin is a serine-rich protein of 254 amino acids
(Bione et al. 1994). The sequence of emerin is composed of
an N-terminal globular domain of about 50 residues, fol-
lowed by a poly-Ser segment, then a region of 100 residues
rich in hydrophobic amino acids comprising the nuclear
localization signal (Ostlund et al. 1999; Tsuchiya et al.
1999), again a poly-Ser segment, and finally a C-terminal
transmembrane region. Emerin has been shown to play a
role of molecular sensor, which senses the increase in
lamin A/C levels at the onset of adipogenesis. Emerin and
lamin A/C have been shown to co-localize in cells (Manilal
et al. 1998) and tissues (Manilal et al. 1999) and to interact
directly with each other (Clements et al. 2000). Moreover,
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emerin-null fibroblasts have been reported to show
increased f-catenin activity and peroxisome proliferator-
activated receptor accumulation in the nucleus (Tilgner
et al. 2009). Emerin appears to be involved in regulation of
nuclear positioning and mechanosignaling transduction
(Maraldi et al. 2011). It is found that mutation in lamin A/C
caused mislocalization of emerin away from the nuclear
periphery and responsible for skeleton and cardiac mus-
cular dystrophies (Bank et al. 2011).

Conformational flexibility of a protein molecule affects
its interaction with ligand and its biological partners at dif-
ferent level (Purohit et al. 2008; Purohit and Sethumadhavan
2009; Purohit et al. 2011a, b). In this report, dynamic
behavior of lamin A/C protein is studied with the help of
docking and molecular dynamics simulation in order to
understand the structural changes involved in causing FPLD.
The first objective of the current report is to address the effect
of mutation (R482W) on interaction of lamin A/C with their
biological partners as emerin and SREBPI1. Second is, to
address the unsolved structural issues of lamin A/C mutant
responsible for FPLD. Third is, to correlate the structural
changes to its function on mutation.

In this study we found that Mutant lamin A/C interacts
with emerin and SREBP1 with more affinity than with
native. Docking studies clearly show that the mutation
R482W at lamin A/C worked as a gain-of-function muta-
tion. Molecular dynamics simulation indicates the more
atomic flexibility in mutant lamin than in the native.

Materials and methods
Datasets

We selected crystal structures of native lamin A/C (PDB
ID 1IFR; Dhe-Paganon et al. 2002), Mutant lamin A/C
(PDB ID 3GEF; Magracheva et al. 2009), emerin (PDB ID
1JEI; Wolff et al. 2001) and SREBP1 (PDB ID 1AMY;
Parraga et al. 1998) from Brookhaven Protein Data Bank
(Berman et al. 2000) for our investigation. We used
monomer structure of lamin A/C (native/mutant), emerin
and SREBPI1 for docking simulation. The crystal structure
of native lamin A/C, Mutant lamin A/C and SREBP1 were
solved by X-ray diffraction method while, emerin structure
was solved by NMR solution method. Out of ten models
which is present in emerin PDB file the first model struc-
ture was used for analysis, since it is close to the average
structure.

Protein—protein interaction analysis

The HADDOCK protocol (Dominguez et al. 2003; de
Vries et al. 2010) was used to dock the lamin A/C (native/

mutant) structures with their partners: Emerin and
SREBP1. HADDOCK is a series of scripts that run in
combination with ARIA (Nilges 1995; Nilges et al.
1997) and CNS (Briinger et al. 1998). The docking
process in HADDOCK is driven by ambiguous interac-
tion restraints (AIRs), which are derived from the
available experimental information on the residues
involved in the intermolecular interaction. Based on
other studies of the interface surface residues in lamin
A/C (position number 481, 483, 487, 514 and 520)
together with interface residues on the partner proteins
(residues between 36 and 44 on emerin and residues
between 337 and 374 on SREBPI1) were used as active
residues and residues neighboring the active residues
were used as passive residues (Sakaki et al. 2001; Lloyd
et al. 2002; Clements et al. 2000).

At the first stage of the docking protocol (see also the
HADDOCK website at http://www.nmr.chem.uu.nl/
haddock), consisting of randomization of orientations and
rigid body energy minimization, we have calculated 1,000
complex structures. The 200 solutions with the lowest
intermolecular energies have been selected for semi-flexi-
ble simulated annealing in torsion angle space. The
resulting structures have been then refined in explicit water.
Finally, the solutions have been clustered using a threshold
value of 1.5 A for the pairwise backbone RMSD at the
interface, and the resulting clusters have been ranked
according to their average interaction energy (defined as
the sum of van der Waals, electrostatic and AIRs energy
terms) and buried surface area. One lowest energy structure
of the lowest intermolecular energy cluster was selected for
analysis. This lowest energy structure displayed no AIR
restraint violations (within a threshold of 0.3 A) and was
accepted as the final docked structure for the complex.
HADDOCK scoring is performed according to the weigh-
ted sum (HADDOCK score) of different energy terms
which includes van der Waals energy, electrostatic energy,
distance restraints energy, direct RDC restraint energy,
intervector projection angle restraints energy, diffusion
anisotropy energy, dihedral angle restraints energy, sym-
metry restraints energy, binding energy, desolvation energy
and buried surface area. Along with HADOCK score and
total interaction energy, we reported van der Waals energy,
electrostatic energy, restraints violation energy, desolva-
tion energy and buried surface area. Intermolecular con-
tacts (hydrogen bonds and non-bonded contacts) were
analyzed with DIMPLOT, which is part of the LIGPLOT
software (Wallace et al. 1995). Using the default settings
(3.9 A heavy-atoms distance cut-off for non-bonded con-
tacts; 2.7 and 3.3.5 A proton—acceptor and donor—acceptor
distance cut-offs, respectively, with minimum 90° angles
(D-H-A, H-A-AA, D-A-AA) for hydrogen bonds)
(McDonald and Thornton 1994).
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Molecular dynamics simulation

Molecular dynamics simulations were performed using the
GROMACS 4.0.5 (Hess et al. 2008; Spoel et al. 2005)
running on a single 2.8 GHz Pentium IV IBM machine
with 512 MB RAM and running Fedora Core 2 Linux
package and GROMOS96 (Gunsteren et al. 1996) 43al
force field implemented on LINUX architecture. Monomer
structure of native and Mutant lamin A/C was used as
starting point for MD simulations. The protein was sol-
vated in a cubic 1.0 nm of 21,668 SPC (Berendsen et al.
1981) water molecules. At physiological pH, the protein is
positively charged, thus in order to make the simulation
system electrically neutral, we added chloride ions (C1™) to
the simulation box using the “genion” tool that accompa-
nies Gromacs. The systems were subjected to energy
minimization for 1,000 steps by steepest descent. The
minimized systems were then subjected to MD simulations
in two steps. Initially, we performed under an NVT
ensemble (constant number of particles, volume, and
temperature) for 500 ps, followed by under an NPT
ensemble (constant number of particles, volume, and
temperature) for 1,000 ps each at 300 K with positions
restrained for the entire system, except the water mole-
cules, in order to ensure a balance of the solvent molecules
around the residues of the protein. The well-equilibrated
systems (with respect to pressure and density over the time)
were then subjected to molecular dynamics simulations for
6 ns each at 300 K without any restriction. In all simula-
tions, the temperature was kept constant at 300 K with a
Berendsen thermostat (Berendsen et al. 1984). The particle
mesh Ewald method (Essmann et al. 1995) was used to
treat long-range Coulombic interactions and the simula-
tions performed using the SANDER module (Case et al.
2002). The ionization states of the residues were set
appropriate to pH 7 with all histidines assumed neutral.
The SHAKE algorithm was used to constrain bond lengths
involving hydrogens, permitting a time step of 2 fs. Van
der Waals and coulomb interactions were truncated at
1.0 nm. The non-bonded pair list was updated every 10
steps and conformations were stored every 0.5 ps. Other
analyses were performed using scripts included with the
Gromacs (Hess et al. 2008) distribution.

The trajectory files were analyzed through the use of
g_rms, g_gyrate, g_sas and g_rmsf of GROMACS utilities
in order to obtain the root-mean-square deviation (RMSD),
radius of gyration (Rg), solvent-accessible surface area
(SASA) and root-mean square fluctuation (RMSF) value.
Number of distinct hydrogen bonds formed by specific
residues to other amino acids within the protein during the
simulation (NH bond) were calculated using g_hbond. NH
bond determined on the basis of donor—acceptor distance
smaller than 0.35 nm and of donor-hydrogen-acceptor
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angle larger than 150°. Moreover, VMD (Humphrey et al.
1996) and Coot (Emsley and Cowtan 2004) packages were
used for trajectory analysis and for the management of the
simulation snapshot structures. The major focus of this
study is to compare the dynamic behavior of wild and
mutant proteins at 300 K. To that end we compare RMSF
of carbon alpha, RMSD of backbone structure, Rg and
SASA of protein between the trajectories generated at
300 K to investigate the flexible nature of mutants. In order
to generate the three-dimensional backbone RMSD, Rg,
SASA and RMSF of carbon-alpha carbon and motion
projection of the protein in phase space of the system were
plotted for all three simulations using ORIGIN program
(version 6.0).

Principle component analysis

The calculation of the eigenvectors and eigenvalues, and
their projection along the first two principal components,
was carried out using essential dynamics (ED) method
according to protocol (Amadei et al. 1993) within the
GROMACS software package (Hess et al. 2008). The
principle component analysis or ED is a technique that
reduces the complexity of the data and extracts the con-
certed motion in simulations that are essentially correlated
and presumably meaningful for biological function (Ama-
dei et al. 1993). In the ED analysis, a variance/covariance
matrix was constructed from the trajectories after removal
of the rotational and translational movements. A set of
eigenvectors and eigenvalues was identified by diagonal-
izing the matrix. The eigenvalues represented the ampli-
tude of the eigenvectors along the multidimensional space,
and the displacement of atoms along each eigenvector
showed the concerted motions of protein along each
direction. An assumption of ED analysis is that the corre-
lated motions for the function of the protein are described
by eigenvectors with large eigenvalues. The movements of
protein in the essential subspace were identified by pro-
jecting the Cartesian trajectory coordinates along the most
important eigenvectors from the analysis. For the simula-
tion of both native and mutant only Ca atoms were inclu-
ded in the definition of the covariance matrices for the
protein. The trajectory files were analyzed through the use
of g_covar and g_anaeig of GROMACS utilities in order to
perform ED.

Result and discussion

Traditional in silico docking approaches rely on defining
the interface of complexes based on the surface geometry
complementarity and amino acid pairwise affinities of the
3D structure of the unbound molecules without a prior
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inclusion of any experimental information (Halperin et al.
2002; Janin et al. 2003). If used, experimental information
is typically included posterior to filter solutions. HAD-
DOCK, however, is a new method that directly allows
incorporation of biological and/or biophysical information
to drive docking (Dominguez et al. 2003). Docking with
HADDOCK resulted in a cluster of structures with an
overall backbone RMSD of 1.5 A. The lowest energy
structure produced during the run belongs to this cluster of
structures and was consistent with the orientation of the
manually docked structure (deviation of <20°). This lowest
energy structure displayed no AIR restraint violations
(within a threshold of 0.3 A) and was accepted as the final
docked structure for the complex.

In our paper we called native lamin A/C—emerin com-
plex as complex I, Mutant lamin A/C—emerin complex as
complex II, native lamin A/C-SREBPI complex as com-
plex III and Mutant lamin A/C-SREBP1 complex as com-
plex IV and it is depicted in Fig. 2a—d. In-depth analysis of
the docked complex reveals notable features. Calculation of
interaction energy is very important to understand the
affinity level of biological partners. Overall interaction
energy of the complex mainly contributes to van der Waals
and electrostatic interaction energy between lamin A/C
(native and mutant) and emerin and SREBP1 protein. In the
complex II, there were a significant contribution of van
der Waals and electrostatic energy, —310.5 + 60.1 and
—46.2 £ 4.0 kcal/mol, respectively. The total protein—
protein interaction energy of complex II was —447.81
kcal/mol. Van der Waals and electrostatic energy confirms
significant amount of surface complementarities between
Mutant lamin A/C and emerin in complex II. On the con-
trary, complex I has more van der Waals and electrostatics
energies of —211.5 £ 44.7 and —38.6 £ 4.5 kcal/mol,
respectively, and total interaction energy —247.21 kcal/mol
when compared to the complex II. In similar manner
complex IV exhibited total interaction energy of —227.61
kcal/mol and complex III exhibited total interaction energy
of —159.04 kcal/mol. Less interaction has been found in
complex III when compared to complex IV and this was
due to less contribution of van der Waals and electro-
static energy in complex formation and this is depicted in
Table 1. More negative value of interaction energy of
complex II and complex IV indicates high affinity towards
their biological partners (emerin and SREBP1) when
compared to complex I and complex III. Estimates of van
der Waals interaction energy were computed to provide a
theoretical quantitative assessment of the protein—protein
non-bonded interactions.

Buried surface area (BSA) is a measure of protein sur-
face which is not exposed to water; more BSA indicates
tighter biomolecular complex. In Table 1, complex II
showed maximum BSA of 1,436.8 & 53.4 Az, complex I

showed minimum BSA of 1,219.5 + 80.1 A% and complex
IIT and complex IV showed intermediate BSA. Consider-
ation of desolvation component (the loss of interactions
with the water phase) is important because it overcom-
pensates the interaction energy and results in an opposite
effect (Teng et al. 2009; Zhang et al. 2011). Desolvation
energy, restraints violation energy and BSA have good
correlation with docking score and interaction energy of
complex during docking simulation (Table 1). Major dif-
ference between docking score, interaction energy and
BSA were observed in all the complexes. The net values of
complex I and II is significantly higher than complex III
and IV, this indicates that the effect of gain-of-function
mutation in lamin A/C enables more tight binding with
emerin when compared to SREBP1 (Table 1).

Hydrogen bonds and slat bridges are by far the most
important specific interactions in biological recognition
processes. The number of intermolecular hydrogen bonds
and slat bridges are calculated for all complexes; it is
depicted in Fig. 3 and Table 2. The presence of salt-bridge
is an evidence of close proximity in the structure. Complex
II has shown 11 hydrogen bonds and four salt-bridges
while complex III has shown 8 hydrogen bonds and 2 salt-
bridges. Complex IV has shown 9 and one salt-bridge
which has distance of 2.11 A while, complex I has shown 8
hydrogen bonds and one salt-bridge which has distance of
3.01 A. Studies have shown that the single best structural
parameter correlating with binding affinity is the amount of
hydrophobic surface buried upon ligand binding (Young
et al. 1994; Eisenhaber and Argos 1996; Vallone et al.
1998). In Fig. 3, complex I showed 16 residues while
complex II showed only 10 residues involved in hydro-
phobic interaction. In a similar manner complex III showed
15 residues while, complex IV showed 14 residues par-
ticipating in hydrophobic interactions. It further indicates
the tight atomic contacts of Mutant lamin A/C with emerin
and SREBP1 as compared to native lamin A/C.

Protein—protein docking analysis and intermolecular
hydrogen bonding patterns indicates that the mutation
(R482W) in lamin A/C increases its affinity towards em-
erin and SREBPI. Since, the docking process solely
depends on the location of binding residues (active resi-
dues) on the protein surface, it proves that deviation from
actual position of binding residues (position number 481,
483, 487, 514 and 520) of Mutant lamin A/C may be the
reason for tight binding with emerin and SREBP1 when
compared to native lamin A/C. The three factors namely,
score difference in docking process, variation in interaction
energy and variation in buried surface of complex probably
correspond to conformational alteration of protein-binding
surface due to mutation.

MD simulations were carried out with structures to get
conformational fluctuations of native and Mutant lamin
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Fig. 2 Surface representation
of Lamin A/C complex:

a complex I, b complex 1I,

¢ complex III and d complex
IV. The symbol coding scheme
is as follows: Lamin A/C
(native/mutant) in green color
and emerin/SREBP1 in red
color (color figure online)

Table 1 Statistical analysis of protein—protein docking result obtained by HADDOCK

Lamin A/C HADDOCK Total Interaction  Van der Waals  Electrostatic Desolvation Restraints Buriedo surface

complex score energy energy energy energy violation energy  area (A%
(Kcal mol™1) (Kcal mol™!) (Kcal mol™!) (Kcal mol™")  (Kcal mol™})

Complex I —65.0 £ 6.5 —247.21 —38.6 £ 4.5 —211.5 + 44.7 —6.7+£24 295 + 36.81 1,219.5 £ 80.1

Complex 1T —100.1 £ 11.6 —447.81 —46.2 +£ 4.0 —310.5 £ 60.1 —198+7.0 65.6 +30.34 1,436.8 £ 53.4

Complex IIT —72.0 £ 5.6 —159.04 —439 +£ 42 —138.1 £ 12.7 —94 +£43 434 4+ 3833 1,230.5 £ 93.6

Complex IV —83.0 £ 5.2 —227.61 —47.0 £ 42 —179.8 £ 27.1 —11.7 £ 5.1 583 £ 24.61 1,338.4 £+ 33.0

A/C. We have highlighted RMSF of C-alpha carbon of
binding residues by trajectory analysis obtained by MD
simulation. Distinct NH bond analysis was performed to
understand the flexibility behavior of residues. In order to
verify the system stabilized along the MD simulations, we
have showed the plot of energy x time for the MD simu-
lations (Fig. 4).

We calculated the RMSD for all the Co atoms from the
initial structure, which were considered as a central crite-
rion to measure the convergence of the protein system
concerned (Fig. 5). In Fig. 5, native and Mutant lamin A/C
protein showed similar fashion of deviation till 255 ps
from their starting structure, resulting in a backbone RMSD
of ~0.1 to 0.13 nm during the simulations, this deviation
in mutant only persists till 255 ps from starting structure
but after this, the mutant showed more deviation and
attained approximately ~0.20 nm of backbone RMSD at
1,400 ps while native structure maintained RMSD value of
~0.11 to 0.13 nm. Between periods of 1,400-5,500 ps,
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native structure showed deviation between 0.15 and
0.16 nm and attained RMSD value of ~0.20 nm at
5,200 ps. The mutant retained maximum deviation till end
and around the period of 5,400 ps it attain RMSD value of
~0.25 nm. From their starting structure, the wild structure
deviated minimum but mutant exhibited maximum devia-
tion. This magnitude of fluctuations, together with very
small difference between the average RMSD values after
the relaxation period (~0.13 nm), led to the conclusion
that the simulations produced stable trajectories, thus pro-
viding a suitable basis for further analyses.

The Rg is defined as the mass-weighted root mean
square distance of a collection of atoms from their common
center of mass. Hence, this analysis gives us insight into
the overall dimensions of the protein. The plot of radius of
gyration of Ca atoms of the protein versus time at 300 K is
shown in Fig. 6. We observed the major fluctuation in both
native and mutant between 0 and 6,000 ps. In the native
structure the value of Rg ~1.28 nm at 0 ps, ~1.28 nm at
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Fig. 3 Residual interactions at protein—protein interface in Lamin
A/C complex: a complex I, b complex II, ¢ complex III and
d complex IV. The symbol coding scheme is as follows: Lamin A/C
(native/mutant) in green color, emarin/SREBP1 in red color.

Table 2 Slat bridges and their distance in lamin A/C complex

Lamin A/C Atom, residue Doistance
complex and residue number (A)
Complex 1 NZ LYS 486-OE1 GLU 39 2.78

NZ LYS 515-OE1 GLU 41 2.72
Complex 11 NZ LYS 486-0OD1 ASP 1 2.78

NZ LYS 486-0D2 ASP 1 3.00

NZ LYS 486-OE1 GLU 41 3.85

NZ LYS 515-OE1 GLU 39 2.66
Complex III NZ LYS 490-OE1 GLU 383 3.01
Complex IV NZ LYS 490-OE1 GLU 383 2.11

650 ps, 1.29 nm at 2,422 ps, 1.28 nm at 4,290 ps, 1.28 nm
at 5,555 ps and 1.28 nm at 6,000 ps while, mutant structure
showed the value of Rg ~1.28 nm at 0 ps, ~1.31 nm at
650 ps, 1.32 nm at 2,422 ps, 1.30 nm at 4,290 ps, 1.30 nm
at 5,555 ps and 1.29 nm at 6,000 ps. Native curve do not
differ significantly and maintain the values of Rg ~1.27 to
1.29 nm, indicating that the native conformation is largely
preserved throughout the simulation time. Mutant structure
showed large fluctuation in Rg that is between ~ 1.28 and
1.33 nm. The average value of Rg during simulation time
period in native and mutant is indicated in Table 3.

Hydrogen bonding interactions are denoted by dashed lines. Residues
involved in the hydrophobic interactions are shown as starbursts. This
illustration was prepared by Ligplot (color figure online)
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Fig. 4 Plot of total energy as a function of time for the MD
simulations. The symbol coding scheme is as follows: native (solid
line in black) and mutant (dashed line in red) (color figure online)

The change of SASA of the native and mutant protein
with time is shown in Fig. 7. Mutant protein indicated
greater values of SASA with time while, native showed
smaller values of SASA with time. The average value of
SASA during the simulation time period in native and
mutant is indicated in Table 3. The large fluctuation in the
radius of gyration in the mutant indicated that the protein
might be undergoing a significant structural transition. This
was also supported by the fluctuations in solvent-accessible
surface areas (Fig. 7). In contrast, judging from the stable
curves for the radius of gyration and solvent-accessible
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Fig. 5 Time evolution of backbone RMSDs are shown as a function
of time of the native and Mutant lamin A/C structures at 300 K. The
symbol coding scheme is as follows: native (solid line in black) and
mutant (dashed line in red) (color figure online)

Fig. 8 RMSF of the backbone CAs of Ca atoms of native and Mutant
lamin A/C versus time at 300 K. The symbol coding scheme is as
follows: native (solid line in black) and mutant (dashed line in red)
(color figure online)

Table 4 C-alpha carbon root mean square mean fluctuation (in nm)
of binding residues of native and Mutant lamin A/C

Lamin A/C protein RMSF of C-alpha carbon atom of binding
residues (in nm)

481 483 487 512 520

D 100 w000; 900 4000 000 €00 Native 0.04 006  0.05 005 004
Time (ps)

Mutant (R482W) 0.05 008 007 006  0.08

Fig. 6 Radius of gyration of Co atoms of native and Mutant lamin
A/C versus time at 300 K. The symbol coding scheme is as follows:
native (solid line in black) and mutant (dashed line in red) (color
figure online)

Table 3 Average values of Rg, SASA and average number of pro-
tein—protein H-bonds in native and Mutant lamin A/C protein

Native lamin A/C Mutant lamin A/C

aRg 1.28 1.3
aSASA 38.32 41.63
Protein—solvent H-bonds  270.55 254.74

The values of Rg and SASA are given in nm

Rg radius of gyration, SASA solvent-accessible surface area, H-bonds
hydrogen bonds

46

Total SASA (nm”)

Time (ps)

Fig. 7 Solvent-accessible surface area (SASA) of native and Mutant
lamin A/C versus time at 300 K. The symbol coding scheme is as
follows: native (solid line in black) and mutant (dashed line in red)
(color figure online)
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Fig. 9 Time evolution of the secondary structural elements of the
protein at 300 k (DSSP classification). a Native lamin A/C and
b Mutant lamin A/C

surface areas, major structural transition occurred between
2,000 and 4,000 ps in native and mutant proteins.

A more detailed picture of differences in residue
mobility within and between simulations can be obtained
from graphs of the RMSF of Cua atoms relative to the
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Fig. 10 Average number of protein—solvent intermolecular hydrogen
bonds in native and Mutant lamin A/C versus time at 300 K. The
symbol coding scheme is as follows: native (solid line in black) and
mutant (dashed line in red) (color figure online)

average structure and it is shown in Fig. 8. The regions of
greater flexibility correspond to the termini of the proteins
and also in the loop regions. Mutant lamin exhibited more
flexibility compared to native lamin protein. To investigate
the flexible behavior of binding residues, we plotted the
RMSF of Co atoms between the residues of 480-520 where
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Fig. 11 Time evolution of number of distinct intramolecular hydro-
gen bonds of amino acid at position: a 481, b 483, ¢ 487, d 514 and
e 520 of native and mutant to other amino acids within the protein

the binding residues of lamin locate. In Mutant lamin A/C,
binding residues exhibited highest degree of fluctuation
compared to native lamin and it is depicted in Table 4.
Additional information on the structural flexibility of
lamin proteins is obtained by the analysis of time-depen-
dent secondary structure fluctuations. Figure 9a, b shows
the secondary structural elements as a function of simula-
tion time. Figure 9a reveals that f-sheets, coil, bends and
turns are observed in both native and mutant protein during
simulation time period. In native lamin, first few residues
between positions of 435-455 appeared as ff-sheets and
bends with few coil conformation till the end of the sim-
ulation but in mutant lamin this region shows f5-sheets and
bends with more traces of coil conformation. Compared to
native lamin, mutant lamin showed significant structural
changes between a region of residues 470-495 during
simulation. Between residues 475-485, native lamin
showed more coil—coil conformation than mutant. In native
structure the coil conformation at 3,000 ps slowly appeared
in bend conformation in mutant lamin. Between residues of
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during the simulations. The symbol coding scheme is as follows:
native (solid line in black) and mutant (dashed line in red) (color
figure online)
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485490 bends change to turns conformation in mutant
lamin. There were no significant changes observed between
residues of 495-515 in native and mutant lamin except a
few bend conformation changes to coil conformation near
to residues at 505th. After residues of 515th till end, in
mutant lamin bend conformations were dominated over
coil and turn conformations.

Intermolecular NH bond is calculated for native and
mutant structure during the simulation time. Notable dif-
ferences in protein—solvent interactions are evident in
native and mutant and it is shown in Fig. 10. More inter-
molecular NH bond in native structure might help to
maintain its rigidity while less tendency of the mutant to
involve in participating in hydrogen bonding with solvent
makes it more flexible (Table 3).

Distinct intramolecular NH bond analysis of residues at
positions 481, 483, 487, 514 and 520 of mutant has shown
hydrogen bonds 0-2 (less frequent), 0-2 (less frequent),
0-2, 0-2 and 0-4, respectively while, in native it has 0-2
(more frequent), 0-2 (more frequent), 0—4, 0—4 and 0-2
hydrogen bonds with surrounding residues, respectively
(Fig. 11). 481, 483, 487 and 514 have shown more degree
of flexibility in mutant and less in native lamin A/C
(Table 4). The alteration in flexibility was validated by
intramolecular NH bond analysis at binding residues. In
Mutant lamin A/C, the binding residues exhibited more
flexibility and have shown less participation in H-bonding
with other amino acids, while native lamin A/C residues
were rigid and have more H-bonds. On the basis of RMSF
observation and NH bond analysis, it is confirmed that the
occurrence of the mutation leads to a more flexible binding
site due to the formation of less hydrogen bonds. The
flexible nature of binding residues of mutant makes it more
available for interaction with emerin and SREBP1 protein,
in turns it provide more docking score (Table 1).

A better view of dynamical mechanical properties of the
investigated system has been obtained by using essential
dynamics (ED) analysis. To further support our MD sim-
ulation result, the large-scale collective motions of the
native and mutant protein using ED analysis were deter-
mined. The dynamics of two proteins is best achieved via
characterization of its phase space behavior. The eigen-
vectors of the covariance matrix are called its principle
components. The change of particular trajectory along each
eigenvector was obtained by this projection.

The spectrum of the corresponding eigenvalues
(Fig. 12a) indicates that the fluctuation of the system is
basically confined within the first two eigenvectors. The
projection of trajectories obtained at 300 K onto the first
two principal components (PC1, PC2) shows the motion of
two proteins in phase space (Fig. 12a). On these projec-
tions, we see clusters of stable states. Two features are very
apparent from these plots. Firstly, the clusters are well
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Fig. 12 Projection of the motion of the protein in phase space along
the first two principal eigenvectors at 300 K: a native (solid line in
black) and mutant (dashed line in red). For clarity’s sake, each
trajectory projection is also shown separately in b, ¢ (color figure
online)

defined in native than mutant. Secondly, mutant covers a
larger region of phase space particularly along PC1 plane
than native and it is depicted in Fig. 12a. Our observation
thus corroborates with the idea of higher flexibility of
mutant than native at 300 K. The overall flexibility of two
proteins has been calculated also by the trace of the diag-
onalized covariance matrix of the Co atomic positional
fluctuations. We have obtained the following values for
native protein 1.32 nm” and mutant protein 3.69 nm” again
confirming the overall increased flexibility of mutant than
native at 300 K.
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Conclusion

How mutations in lamin A/C protein result in many different
disease phenotypes remains poorly understood. In this
report, we emphasized the consequences of R482W muta-
tion of lamin A/C which causes FPLD. Intermolecular
interactions between native and Mutant lamin A/C with
emerin and SREBP1 were observed. The Mutant lamin A/C
showed more protein—protein interaction (with emerin and
SREBP1) when compared to native lamin A/C (with emerin
and SREBP1). Conformational perturbation in lamin A/C
was observed using classical MD simulations. Mutant form
of lamin A/C showed more structure deviation and expanded
conformation as compared to native. Due to these confor-
mational changes, Mutant lamin A/C acquired more SASA
and active residues which participated in the protein—protein
interactions got misplaced from the original state and
showed less interaction with emerin and SREBP1. With
support of essential dynamics studies it is cleared that due to
mutation, lamin A/C acquired more degree of flexibility in
phase space. Studies on lamin A/C mutation through MD
simulations and computer experiments clarify the patho-
genic role of a specific point mutation. Our in silico inves-
tigation provides a clear-cut clue to wet lab scientists to
understand cellular mechanisms underlying the disease.
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