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ABSTRACT: A- and B-type lamins are intermediate filament proteins
constituting the nuclear lamina underneath the nuclear envelope thereby
conferring proper shape and mechanical rigidity to the nucleus. Lamin
proteins are also shown to be related diversely to basic nuclear processes.
More than 400 mutations in human lamin A protein alone have been reported
to produce at least 11 different disease conditions jointly termed as
laminopathies. These mutations in lamin A are scattered throughout its helical
rod domain, as well as the C-terminal domain containing the conserved Ig-
fold region. The commonality of phenotypes in all these diseases is
characterized by misshapen nuclei of the affected tissues which might stem
from altered rigidity of the supporting lamina hence lamins. Here we have
focused on autosomal dominant Emery−Dreifuss Muscular Dystrophy, one
such laminopathy where R453W is the causative mutation located in the Ig
domain of lamin A. We have investigated by single-molecule force
spectroscopy how a stretching mechanical perturbation senses the destabilizing effect of the mutation in the lamin A Ig
domain and compared the mechanoelastic properties of the mutant R453W with that of the wild-type in conjunction with
steered molecular dynamics. Furthermore, we have shown the interaction of Ig domain with emerin, another key player and
interacting partner in the pathogenesis of EDMD, is disrupted in the R453W mutant. This altered mechanoresistance of Ig
domain itself and consequent uncoupling of lamin A-emerin interaction might underlie the altered mechanotransduction
properties of EDMD affected nuclei.

Lamins are type V intermediate filament proteins present as
“fibrous lamina”1 in the nucleus of metazoan cells except

plants and confer proper shape and rigidity to the nucleus. A-
and B-type lamins encoded by LMNA and LMNB1/LMNB2
genes, respectively, constitute the nuclear lamins. Like all other
intermediate filament proteins, lamins form basic coiled-coil
dimers at the initial stage of assembly which progressively self-
assemble into higher order structure by parallel stacking
interaction.2,3 The higher-order structure culminates into
distinct networks of A and B type lamins in the nucleus,4

which acts a supporting scaffold for the nuclear envelope and
also provide site of attachments for other nuclear proteins. The
lamins possess a short N-terminal head domain followed by a
long coiled-coil forming central alpha helical region and a
relatively long unstructured C-terminal domain.5−7 The C-
terminal domain of lamin proteins contains a highly conserved
motif containing nine β-sheets similar to a type s
immunoglobulin fold (Ig-fold).8,9 This motif is the site of
interaction between different nuclear factors, as well as controls
homotypic and heterotypic lamin interactions to promote
assembly of the protofilament to form 10 nm filaments.10−13

Lamin A network is the principal mechanoelastic component of
the nucleus in a differentiated cell,14,15 which responds to
external mechanical stimuli transmitted to the nucleus through
the Linker of Nucleoskeleton and Cytoskeleton (LINC)
complex.16−18 External stimuli include a wide range of cellular
processes like alteration of extracellular matrix, cellular
migration/trafficking and differentiation. How exactly such
stimuli register changes in the supramolecular reassembly of
lamin proteins is an enigma. The lamina is in close connection
to the nuclear envelope which is mediated by noncovalent
interactions with membrane proteins. Numerous nuclear
envelope proteins, for instance emerin, SUN 1, and LAP 2β,
have been identified19−22 to be coupled to the nuclear lamina.
These interactions play pivotal roles in the transmission of
external forces via LINC complex.23,24 Emerin is such an
integral membrane protein that extends into the nucleoplasmic
space.25 Early reports indicated that lamins colocalized with
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emerin during mitosis.26 Furthermore, the distribution of
emerin closely coincides with that of lamin A and differed from
B-type lamins.
Lamins have gained immense importance since the past

decade due to the discovery of a plethora of diseases termed as
laminopathies which are caused by mutations in lamin proteins
particularly lamin A. Laminopathies include Hutchinson Gilford
Progeria Syndrome (HGPS), Emery-Dreifuss Muscular Dys-
trophy (EDMD), Dilated Cardiomyopathy (DCM), Familial
Partial Lipodystrophy (FPLD), Duchene Muscular Dystrophy
(DMD), Atypical Werner’s Syndrome to name a few among 11
different diseases.27−29 All of these result from about 400
mutations (www.umd.be/LMNA)30 in the LMNA gene alone.
A major hallmark of most laminopathies is altered nuclear
morphology which includes phenotypes like blebbing,
herniations and elongated nuclei.12,31 This means the nuclei
under diseased conditions have attenuated strain bearing
capacity thereby resulting into distortions. EDMD is one
such severe disease which is characterized by progressive
weakness and wasting of skeletal muscles which ultimately
result into premature contractures of Achilles tendons and
cardiac diseases associated with conduction defects. Analysis of
primary fibroblasts from patients suffering from EDMD showed
dysmorphic nuclei with abnormal staining patterns for lamin A
and emerin.32 X-linked EDMD is caused by mutations in
emerin, whereas autosomal dominant EDMD results from
mutations in lamin A protein. Therefore, it is easy to conjecture
that mutant lamin A thereof might form a meshwork with
altered elasticity which can bear less strain and hence resulting
into misshapen nuclei. In retrospect, the altered viscoelastic
behavior of the lamin A protein has been elucidated recently
with dilated Cardiomyopathy mutants15 where the mutant
protein networks were shown to be less robust and yielding to
lower strain compared to wild type protein.
Taking cues from these findings we have focused on one

such mutation leading to EDMD which is localized in the Ig
fold of lamin A protein. Previous studies have emphasized the
importance of this domain and likewise the structure has been
solved by NMR and X-ray crystallography.8,9 Interaction of Ig
domain with Proliferating Cell Nuclear Antigen (PCNA) and
its implication in replication had been shown;13 interaction of
Ig domain with emerin also had been mapped33 to great details.
So, we reasoned to uncover how the mechanoelastic behavior
Ig domain of lamin A might be altered at the single molecule
level as a sequel to mutation therein which as an ensemble
might perturb the strain bearing property of the network. We
have chosen R453W mutation in the Ig domain which causes
autosomal dominant Emery−Dreifuss Muscular Dystrophy
(EDMD).34,35 The rationale behind choosing this mutation is
the highly conserved nature of the site within Ig domain across
the invertebrate and vertebrate species.36 This mutation was
shown to disrupt two salt bridges in the lamin A Ig domain.9 In
AFM pulling experiments, we characterized the force−
extension profiles of the Ig domains using titin I27 domain as
the reference signature molecule. Subsequent pulling experi-
ments with LA R453W Ig (mutant) showed interesting
differences in unfolding behavior compared to the wild type
(LA wt Ig) which was also elucidated from steered molecular
dynamics simulation. However, no significant difference in
unfolding behavior was registered from similar experiments
performed in the presence of emerin, whereas significant
differences in the binding affinity of LA R453W Ig and emerin
were registered from SPR and solid phase binding assays.

Taken together we concluded that the physical interaction of Ig
domain with emerin and force induced stretching of Ig domain
could be connected by a cause and effect relationship.
Proximity of the lamin Ig fold to emerin and its binding
strength determines the coupling and propagation of any
mechanical stimulus from cytoplasm to nuclei which in turn
results in the stretching of Ig fold strands. The resultant
stretching thereby alters the nuclear elasticity.

■ EXPERIMENTAL PROCEDURES
Site-Directed Mutagenesis. Single amino acid mutations

were performed as described by Bhattacharjee et al.7 using Site-
Directed Mutagenesis Kit (Stratagene) and LMNA-
R453W_sense 5′-GGAGGGCAAGTTTGTCTGGCTGCGCAA-
CAA-3′, LMNA-R453W_antisense 5'-TTGTTGCGCAGCCA-
GACAAACTTGCCCTCC-3′ primers from Sigma-Aldrich. The
mutation was confirmed by Sanger sequencing (Excelris, India).

Cloning, Expression, and Purification. (I27-LA wt Ig)4
and (I27-LA R453W Ig)4 cassettes were inserted into pQE-80L
in an alternative fashion by iterative cloning method.37 Forward
primer 5′-CGCGGATCCGCGAGCAGCTTCTCACAGCAC-
GCACGCACTAGC-3′ and reverse primer 5′-CGGGGTACC-
CCGTTAGGAAGATCTTCCGTCCTCAACCACAGTCACTG-
AGCG-3′ were used to amplify the LA wt Ig and LA R453W Ig
fragments using Phusion High-Fidelity DNA Polymerase
(Thermo Scientific Inc., USA) The forward and reverse
primers contained a BamHI restriction site and a tandem
BglII, a stop codon, KpnI site, respectively. PCR products were
digested with BamHI-HF and KpnI-HF {New England Biolabs
(NEB), USA} and gel purified using Gel Extraction Kit
(Qiagen, Netherlands). pQE-80L vector containing I27
monomer cassette38 was similarly digested with BglII and
Kpn1-HF restriction enzymes (NEB) followed by ligation using
T4 DNA Ligase (NEB) at 16 °C overnight. After trans-
formation in XL-1Blue cells, positive clones were selected by
colony PCR. Successive iterations were performed to generate
the dimer and tetramer cassettes. The same methods were
followed to construct (I27-LA R453W Ig)4. LA wt Ig and LA
R453W Ig monomer units were amplified using above-
mentioned primer sets and subsequently cloned in a one-step
method into pQE-80L (Qiagen) vector as described above.
Plasmids containing the appropriate insert sequences were
confirmed from Sanger sequencing data. Thereafter, all
plasmids were transformed into BL21 (DE3) pLysS cells and
induced with 1 mM IPTG at an OD600 of 0.5 for 6 h at 37 °C
for protein expression. Cell pellets were lysed with 25 mM Tris-
HCl (pH 7.4), 150 mM NaCl, 1 mM DTT, 1% Triton-X 100.
Proteins were purified to near homogeneity over His-trap
column (GE Healthcare Biosciences, USA) and resolved on 4−
20% SDS-PAGE followed by Coomassie staining. Final protein
stocks were dialyzed against 25 mM Tris-HCl (pH 7.4), 150
mM NaCl to remove imidazole. Emerin protein was expressed
from pET-15b and/or pET-21 received as gifts from Dr. James
Holaska, University of Chicago and Dr. Frank Bernhard, J.W.
Goethe University of Frankfurt. Emerin was purified by
(Superdex 16/60 200 G Gel Filtration column (GE Health-
care) using 25 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM
DTT, 6 M urea as column buffer. Subsequently the protein was
renatured by removing urea by step dialysis. Protein
concentrations were routinely checked with Bradford reagent
(Bio-Rad, USA).

Differential Scanning Calorimetry (DSC). Thermal
denaturation profiles of all the proteins were measured in 25
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mM Tris-HCl (pH 7.4), 150 mM NaCl, in a VP-DSC Micro
calorimeter (Microcal, LLC, and Northampton, MA). A 10−50
μM sample was analyzed in each case between 16 and 80 °C for
LA wt Ig monomer, titin I27 monomer, (I27-LA wt Ig)
tetramer and (I27-LA R453W Ig) tetramer and between 16 and
65 °C for LA R453W Ig monomer, at a scan rate 30 °C/h. at
approximately 30 psi pressure. Prior to measurement, the
instrument was thermally stabilized by multiple buffer scans. All
the resulting thermograms were analyzed by in-built VP Viewer
software with Origin 7.0.
Solid-Phase Binding Assay and Western Blot. In this

method 5−10 μg (∼0.4 nmole -0.8 nmole) of LA wt Ig and LA
R453W Ig were spotted on nitrocellulose membrane and
incubated overnight at 4 °C with 20−25 μg (∼0.6 nmole -0.73
nmole) of emerin in protein incubation buffer comprising of 25
mM Tris-HCl, pH 7.4, 150 mM NaCl. The membrane was
then washed with PBS-0.1% Tween 20 and probed with goat
anti-emerin antibody (C-20, Santa Cruz Biotech Inc. USA) at a
dilution of 1:100 followed by bovine anti-goat HRP conjugated
secondary antibody (Santa Cruz) at 1:1000 dilution. The blots
were developed by chemiluminescence using Supersignal
Westpico Chemiluminescent substrate (Thermo Scientific,
USA). Expressions of Ig proteins were verified by blotting
with anti-His antibody (gift from Dr. Oishee Chakrabarti, Saha
Institute of Nuclear Physics, Kolkata) at a dilution of 1:1500
and similar dilution for secondary antibody. Intensity profiles of
the dot blots, repeated at least in triplicates were quantified by
ImageJ version 1.47 after appropriate normalization and plotted
as bar diagrams.
Single-Molecule Force Spectroscopy (SMFS). All single-

molecule force spectroscopy pulling experiments were
performed on a custom-built atomic force microscope (AFM)
as described by Kotamarthi et al.39 We used both Bruker and
Olympus Biolever cantilevers. The spring constants of the
cantilevers were calculated to be ∼40 pN/nm for the Bruker
and ∼20 pN/nm for the Olympus Biolever in the buffer,
respectively. The concentrations of protein solutions used in
the experiments varied from 2 μM to 8 μM. In pulling
experiments for protein−protein interaction measurements
protein and ligand were used in 1:4 molar ratios, and before
any measurements protein samples were incubated for at least 1
h at room temperature, followed by a centrifugation step at
13000 rpm for 5 min. All the forces versus extension (FX)
traces were recorded at a pulling speed of 1000 nm/s. All the
experiments were performed in buffer containing 25 mM Tris-
HCl, pH 7.4, 150 mM NaCl at 25 °C.
Data Analysis. The worm-like chain model of polymer

elasticity40 was used to fit the FX traces with eq 1
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where p, Lc, kB, and T denote persistence length, contour
length, Boltzmann constant, and absolute temperature,
respectively. All the F-X traces were analyzed in Igor Pro
6.02 from WaveMetrics, USA.
Surface Plasmon Resonance (SPR). Protein−protein

interaction kinetics was analyzed on Biacore X-100 using
NTA chip (Biacore, GE Healthcare Biosciences, USA). Initially
1 mM NiSO4 was passed over the NTA-chip at 10 μL/min flow
rate for 60 s followed by the His-tagged protein which was also
passed for 60 s at 20 μL/min flow rate to bind to the Ni-NTA
chip. One μM of monomeric proteins and 0.5 μM of tetrameric

proteins respectively were immobilized on the chip and the
buffer was run for 60 s at 10 μL/min flow rate while 0.5−4.0
μM emerin was passed at 10 μL/min flow rate with 60 s contact
time and dissociation time using flow cell 2. At the end of each
binding chip was regenerated using 0.5 M EDTA for 30 s at 10
μL/min flow rate. Kinetic analyses were performed by the
inbuilt evaluation software.41 All the experiments were carried
out at least three times or more in 25 mM Tris-HCl, pH 7.4,
150 mM NaCl at 25 °C.

Steered Molecular Dynamic (SMD) Simulations.
Equilibrium molecular dynamics simulations for both the
wild-type and the mutant proteins were carried out using
NAMD 2.9 software42 with CHARMM-22 force field.43 Crystal
structure of the C-terminal of lamin A Ig domain (PDB ID
1IFR) was considered as the initial structure of the native
protein and the coordinates of the mutant protein were
generated using Modeller 9.11.44 In each simulation, the
protein molecules were explicitly solvated by TIP3P water
molecules and charge neutralizing Cl− ions in a periodic box
whose boundaries extended at least 10 Å from any solute atom.
These two systems were energy minimized using CHARMM.45

Particle Mesh Ewald (PME) summation method was used to
treat the long-range electrostatic interactions. A force switch
method was applied for nonbonded interactions with 12 Å
cutoff. After energy minimization the systems were gently
heated to 300 K in 30 ps. This process was followed by
equilibrium molecular dynamics simulation in explicit solvent
and steered molecular dynamics simulation with implicit
solvent model. The equilibrium molecular dynamics had a
final production run of 100 ns by Constant Pressure
Temperature (CPT) dynamics algorithm at 1 atm pressure,
with 1.0 fs time step.
Steered Molecular Dynamics Simulations46−48 were carried

out with Generalized Born Implicit Solvent (GBIS) model for
water49−51 on the wild-type protein and its mutant. Simulations
were performed with a time step of 1 fs, a solvent dielectric
constant of 78.5, and a cutoff of Coulomb forces with a
switching function starting at a distance of 15 Å and reaching
zero at 16 Å. SMD simulations of constant velocity stretching
(SMD-CV protocol) were carried out by fixing the C-alpha
atom of N-terminal residue (res id: 432) and applying external
forces to the C-alpha atom of C-terminal residue (res id: 544)
which is the SMD atom, along the direction of the vector from
residue 432 to residue 544. In such simulations the SMD atom
is attached to a dummy atom via a virtual spring. This dummy
atom is then moved at a constant velocity. The force
experienced by the pulled terminal atom, F is

= −F k vt x( ) (2)

where, x is the displacement of the pulled atom from its original
position, v is the pulling velocity, and k is the spring constant.
Force was applied on the dummy atom with a virtual spring of
spring constant 0.6 kcal/mol/Å2 and pulling velocity 0.0000025
Å/fs parallel to the hydrogen bonds of first β-sheet. The
simulation trajectory was made up by frames collected every 1.0
ps and then analyzed. Secondary structure analysis of the
simulation snapshots was done following DSSP algorithm52as
implemented in CHARMM software along with plotting the
contact maps for protein structures obtained from equilibrium
Molecular Dynamics Simulation trajectories.
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■ RESULTS

Protein Expression and Purification. Heterologous
overexpressions of the proteins were achieved in 2xYT medium.
The proteins were purified to near homogeneity by using
FPLC. The protein fractions were analyzed on a 4−20%
gradient or 10% SDS polyacrylamide gels as appropriate and
blotted with anti-His antibodies for Ig constructs and
antiemerin antibody for emerin (Figure 1A). Pooled fractions
were concentrated by using Amicon concentrators with
molecular cut offs between 3 and 10 kDa. It was ensured that
proteins of similar purities were used for repeating the

experiments under identical conditions. For all subsequent
experiments described hereafter, the protein solutions were
routinely centrifuged at room temperature at 13000 rpm for at
least 10 min to remove any suspended particles that might arise
from particulate precipitates if any. However, we never
observed any out-of-phase behavior for any protein used in
this study. We hereby adopt the convention of referring to the
LA Ig-domain and (I27-LA Ig)4 as monomer and tetramer,
respectively. Therefore, we have mentioned the wild type and
mutant constructs as (I27-LA wt Ig)4 and (I27-LA R453W Ig)4
respectively in the text.

Figure 1. Characterization of the chimeric constructs using gel electrophoresis. (A) 4−20% gradient gel separation of titin I27 monomer, lamin A
wild type Ig monomer (LA wt Ig), R453W Ig monomer (LA R453W Ig), (I27-LA wt Ig)4, (I27-LA R453W Ig)4 and emerin in lanes 1, 2, 3, 4, 5, and
6 respectively. Bands of the marker represented in kilo Daltons are represented at the side of the panel. (B) Immunoblot analysis of the tetrameric
constructs with anti-His antibody and emerin with anti-emerin antibody. Corresponding thermal denaturations were performed using differential
scanning calorimetry on wild type lamin A/C Ig domain (C), R453W Ig domain (E), I27 monomer (G), (I27-LA wt Ig)4 (D), and (I27-LA R453W
Ig)4 (F). In both monomeric and I27 containing tetrameric proteins lamin wild type and R453W Ig domain were unfolded at 61.9 ± 0.02 °C and
43.8 ± 0.03 °C respectively. All the experiments were performed in buffer containing 25 mM Tris-HCl, 150 mM NaCl, pH 7.4. The observed data
(black line) were deconvoluted (blue line) using the in-built VP Viewer software with Origin 7.0. The red curves denote overall fit of the data.
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Analysis of Thermal Stability of (I27-LA wt Ig/R453W
Ig)4. Differential scanning calorimetry is a precise method to
determine the thermal stability of protein and its corresponding
unfolding behavior. These studies helped us to detect any
possible alteration of the lamin A Ig domain structure due to
the introduction of the I27 domain into the structure. The
monomer of LA wt Ig and LA R453W Ig showed significantly
different denaturation temperatures of 62 and 43 °C
respectively as reported earlier from thermostability analysis
by CD.9 To check any deleterious effect of I27 on the lamin Ig
domains we performed the same thermal unfolding experi-
ments with the tetrameric constructs (Figure 1). For (I27-LA
wt Ig)4 polyprotein we obtained a single transition point at 62
°C whereas (I27-LA R453W Ig)4 exhibited two distinct
transition points at 43 and 56 °C. Hence, we concluded that
the thermal stability of LA wt Ig/LA R453W Ig was unaltered
and I27 did not affect the native folding of the Ig domains. The
transition point of 56 °C in mutant construct could be
attributed to I27. Although single I27 unit unfolded at 67 °C
(Figure 1G), the transition point merged with that of the Ig
domain in the construct (I27-LA wt Ig)4 thereby yielding a
single transition point at 62 °C. Therefore, we could establish
the fact that introduction of the I27 as a signature moiety did
not change the independent native folding of the Ig domains.
Mechanical Unfolding of Lamin Ig Domain and

Stability of Ig−Emerin Complex. We performed single-
molecule pulling measurements on lamin Ig domains using
chimeras (I27-LA wt Ig)4 and (I27-LA R453W Ig)4. In single-
molecule force versus extension (F-X) traces I27 serves as a
marker protein, whose mechanical properties have been
characterized previously.38,53,54 The unfolding force for the Ig
domain was observed to be significantly lower (56 ± 29 pN)
than that of I27 (200 ± 30 pN) at 1000 nm/s pulling velocity
(Figure 2B and 2C), although both belong to immunoglobulin-
like family consisting of nine beta strands packed in beta-
sandwich fold. This could possibly be ascribed to the favorable

unzipping geometry of the terminal β-strands of lamin Ig
domain in contrast to shearing geometry of I27 (Figure 6).
Therefore, Ig domains were unfolded first followed by I27. In
Figure 2B, first sawtooth pattern with four low force peaks
might have arisen from the unfolding events of four lamin Ig
domains with ∼32 nm spacing in between the adjacent peaks.
Subsequent four peaks were due to I27 unfolding correspond-
ing to 28 nm contour length whereas the last peak (>400 pN)
resulted from the detachment of the polyprotein from the
cantilever tip of the surface. However, it must be noted that we
did not always observe clearly all the force peaks of lamin Ig
domains expected based on the number of I27 force peaks in a
given FX trace. This might be due to their low unfolding force
and as a result some of them get buried in the noise level.
Nevertheless, the design of the construct and the corresponding
contour length analysis ensured the contribution of the lamin A
Ig domain in the mechanical stretching. The persistence length
values varied between 0.6 ± 0.3 nm for lamin data to get the
best fits during the WLC fitting. Because of EDMD causing
R453W mutation in the Ig domain, the unfolding force was
lowered to 49 ± 27 pN which meant mutant domain was
mechanically weaker compared to that of wild type domain.
This is in line with the previous results where R453W was
demonstrated to have strong destabilizing effects of the
structure of Ig domain.9 Histograms of unfolding force and
contour lengths have been shown in Figure 2D and 2E. The
results for the signature molecule, I27 completely conformed to
the previous reports.37,53,55,56 From contour length analysis, we
obtained the change in contour length as 31.7 ± 3.5 nm for
wild type Ig domain and 31.4 ± 4.1 nm for lamin R453W Ig
domain instead of the theoretical value of 41 nm (113 × 0.37 −
size of the folded structure(0.71)), which could be explained
from SMD results discussed subsequently. Summary of
unfolding forces and subsequent increase in contour lengths
are shown in Table 1.

Figure 2.Mechanical unfolding of the wild type and mutant lamin Ig domains in SMFS experiments. (A) Cartoon diagram showing the stretching of
tetrameric constructs of the proteins being pulled from the gold coated coverslip by AFM cantilever tip. In this construct four titin I27 and lamin Ig
fold domains were placed in an alternating fashion. (B) Representation of force versus extension traces of the wild-type Ig domain, where Ig domains
were unfolding at lower force (∼56 pN) with increase in contour length (ΔLc) of 32 nm compared to titin I27 which unfolded at higher force with
28 nm increments in contour length. Red and blue histograms (D) depicted the events (n = 180) for unfolding force and change in contour length,
respectively. (C) Representative force−extension curve for the R453W Ig fold mutant. Mutant domains were unfolding at ∼49 pN forces with 32 nm
increase in contour length. Red and blue histograms (E) similarly depicted unfolding events and the increase in contour length (ΔLc) respectively (n
= 143). All the force extension curves were fitted by WLC model, where blue fitting dots are denoting for lamin wt Ig/R453W Ig domain and gray
dots for I27domains. Scale bars showing unfolding force and increase in contour length are 100 pN and 50 nm, respectively.
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External mechanical cues are transferred to lamin network
through cytoskeleton-nucleoskeleton coupling complex23,24,57

where emerin is an important effector molecule coupled to
lamin A.58,59 Although for this EDMD mutation, nuclei did not
show deformability, significant cytoskeletal displacement across
the force application site was observed in cultured cells
transfected with lamin A mutants.60 So we intended to look
whether emerin augmented any mechanical attributes to lamin
Ig fold through a complex formation. We performed the pulling
experiment with the same constructs (Figure 2A) in the
presence of emerin. On binding with emerin the lamin A Ig
domain unfolded at lower force (45 ± 23 pN) compared to the
wild type in absence of emerin. But in case of R453W, emerin
did not alter the unfolding behavior (Figure 3). The Student’s t-
test was performed on the unfolding forces of LA wt Ig and its
R453W mutant, and their complexes with emerin to verify if
the differences observed are statistically significant. The p-value
between LA wt Ig and R453W mutant was 0.009 and the p-
value between LA wt Ig and its complex with emerin was 0.002.
This indicates that the differences between the unfolding forces
of LA wt Ig vs R453W mutant and LA wt Ig vs LA wt Ig/
emerin complex are statistically significant. On the other hand,
the p-value between R453W mutant with and without emerin
was 0.5, which makes it statistically insignificant. This we could
infer directly from the small change in unfolding force upon

emerin binding to R453W mutant. Hence, we are certain that
the 13% decrease in the unfolding force of LA wt Ig upon
R453W mutation and 20% decrease in the same upon emerin
binding are important observations from single-molecule
pulling experiments that might have functional implications as
discussed the later section.
So, it was evident that as the wild type protein bound emerin

more strongly, the unzipping geometry of the Ig domain was
changed eventually destabilizing wild type Ig domain in single-
molecule AFM studies. As R453W mutant associated with
emerin rather loosely, it could not alter the geometry of the H-
bond vectors toward destabilization. Hence the unfolding force
was not changed significantly for R453W. The biochemical
interactions of both the wild type and mutant chimeric
constructs with emerin were shown subsequently using SPR
and solid phase binding assay (Figure 5). In presence of emerin
R453W mutant domain unfolded more or less at same force
(48 ± 18 pN), with 31.8 ± 4.4 nm increase in contour length.
Sometimes larger peaks were obtained with wild type and the
mutants in the presence of emerin. This could be attributed to
intrinsic aggregation propensity of emerin. This explains why
we got significantly lower number of events: 64 for wild type
and 50 for mutant constructs in the presence of emerin. It
could be speculated that lamin−emerin interaction might be
dictated by surface potential. The electrostatic potential which
was mapped using pymol APBS tool, got altered as a sequel to
mutation (Figure 6) hence perturbing the interaction with
emerin.

Steered Molecular Dynamics (SMD) Simulation. We
obtained a noticeable change from single molecule force
spectroscopy in the unfolding behavior of lamin A Ig domain
because of a single point mutation which is an ensemble of
individual domains. The stretching of individual strands on
application of force could not be visualized from SMFS and is
an important avenue to explore. Therefore, we resorted to
steered molecular dynamics (SMD) simulation for unraveling
the molecular events pertaining to individual β-strand
stretching. Equilibrium MD simulations of the native and

Table 1. Results from Single-Molecule Mechanical
Unfolding Experiments of Lamin A Ig Domain and Its
R453W Mutant in Absence and Presence of Emerina

protein force (pN) ΔLc (nm)

LA wt Ig (n = 180) 56 ± 29 31.7 ± 3.5
LA R453W Ig (n = 143) 49 ± 27 31.4 ± 4.1
LA wt Ig + Emerin (n = 64) 45 ± 23 31.0 ± 2.1
LA R453W Ig + Emerin (n = 50) 48 ± 18 31.8 ± 4.4

aUnfolding forces and the increase in contour length are obtained
from the single-molecule force spectroscopy experiments. Here, n and
ΔLc represent the number of events and the increase in contour length
upon unfolding, respectively.

Figure 3. Force vs extension (FX) traces and the statistics of Ig domain−emerin complexes for both wild type and mutant. Representative traces for
the (A) wild type Ig domains and (B) R453W Ig unfolding events by SMFS in the presence of emerin, respectively. (C) In presence of emerin lamin
A Ig domains were unfolding at ∼45 pN force with ∼31 nm increase in contour length (ΔLc), (D) force extension trace for the R453W Ig mutant in
the presence of emerin. Red and blue histograms in both cases showed the unfolding force and the increase in contour length (ΔLc) respectively,
total no events are 64 and 50, respectively. All the force−extension traces were fitted with WLC model, blue dots are for the fitting of lamin Ig
domains in the presence of emerin whereas gray dots are for I27 domains.
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mutant proteins were performed to indicate the relative
stabilities of both the molecules. However, we showed a
decrease in number of residues participating in β2 strand for
the R453W mutant, although there was no significant difference
in contact maps of both the protein during 100 ns simulation. It
may be noted that Glu443 and Glu444, both belonging to this
β-strand formed a kink in the wild type, which was stabilized by
their salt-bridge interaction with Arg453. Because of mutation
the salt-bridge was ruptured thereby making these residues
unstructured. Steered Molecular Dynamics simulation of both
the wild-type and the mutant proteins produced time
dependent gradual elongations until the polypeptide chains
were completely straightened out and attained maximum
extension of ∼350 Å at around 140 ns (Figure 4). Both the
forms, however, were shown to retain their shapes and
compactness up to 20 ns as obtained from time vs extension
plot (Figure 4A and 4B). From the force extension analyses
(Figure 4A and 4B), we observed similar kind of unfolding
pattern (with two transition peaks) for both wild type and
R453W mutant protein. For wild type, the first peak appeared
at 50 Å extension corresponding to a force of 250 pN and
unfolding force for the latter transition peak, was calculated to
be around 150 pN at 150 Å extension. But for the mutant, first
transition peak appeared as a doublet between 50 and 75 Å
extensions with unfolding force around 200 pN. Interestingly,
the mutant exhibited the same peak corresponding to150 Å
extension at a lower unfolding force of ∼75 pN. Hence, the

mutant R453W was mechanically weaker compared to the wild
type as is corroborated from single molecule force spectro-
scopic data and also from earlier structural studies of the
mutant.9 We analyzed the secondary structure variations of
both the wild type and the mutant proteins for the entire
simulation trajectories. Since, the first and the last β-strands
located at the periphery were hydrogen bonded to each other,
and the force was applied parallel to this hydrogen bond vector,
β1 at the N-terminal, and β9 at the C-terminal strands were
uncoiled at the earliest compared to the other β-strands for
both the simulations. This also induced early rupturing of the
nearby β8 strand. The simulation trajectories showed
significantly different features at short extension (within 180
Å) in the both cases, whereas at longer extensions those
domains were almost identical. The variation of different
secondary structure elements of all the residues of both the
wild-type and mutant protein, with simulation time scale are
shown in Figure 4C and Figure 4D. For both the wild type and
the mutant, an initial force of ∼100 pN was required to
completely rupture the β1-strand at an extension less than 10 Å.
A high force of ∼250 and ∼200 pN for the wild type and the
mutant proteins respectively corresponded to the disruption of
β8−β9 hydrogen bonding and ultimately rupturing of these β-
strands. All these events were completed within the first 40 ns
of simulation for both the cases. As indicated earlier, the Arg
453 residue of β3 forms two salt-bridges with Glu 443 and Glu
444 of β2, which were lost because of R453W mutation. As a

Figure 4. Force−extension curves and secondary structural stability plot for 140 ns of constant velocity steered molecular dynamics (SMD)
simulations. Force extension curve for A. wild type lamin Ig fold (with PDB Id 1IFR) and B. for R453W mutant. The corresponding extensions vs
time plots have been shown in the inset. First transition was at 50 Å extensions for both wild type and mutant. Transition peaks were at ∼250 and
∼200 pN for the wild type and the mutant, respectively. At 150 Å extension, a comparatively stable intermediate for the wild type (unfolding force of
∼150 pN) was observed than for the mutant with unfolding force ∼75 pN at the same extension). Variations in secondary structures are shown in C,
for wild type and D, for R453W mutant. The red and black patches depict respectively beta strand and α helix conformations, of the residues at the
corresponding time. The white region represents the unstructured/coil conformation. For the mutant, a clear tendency for the β to α helix transition
was observed in later stages of the unfolding. For both the wild type and mutant cases, β1, β8, and β9 strands were less stable. Specifically, for the
mutant β2, β4, and β5 strands were very much unstable as compared to that of wild type during the constant velocity SMD simulation.

Biochemistry Article

dx.doi.org/10.1021/bi500726f | Biochemistry 2014, 53, 7247−72587253



result, the β2 strand of the mutant protein was rupturing
simultaneously along with β8 and β9 at around the same time
indicated by a broader peak at ∼50 Å extensions in the force vs
extension plot (Figure 4A and Figure 4B). On the other hand,
stability of the wild type β2 strand, in comparison to its mutant
was higher, as it was completely stretched only after 60 ns and
corresponded to a force as high as ∼150 pN. Rupturing of β2
was followed by β3 which was again more stable for the wild
type as compared to the mutant. The β6 and β7 strands were
ruptured next and the process occurred faster in case of mutant
protein compared to the wild type under similar conditions of
force. The β4 and β5 strands of the first β sheet layer of the
wild-type domain remained stable until ∼85 ns (up to 200 Å
extension) whereas, for the mutant these strands unfolded
completely within ∼75 ns (up to 150 Å extension) at
comparable forces. Similarly, β2 and β7 ruptured quickly in
case of mutant protein compared to the wild type under similar
conditions. We observed an interesting conformational
transition from β-strand to α-helix prior to complete stretching

in both the cases. The secondary structure alteration from β-
strand to α helix was observed more in case of the mutant-
protein. However, the alpha-helices were not stable in either
case though their lengths were quite significant. In conclusion
the SMD studies are in good agreement with our single
molecule force spectroscopy results.

Ig-Fold-Emerin Interaction by SPR and Solid-Phase
Binding Assay. Previous results had mapped the interaction of
the C-terminal domain of lamin A with emerin.33 In this study,
we investigated whether the R453W mutation in the Ig fold
known to cause autosomal dominant EDMD disease alters the
binding stability of lamin−emerin complex. We compared the
binding affinity of monomeric Ig/tetrameric Ig and the
corresponding mutant with emerin by surface plasmon
resonance (Figure 5). Lamin Ig fold showed more than 2-
fold higher affinities than the corresponding R453W mutant. As
we performed the pulling experiments with the tetrameric
constructs (i.e., (I27-LA wt Ig)4 and (I27-LA R453W Ig)4) so
we intended to look whether emerin binds to this lamin domain

Figure 5. Sensorgrams and dot blot analysis of lamin Ig fold-emerin interaction. Sensorgrams for I27 containing tetrameric proteins and Ig/I27
monomeric constructs were recorded with 0.5 μM and 1.0 μM proteins, respectively. Proteins were immobilized on Ni-NTA chip and emerin was
used as analyte. Emerin interaction with (I27-LA wt Ig)4 and (I27-LA R453W Ig)4 cassettes are illustrated in panels A and B respectively, 1−5
depicted emerin of concentrations 0.25, 0.5, 1.0, 2.0, and 4.0 μM in panel A and 1−7 depicted 0.25, 0.5, 1.0, 2.0, 4.0, 8.0, and 12.0 μM for panel B. C,
D, and E panels showed the sensograms for the wild type Ig domain monomer, R453W Ig monomer, and I27 monomer, respectively. For each case
emerin concentrations were 0.5, 1.0, 1.5, 2.0, and 2.5 μM, which are denoted by the 1 to 5 in the sensograms. All the experiments were carried out in
buffer containing 25 mM Tris-HCl (pH 7.4), 150 mM NaCl, at 25 °C. F. Intensity profile of Ig-emerin from dot blot assay, Intensity profiles as
obtained from the dot blot assay for the lamin A/C Ig fold-emerin binding were normalized over the background. Wild-type Ig fold showed almost
∼2.6 fold higher binding compared to R453W mutant.

Table 2. Binding Affinity of Lamin A Wild Type and R453W Ig Fold and Chimeric (wt Ig/R453W Ig-I27)4 Constructs with
Emerina

protein Ig fold monomer R453W Ig fold monomer I27 monomer wild-type tetramer(I27-LA wt Ig)4 R453W tetramer (I27-LA R453W Ig)4

Kd (nM) 505 ± 42 1170 ± 49 700 ± 53 1.6 ± 0.06 16.5 ± 0.8
aWild type Ig domain has the 2-fold higher affinity for the emerin. All the results were obtained from surface plasmon resonance experiments.
Kd,represents the dissociation constant.
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also. For these cases also, wild type lamin A Ig domain showed
higher binding compared to that of mutant construct.
Interestingly I27 also exhibited comparable binding to emerin.
It may be noted that, titin was shown to localize in the nuclear
envelope during mitosis in C. elegans.61 The alteration of
surface electrostatic potential as a sequel to the mutation
R453W might have resulted in 2-fold less binding affinity with
emerin. This finding was also corroborated from the solid phase
binding analysis by dot blot (Figure 5F) where emerin was
found to bind to Ig domain with a stronger affinity compared to
R453W Ig. Similar findings were reported earlier by Holt et al.
where the sequestration of emerin by ectopically expressed
mutant lamin A was dramatically reduced in cultured cell
lines.62 The Kd values calculated from sensorgrams have been
shown in Table 2. Therefore, the binding characteristics of Ig
fold-emerin were consistent as far as SPR and solid phase
analysis were concerned showing that R453W Ig might interact
with reduced affinity to the emerin thereby perturbing the
mechanotransduction route from cytoskeleton to nucleus.

■ DISCUSSION
Lamin A Ig domain consists of 113 residues,9 comprising nine β
strands. Two β sheet layers (first sheet of five β strands, 1, 4, 5,
8, and 9 and another set of four strands 2, 3, 6, and 7) are tilted
at about 45°, which is a characteristics of lamin β sandwich
structure.8,9 Our results with SMFS showed that (I27-LA
R453W Ig)4 unfolded at a lower force compared to (I27-LA wt
Ig)4. The mutant unfolded at ∼49 pN force compared to ∼56
pN for the wild type construct. Arg 453 residue makes a classic
beta bulge forming two salt bridges with Glu 443 and Glu 444
residues. The R453W mutation abolished these two salt bridges
thus making the geometry more facile for unfolding. This result
was in excellent agreement with thermal unfolding data. We
had also investigated for the first time the time averaged
molecular structure of Ig fold and its mutant by equilibrium
simulation in the absence of N-to-C terminal directional force
where LA wt Ig and LA R453W Ig did not show any difference
in RMS fluctuations which meant that both the domains were
comparable in their compactness. In this Article, we have
gained novel insight into the unfolding signatures of nine beta
strands of Ig domain on application of force hitherto not

reported. From steered molecular dynamics simulation, we
observed there was little mechanical resistance from the first
and last two beta strands. Interestingly the mutant yielded a less
stable intermediate in the process of unfolding. Similar SMD
studies had been reported earlier with the full length tail
domain of lamin A by Buehler et. al.63 By applying replica
exchange molecular dynamics they identified the structures of
different segments which included mature tail domain and Δ50
tail domain of progerin. 4−5 transition peaks were identified;
each corresponded to the unfolding of β-strands requiring large
forces (357.8 ± 94.2 pN). This force was more than that
obtained from our SMD simulations because that included the
entire C-terminal domain as opposed to the Ig fold.
Interestingly, lamin Ig fold domain unfolded at lower force
than titin I27 domain. Lamin Ig folds yielded to lower force
(∼56 pN) compared to the signature elastomeric I27 domain,
which unfolded at 200 pN. This could be explained from a
closer look at the hydrogen bonding geometry of the two. As
comparative mechanical resistance of the biomolecules could be
extrapolated from the H-bond geometry with respect to the
force vector,64,65 the terminal β-strands in the lamin Ig domain
are antiparallel to one another representing an unzipping
geometry while being pulled from N- and C-termini whereas
they are parallel and must be unfolded in a shearing geometry
in the case of I27 (Figure 6 A and B). The β1 strand was
intrinsically destabilized for both wild type and mutant thereby
yielding little or no mechanical resistance to pulling. As a result
β2−β9 strands effectively contributed for the pulling induced
mechanical resistance. It should be emphasized that I27 is a
highly elastomeric domain of titin which is a primary effector
molecule in generating muscle strength and contraction. On the
other hand force transduction to the lamins is attenuated
partially by the damping effect of LINC complex and other
cytoskeletal filament systems present in the cytoplasm.
Therefore, lamin A might be second in the line of response
to an external mechanical force.
We also used SMFS to probe the unfolding behavior of the

wild type Ig domain and its mutant in the presence of emerin.
However, we did not observe any change either in the
unfolding behavior or in the contour length of the mutant and
the wild type. Interestingly enough, we observed a reduction in

Figure 6. H-bonding geometry of titin I27 domain and lamin A Ig domain and altered surface potential of the mutant domain. A. For titin I27
domain H-bond orientations are in shearing geometry with respect to N- to C-terminal force vector, whereas B. for lamin Ig domain it is in
unzipping geometry. C and D are showing the surface potential of the two lamin Ig fold domains. For the mutation R453W, the surface potential of
the lamin Ig domain changed dramatically. The electrostatic surface potentials in vacuum were obtained in pymol using APBS tool. Scale bar denotes
transition from lower potential to higher potential coded by red and blue, respectively.
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unfolding force of the wild type Ig in the presence of emerin.
We could logically conclude that the interaction of emerin with
Ig on the surface might entail a conformational change at the
core of the molecule which eventually might perturb the
hydrogen bonding geometry. On the other hand LA R453W
Ig−emerin interaction was not favored presumably because of
high electronegative charge buildup on the surface of Ig (Figure
6C and D). Hence, we did not observe any significant change in
force compared to the LA R453W Ig alone. This differential
interaction of emerin with wild type and mutant Ig was also
corroborated from surface plasmon resonance and solid phase
binding assays where we observed that emerin bound to lamin
Ig fold strongly compared to the mutant domain. Hence, it
could be concluded that because of R453W mutation, there was
a change in mechanical resistance of the Ig fold domain. This
also modified the interactome which includes membrane
protein like emerin as in our case. This is quite expected as
the electronegative surface potential of the mutant domain
would perturb the self-association behavior resulting into
aberrant higher order network formation of the mutant protein
and also change the interaction profile with other nuclear
proteins.
Muscle movements in the human body involve cyclic

periodicity of contraction and stretching of the muscle tissues.
At the cellular level this translates into alternate waves of tensile
strain which is propagated from the exterior of the cell to the
nucleus. This transmission of force into the nucleus is mediated
by a careful orchestration of LINC protein complexes to the
nuclear lamins. Isolated nuclei have been shown to deform
reversibly in matter of seconds in response to mechanical
stimuli.66−68 Similar reversible nuclear deformations underlie
the stretching and contraction of the myocytes hence muscle
tissues. In autosomal dominant EDMD the characteristic
viscoelasticity of lamin A network is partially abrogated because
of the R453W mutation in the Ig domain which has been
shown to stretch at a lower force compared to the wild type.
But the probable reason why the nucleus is not grossly
deformed due to this mutation might be the compensatory
compliance of the lamin B1/B2 network. Another possible
outcome of this mutation could also be a modification of the
transcriptome, which can exert the effect on the genes involved
in the mechanotransduction pathway. At the same time our
data has shown a significantly lower affinity of the LA R453W
Ig for emerin suggesting a weaker interaction of the lamin A
network with emerin ultimately resulting into poor force
coupling. Although the LINC complex mediated force
transduction could partially occur through nesprin-SUN-lamins
route. These two mutually exclusive events summarize the
molecular events underlying the pathophysiology of the disease.
Therefore, the poor coupling of mechanical stimuli to the
nucleoskeleton in connivance with a less compliant network
makes the nucleus more vulnerable. Concomitantly, the
integrity of the myofibers is seriously sacrificed in response to
mechanical stress.
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