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ABSTRACT: Lamin A protein, encoded by the LMNA gene, belongs to the type V
intermediate filament protein family and is a major nuclear protein component of
higher metazoan organisms, including humans. Lamin A along with B-type lamins
impart structural rigidity to the nucleus by forming a lamina that is closely apposed to
the inner nuclear membrane and is also present as a filamentous network in the
interior of the nucleus. A vast number of mutations that lead to a diverse array of at
least 11 diseases in humans, collectively termed laminopathies, are being gradually
uncovered in the LMNA gene. Dilated cardiomyopathy (DCM) is one such
laminopathy in which ventricular dilation leads to an increase in systolic and diastolic
volumes, resulting in cardiac arrhythmia and ultimately myocardial infarction. The
point mutations in lamin A protein span the entire length of the protein, with a slight
preponderance in the central α-helical coiled-coil forming domain. In this work, we
have focused on three such important mutations that had been previously observed in
DCM-afflicted patients producing severe symptoms. This is the first report to show that these mutations entail significant
alterations in the secondary and tertiary structure of the protein, hence perturbing the intrinsic self-association behavior of lamin
A protein. Comparison of the enthalpy changes accompanying the deoligomerization process for the wild type and the mutants
suggests a difference in the energetics of their self-association. This is further corroborated by the formation of the aggregates of
different size and distribution formed inside the nuclei of transfected cells.

Lamins are type V intermediate filament nuclear proteins
imparting structural integrity and rigidity to the nucleus of

mostly all metazoan cells but are absent in plants and
unicellular organisms.1,2 Lamins are the principal components
of the nuclear lamina apposed between the inner nuclear
membrane and the peripheral heterochromatin. These
detergent and high-salt resistant proteins are broadly classified
into two major categories of types A and B. Most vertebrates
with some exceptions express one A-type lamin and two B-type
lamins, B1 and B2. In vertebrates, alternative splicing of the
LMNA gene yields two major isoforms, lamin A and C,3

whereas lamin AΔ104 and lamin C25 are reported to be minor
isoforms. Lamin B1 and lamins B2 and B3 are encoded by
LMNB1 and LMNB2, respectively.6 A-Type lamin expression
appears in tissues only from the onset of differentiation7,8 in the
process of development, whereas at least one B-type lamin is
expressed right from embryogenesis. Similarly, human and
mouse stem cells express B1 and B2 types but no A type.9

However, recent reports have shown the presence of lamin A/
C in mouse embryonic stem cells.10 The lamin proteins have a
typical structure representative of the intermediate filament
protein family consisting of a central α-helical coiled-coil-
forming rod domain flanked by a short N-terminal “head”
domain and a longer “tail” domain at the carboxy terminus. The
rod domain consists of four α-helical heptad repeat-containing
subregions demarcated by coils 1A, 1B, 2A, and 2B each
separated from the other by flexible linker regions termed L1,
L12, and L2.11 The head and tail domains of the lamins are
grossly unstructured, making the protein less favorable for a

holistic structural analysis. However, the tail domain contains a
stretch of highly conserved residues that make up the Ig fold,
the structure of which has been determined by both nuclear
magnetic resonance and X-ray crystallography in the case of
lamin A.12,13 The “stutter” region of coil 2B of lamin A has been
structurally resolved by X-ray crystallography.14 Although the
mode of stepwise assembly of vertebrate lamins into network
like structures inside the cells remains elusive, extensive in vitro
analysis with bacterially expressed and purified proteins has
established that the first step of assembly starts with the
formation of coiled-coil left-handed superhelical dimers
associated laterally. The next step involves the head-to-tail
polarized interaction of the dimers to form tetrameric
protofilaments.15 Four such protofilaments are laterally
compacted to form a 10 nm cross-sectional filament.15−17

Vertebrate lamins continue to assemble further beyond this
point at a lowered pH when paracrystalline arrays with regular
axial repeat patterns are formed.15−18 Over the past decade,
there has been renewed interest in the study of nuclear lamins,
largely because of the fact that nearly 400 mutations have been
uncovered in the LMNA gene alone, which lead to a plethora of
diseases termed laminopathies like autosomal dominant Emery-
Dreifuss muscular dystrophy (AD-EDMD),19 dilated cardiomy-
opathy (DCM),20 Hutchinson-Gilford progeria syndrome
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(HGPS), atypical Werner’s syndrome (WS), restricted
dermopathy (RD), and mandibuloacral dysplasia (MAD).21−23

DCM is the most common disorder encountered at
cardiovascular clinics around the world,24 characterized by
increased systolic and diastolic volumes leading to cardiac
sudden death.25 Numerous mutations of the LMNA gene have
been uncovered via global clinical studies with patients afflicted
with DCM.23,26−31 However, it is important to stress that no
underlying mechanism connecting mutant lamin A to the
pathophysiology of the disease is known to date. On the basis
of such a recent study of the identification of novel mutations in
the LMNA gene among 27 Italian families whose proband was
diagnosed with DCM,32 we have focused on a structure−
function analysis of three such mutations, K97E, E161K, and
R190W. The rationale behind our study is understanding how
the mutations in the rod domain of the protein influence the
overall structure and hence its self-association behavior at the
molecular level. Various studies of samples from laminopathy-
afflicted patients33 as well as with ectopic expression of mutant
proteins in cultured cell lines30,34,35 have shown the formation
of misshapen nuclei with herniations, blebs, intranuclear foci,
and aggregates with various sizes and distribution patterns. This
can be attributed to the fact that mutations in lamin A could
perturb self-association or homotypic interaction, heterotypic
interactions with lamin B1 and B2, interactions with NE-
associated and nucleoplasmic proteins, and interactions with
chromatin in all possible manners.
In this work, we investigated the morphology of the

transfected nuclei for both wild type and mutant proteins
tagged with EGFP. Using confocal microscopy, the transfected
nuclei were shown to possess aggregates of different sizes and
distributions despite having no gross abnormality in the nuclear
envelope. Aggregate formation thus seemed to be a major
hallmark of these mutants that has been corroborated by light
scattering experiments with the purified proteins where the size
distribution of the aggregates varied significantly from the wild
type to mutants. Morphometric analyses were followed by CD
and fluorescence spectroscopic studies of the purified proteins.
These studies permitted us to make a comparative analysis of
the secondary and tertiary structures of the proteins as a sequel
to mutations in the wild type. We also performed isothermal
titration calorimetry for the first time to compare the enthalpy
changes associated with the self-assembly process of lamin A
and its mutants. Taken together, this report aimed to provide a
molecular basis of the difference in the structural properties and
hence oligomerization of the wild type protein from the three
mutants, known to be present in DCM afflicted patients.

■ EXPERIMENTAL PROCEDURES
Site-Directed Mutagenesis. Site-directed mutagenesis was

performed on pET-human lamin A and pEGFP-human lamin A
(gift from R. D. Goldman, Northwestern University, Feinberg
School of Medicine, Chicago, IL) to obtain mutations K97E,
E161K, and R190W using Pfu polymerase (Fermentas) and
two primer sets each containing the mutations, specific for two
different templates: K97E_sense, 5′-gactcagtagccgaggagcgcgc-
cc-3′; K97E_antisense, 5′-gggcgcgctcctcggctactgagtc-3′;
E161K_sense, 5 ′ -gcacgctggagggcaagctgcatgatctg-3 ′ ;
E161K_antisense, 5′-cagatcatgcagcttgccctccagcgtgc-3′;
R190W_ sense, 5′-atgagatgctgcggtgggtggatgctgag-3′;
R190W_antisense, 5′-ctcagcatccacccaccgcagcatctcat-3′. The
cycling conditions were as follows: 95 °C for 1 min and 18
cycles of 95 °C for 30 s, 65 °C for 30 s, and 72 °C for 14 min,

followed by 15 min at 72 °C. Reaction products were treated
with DpnI (Biolabs) for 5 h at 37 °C and transformed in
XL1Blue (Stratagene) cells for plasmid isolation using the
miniprep/maxiprep kit (Qiagen). Mutants were confirmed by
sequencing.

Expression and Purification of Protein. Wild type
human prelamin A/full-length lamin A (664 amino acids)
and its mutant proteins mentioned above were expressed in a
heterologous fashion in BL21(DE3) pLysS (Novagen) from
pET-human LA. Proteins were overexpressed in TB, 2× YT,
and/or LB broth (Himedia) as applicable and supplemented
with ampicillin, chloramphenicol, and kanamycin (USB Corp.).
Protein expression was induced at an OD600 of 0.5−0.6 by 2
mM IPTG (Himedia) for 2 h. Cell pellets were lysed and
washed as described by Moir et al.,36 and all the steps were
performed in the presence of protease inhibitor cocktail
(Sigma). PMSF (1 mM, Sigma) was used during and after
induction for R190W. The proteins were purified to near
homogeneity using a Mono S5/50 GL column (GE Health-
care). Protein fractions were eluted in 6 M urea, 25 mM Tris-
HCl (pH 8.5), 250 mM NaCl, and 1 mM DTT. Proteins were
renatured by being dialyzed in a stepwise manner from 6 M to
the final protein buffer (PB) composed of 25 mM Tris-HCl
(pH 8.5), 250 mM NaCl, and 1 mM DTT at room temperature
in steps of two using Slide-A-Lyzer-Mini dialysis units (Thermo
Scientific) with a 10000 molecular weight cutoff Bradford
reagent (Bio-Rad) and/or the BCA kit (Pierce) used for
protein quantification in a Cecil 7500 UV−vis or Nano-
drop2000 spectrophotometer (Thermo Scientific). Prior to all
biophysical studies reported here, the buffers and proteins were
centrifuged at 13000 rpm at 25 and 4 °C, respectively, for 30
min and filtered through Milex Syringe filters (0.22 μm)
(Milipore) to eliminate any amorphous aggregates. The
concentrations of the protein were checked before and after
the physicochemical studies and found to be same within the
permissible range of error in estimation (±5%).

Cell Culture and Cell Cycle Analysis. HeLa cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Himedia), supplemented with 10% fetal bovine serum (Gibco)
and 5% penicillin/streptomycin (Sigma), and maintained in a
humidified incubator at 37 °C in 5% CO2. Transfections with
pEGFP-human LA (EGFP-wt LA) and mutant constructs were
conducted using Lipofectamine 2000 (Invitrogen) in accord-
ance with the manufacturer’s protocol at early passages (5−7)
having 80−85% confluency and were kept in culture for 36−48
h. The transfection efficiency was quantified based on
visualization of GFP fluorescence in an inverted fluorescence
microscope. Cell synchronization at the G0/G1 stage was
achieved by serum starvation for 72 h. Transfected HeLa cells
were harvested and washed twice with phosphate-buffered
saline (PBS). Cell pellets were collected by centrifugation at
250g for 5 min at room temperature; cells were resuspended in
PBS and fixed in 70% ethanol for 2 h. Cells were pelleted by
centrifugation at 250g for 5 min at room temperature, washed
again with PBS, and finally stained with a propidium iodide
(PI) solution (final concentration of 50 μg/mL). Cells were
analyzed on a BD FACS Aria III instrument (BD Bioscience)
equipped with a 488 nm laser system. Cell aggregates and
apoptotic cells were excluded from analysis by doublet
discrimination. Cell cycle analysis was conducted using BD
FACS Diva software; a total of 20000 cells (approximately)
were scored, and 200−300 cells were scored for EGFP positive
cells. Each experiment was repeated twice.
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Immunofluorescence Analysis. Cells transfected with
EGFP-wt LA and mutant constructs were grown on glass
coverslips for 36−48 h, fixed in 4% paraformaldehyde for 15
min at room temperature, followed by permeabilization for 15
min with 0.1% Triton X-100 in PBS at room temperature, and
stained with Vectashield (Vector Laboratories). Fluorescence
images were acquired with an LSM510 confocal microscope
(Carl Zeiss) with oil immersion objective lenses (63×). Images
were processed using Axiovision version 4.8 (Carl Zeiss).
Western Blot Analysis. Transfected HeLa cells were lysed

in RIPA buffer. Whole cell lysate was quantified for protein
estimation with the BCA kit using a Nanodrop 2000
spectrophotometer (Thermo Scientific), and equal amounts
of protein (90 μg) were loaded and resolved in 10% sodium
dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−
PAGE). Separated bands were transferred to a nitrocellulose
membrane (Millipore) with a 0.45 μM pore size. Nonspecificity
was blocked with 5% NFDM in PBS containing 0.1% Tween
20. The membrane was probed with a mouse monoclonal anti-
human lamin A+C (JoL2) antibody (Upstate Millipore) at a
dilution of 1:100, a rabbit monoclonal anti-GFP primary
antibody (Cell Signaling) at a dilution of 1:200, and mouse
monoclonal anti-human β-actin (Sigma Aldrich) used as a
loading control at a dilution of 1:1000, washed with PBS
containing 0.1% Tween 20, and subsequently treated with
stabilized peroxidase-conjugated secondary goat anti-mouse or
anti-rabbit (H+L) antibody (Thermo Scientific) at dilutions
between 1:250 and 1:2000. Super Signal West Pico
Chemiluminescent Substrate (Thermo Scientific) was used to
develop chemiluminescence, and the chemiluminescence was
imaged using Kodak Medical X-ray Film. Purified lamins
obtained from heterologous expression in bacteria were
similarly blotted using optimal primary and secondary antibody
dilutions. Blots were repeated in at least triplicate if not
otherwise mentioned.
Statistical Analyses. The number of aggregate-containing

nuclei for each mutant construct was compared with
corresponding wt LA counts using a two-tailed χ2. InStat 3
(Graphpad Software, Inc., La Jolla, CA) statistical software30

was used for all analyses (Table 1).

Steady State Fluorescence Spectroscopy. Fluorescence
emission spectra at an excitation wavelength of 295 nm were
recorded in a Perkin-Elmer LS 55 luminescence spectrometer
at 25 °C using quartz cuvettes with a 1 cm path length. For
both excitation and emission, slit widths were kept at 5 nm. The
emission spectra were normalized with respect to that of N-
acetyl-L-tryptophanamide (Sigma Aldrich) dissolved in protein
buffer at 25 °C corresponding to the molar content of the Trp
residues in the protein(s); the absorbance values of proteins at

340 nm were in the range of 0.01−0.03. It eliminated the
necessity for correction due to inner filter effects.
4,4′-Bis(1-anilinonaphthalene 8-sulfonate) (bis-ANS), ob-

tained from Molecular Probes Inc., was dissolved in freshly
distilled dimethyl sulfoxide (Fluka). The concentration of this
solution was determined in methanol in a Cecil 7500 UV−
visible spectrophotometer (ε395 in methanol = 23000 M−1

cm−1).37 The emission spectra of bis-ANS (6 μM) were
recorded at an excitation wavelength of 399 nm. The excitation
and emission slit widths were 5 nm. Corrections for the inner
filter effect were not employed as the absorbance values did not
exceed the limiting value of 0.05 in the scan range of 430−590
nm.

Circular Dichroism (CD). Far-UV CD spectra of the
proteins over a concentration range of 84 nM to 4 μM in PB
were recorded at 25 °C in a Jasco J-720 spectropolarimeter with
a quartz cuvette with a path length of 1 mm. Near-UV CD
spectra in the range of 250−300 nm were recorded at 25 °C in
a quartz cuvette with a path length of 1 cm to examine the
effect of mutations on the tertiary structures of human wt LA
and the three mutants. The protein solutions were filtered and
centrifuged, and the concentrations were checked before and
after the CD experiments.

Isothermal Titration Calorimetry (ITC). The thermody-
namics of the self-association process of lamin A proteins was
studied by isothermal titration calorimetry (ITC) in a Microcal
ITC200 microcalorimeter. Two approaches were adopted to
study the process. In the first method, small aliquots of the
protein were added from a concentrated stock solution in the
syringe to a very dilute solution (50 nM) of the protein; 12.4
μL of a 35 μM protein solution in PB was added from a 40 μL
syringe to a cell ( volume) containing 50 nM protein in the
same buffer in aliquots of (1 × 0.4 + 12 × 1) μL at 25 °C so
that the final concentration of the proteins was 1.5 μM. The
stirring speed of the syringe was 200 rpm. In the control
experiment, the syringe contained the buffer without the
protein.
In the second approach, a fixed volume of the concentrated

solution was added to a dilute solution (50 nM) of the protein
in a single-injection method (SIM). This approach was
employed to estimate the associated thermodynamic parame-
ters and the degree of oligomerization of lamin A proteins at
higher concentrations. Twenty microliters of the proteins from
similar stock solutions was added so that the resulting
concentration in the cell became 3.5 μM at 25 °C. In the
single-injection method, the stirring speed was kept at 400 rpm.
Stock solutions of the proteins were degassed and centrifuged
for 30 min at 25 °C prior to experimentation. The
thermograms so obtained from the single-injection method
were fit using the single set of binding sites model of the
Levenberg−Marquardt nonlinear least-squares curve fitting
algorithm, built into the MicroCal LLC software. The protein
(50 nM), thought to be in the deoligomerized state, was
considered as the macromolecule (bulk concentration Mt in
active cell volume V0), to which 35 μM proteins bound,
considered as the ligand with bulk (Xt) and free concentrations
([X]) in active cell volume V0. The apparent association
constant (Ka) is given by

θ
θ

=
−

K
(1 )[X]a

where θ is the fraction of sites occupied by the ligand. The bulk
concentration of the ligand is given by

Table 1. Statistical Analyses of Wild Type and Mutant
Constructsa

LMNA
construct

total no. of transfected
cellsb

aggregates (%
n) P, test

wt LA 1621 ± 36 0.25 not applicable
K97E 996 ± 41 8 <0.0001, CS
E161K 387 ± 10 21 <0.0001, CS
R190W 522 ± 20 9 <0.0001, CS

aCS indicates a χ2 test; n indicates the number of data collected.
bPooled data were derived from at least three independent
experiments.
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θ= +X n M[X]t t

where n is the number of binding sites. The total heat content
of the solution present in V0 is

θ= ΔQ n M HVt 0

where ΔH is the molar heat of binding. Considering the change
in volume, ΔVi accompanied by the ith injection, the associated
heat released is given by

Δ = +
+

−−
−

⎛
⎝⎜

⎞
⎠⎟Q Q

V
V

Q Q
Q

d
2i i

i i i
i

0

1
1

The binding entropy was obtained from

Δ = − = Δ − ΔG RT K H T Sln a

where R is the universal gas constant and T is the temperature
at which the experiment was performed.
Dynamic Light Scattering (DLS). Dynamic light scattering

measurements were performed with lamin A proteins in PB at
25 °C on a Zetasizer Nano S particle analyzer (Malvern
Instruments) equipped with a 4 mW He−Ne laser (632.8 nm)
as the light source, the detector being placed at a fixed angle of
173°. A correlation curve to obtain the Stokes−Einstein
diffusion coefficient (D) was generated from the intensity
autocorrelation function given by G(τ) = A[1 + B exp(−2Γτ)],
where G is the correlation coefficient, A is the amplitude of the
correlation function, and B is the baseline. Γ = D·q2, where q is
the scattering vector. Cumulant analysis of the correlation
curve38 was used to obtain the intensity percentage statistical
distribution by the built-in software and the mean hydro-
dynamic diameters at the position of maximal intensity
(percent) obtained from it.

■ RESULTS
Protein Expression and Purification. Heterologous

protein overexpression was standardized in 2× YT medium
by adjustment of the IPTG concentration to 2 mM for
induction. For the sake of clarity, it should be emphasized that
we would refer to the wild type full-length lamin A as wt LA
and the mutants as K97E, R190W, and E161K in the
subsequent experiments. The mutant R190W protein showed
rapid degradation on the gel compared to the wild type and
other mutants, which was circumvented by growing the cells in
LB and including 1 mM PMSF from induction onward.
Heterologous expression of human lamin A and the mutants
from BL21DE3 cells was quite robust as shown in Figure 1B.
Proteins were purified by using a cation exchange column to
near homogeneity (>95% purity). For all subsequent
biophysical experiments, proteins of similar purity were used.
During renaturation of the protein by stepwise removal of urea,
R190W showed a maximal propensity for precipitation. Equal
amounts of proteins were blotted with the anti-lamin A
antibody that showed robust and clean bands. The homoge-
neity of the preparation was of utmost importance as we would
conclude from the following experiments that the results did
not stem from any artifacts of impurity but solely from the
protein of interest.
Morphological Analysis of Transfected Nuclei. Cul-

tured HeLa cells between passages 5 (P5) and 7 (P7) were
routinely used to study and compare nuclear morphology
following transfection with Lipofectamine 2000. The cells
transfected with EGFP-wt LA exhibited a uniform rim staining
and a characteristic nucleoplasmic distribution. A few trans-

fected cells of no statistical significance showed the presence of
small aggregates. These nuclear aggregates were also visualized
in nontransfected HeLa cells stained for endogenous lamin A/
C (unpublished data). Such structures have been reported by
many groups and correspond to functionally different types of
intranuclear structures.39−42 In the lamin A mutant-transfected
cells, significant aggregates of varying sizes and numbers were
observed along with a marked reduction in the extent of rim
staining. Similar results were reported earlier in COS7 cells
transfected with GFP-LA mutants like R89L, R166P, R190Q,
E203K, I210S, L215P, and R471H.30 Formation of intranuclear
foci had been reported in HeLa cells transfected with the DCM
mutant of lamin A N195K.34 Figure 2 represents a comparison
between the wild type lamin A and representative mutant-
transfected cells. The transfection efficiency was between 50
and 60% for the wild type construct and between 20 and 25%
consistently in the case of the mutants. The size and extent of
aggregate formation among the transfected cells were quantified
manually using an epifluorescence microscope by a person
blinded to the experimental details and seem to be distinctly
different across the mutants. The percentage of aggregates
scored highest in the case of EGFP-E161K (Table 1).
The size of the aggregates in terms of area was calculated

using ImageJ and is shown in Figure 2D. Quantifications were
based on measurements from experiments conducted in
triplicate using approximately 200 nuclei each time. EGFP-
K97E transfected nuclei showed the presence of a maximal
number of giant aggregates. In retrospect, the giant aggregates
had been reported previously only in cells ectopically
expressing lamin C;43,44 subsequently, Cowan et al.30 have
shown the presence of the giant aggregates in their studies with
the COS7 cell line transfected with idiopathic and familial
dilated cardiomyopathy-linked mutants. The levels of ex-
pression for EGFP-wt LA and its mutants were comparable
as validated by Western blot analysis conducted in quad-
ruplicate. We further calculated the form factor (FF) of the
nuclei using the formula [4π(area)]/(perimeter2), which equals
1 for a perfectly circular perimeter and <1 for a geometry
deviating from a perfect circle.45 For these measurements, 200
nuclei were similarly scored from three replicates of experi-
ments using ImageJ, and the results are represented in Figure
2E. Hence, we speculate that these mutations probably do not
perturb the protein−protein interaction of lamin A/C and NE-
associated protein like emerin, LAP 2α, MAN 1, etc., although
that needs to be shown in a separate study and is beyond the

Figure 1. Overexpression of wt human lamin A and its mutants. (A)
Schematic representation of human full-length lamin A. (B) FPLC
column-purified proteins were resolved via 10% SDS−PAGE and
Coomassie stained. (C) Immunoblot analysis of the purified proteins
by JoL2.

Biochemistry Article

dx.doi.org/10.1021/bi400337t | Biochemistry 2013, 52, 4229−42414232



scope of this paper. However, on the basis of previous findings
by Shumaker et al.,46 it is quite possible that these
nucleoplasmic lamin A aggregates might act as sequestration
sinks for molecules like PCNA that would eventually be
reflected in delayed entry into the S phase. To answer this
question, a synchronized HeLa cell culture was transfected with
wild type as well as mutant constructs. However, no changes
were observed for the mutants in the cell cycle stages compared
to the wild type (data not shown).

Fluorescence Spectra of Wild Type and Mutant
Proteins To Compare Their Structures. Panels A and B
of Figure 3 show the steady state fluorescence spectra of wild
type and mutant lamins at low (0.4 μM) and high (4 μM)
concentrations. Each spectrum was normalized using N-acetyl-
L-tryptophanamide (NATA), where the Trp residue is fully
exposed. Comparison with NATA highlighted the following
features. (i) The emission peaks were blue-shifted for all
proteins. (ii) At a low concentration (0.4 μM), the extent of the

Figure 2. Comparison of the nuclear aggregates and nuclear morphology among the wt and mutant proteins. HeLa cells were transfected with (A)
pEGFP-human LA for 48 h and (B) pEGFP-human K97E LA for 48 h. Cells were fixed as described and mounted with Vectashield. Maximal
projections of z-sections and x−z and y−z projections are shown as described above. The pEGFP-human K97E LA-transfected nucleus shows
distinct nuclear lamin aggregates and subsequent perturbation of nuclear rim staining compared to that of the wt. The scale bar is 2 μm. (C)
Representative immunoblot analysis of EGFP-wt LA and EGFP-K97E, with actin being used as a loading control: (C1) with anti-GFP showing
ectopically expressed fusion protein, (C2 and C3) with Jol2 showing ectopically expressed fusion protein and endogenous lamin A/C, respectively,
and (C4) with anti-β-actin. A comparable level of expression of EGFP-lamin was observed in wt LA and K97E. (D) Variation in aggregate size
among EGFP-wt LA and its mutants. The size represented in area (square micrometers) is the largest for EGFP-K97E, showing giant aggregates as
compared to other mutants. (E) Form factor calculation for the nuclei transfected with EGFP-wt LA and its mutants showed no variation, suggesting
not much deviation from a near perfect circular shape. Error bars representing the standard deviation were calculated from ∼200 nuclei each for each
set of triplicate experiments.

Figure 3. (A and B) Fluorescence emission spectra (λex = 295 nm) of wild type and mutant lamin A proteins and NATA: (A) 0.4 μM lamin A
proteins and 1.6 μM NATA and (B) 4 μM lamin A proteins and 16 μM NATA [(1) wt LA, (2) R190W, (3) K97E, (4) E161K, and (5) NATA] in
25 mM Tris-HCl buffer (pH 8.5) containing 250 mM NaCl and 1 mM DTT at 25 °C. (C) Fluorescence emission spectra (λex = 399 nm) of 6 μM
bis-ANS alone (5) and in presence of the mutant and wild type proteins (6 μM) in the same buffer at 25 °C [(1) wt LA, (2) R190W, (3) K97E, and
(4) E161K].
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blue shift depended on the nature of the mutation, being
maximal for E161K. In case of K97E, the increase in protein
concentration to 4 μM led to a blue shift in the emission
maximum. In contrast, a similar increase in concentration led to
a red shift for E161K (Table 2). The peak emission intensity

was also dependent on the nature of the mutation. It may be
noted that the four Trp residues are located in the C-terminal
tail domain and the mutations at the rod domain are distant
from these residues. Therefore, differences in the peak position
and intensity of Trp residue(s) in the proteins as a consequence
of point mutations in the protein can be attributed to
differences in secondary and/or tertiary structure. There are
reports that suggest that lamin A undergoes aggregation at
higher concentrations.47 In our case, the hydrophobic environ-
ment of the Trp residues in the aggregated forms led to the
enhanced quantum yield.
Nature of the Hydrophobic Pockets of the Self-

Associated Proteins. We conducted a comparison of the
hydrophobic pockets among wild type and mutant lamin A
proteins in the aggregated forms by a fluorescent reporter, bis-
ANS. Bis-ANS, the widely used probe for hydrophobic pockets
of proteins,48 showed an increase in fluorescence along with
blue shift upon addition of the wild type and three lamin A
mutants (Figure 3C and Table 3). Among the wild type and the

three mutants, we noticed a significant difference in the extent
of the blue shift and an increase in emission intensity. At
equimolar concentrations of the lamin A proteins, the intensity
increased by 42- and 31-fold and the emission maxima shifted
by 33 and 23 nm for wt LA and K97E, respectively. On the
other hand, in the cases of R190W and E161K, the increase in
the fluorescence intensity of bis-ANS was 66- and 92-fold and
the wavelength shifts were 36 and 34 nm, respectively (Table
3). The differences in the emission maxima and intensity values
of the reporter molecule, bis-ANS, in the presence of different
lamins indicated that the hydrophobic pockets thus formed in
the proteins at higher concentrations were significantly
different. This effect could originate from the difference in
the tertiary structures of the wild type and mutant proteins in
their aggregated forms at higher concentrations.

CD Spectroscopic Studies Demonstrate the Perturba-
tion in the Secondary and Tertiary Structures of Lamin
A Caused by DCM Mutations. Fluorescence-based experi-
ments suggested differences in the secondary and/or tertiary
structures as a sequel to mutations in wild type lamin A. To
support this observation, we used far-UV and near-UV CD
spectroscopy to look for any structural perturbations arising
from mutations at the secondary and/or tertiary level. Keeping
in mind the earlier reports of coiled-coil formation via self-
association of the lamin A monomers,47 we recorded far-UV
CD spectra of full-length proteins in the concentration range of
0.084−4 μM. All spectra were normalized to molar ellipticity
values. Panels A and B of Figure 4 depicting the far-UV CD
spectra at two concentrations reflected the preponderance of
helical structure with the following features. At the lowest
concentration, the wild type lamin had a backbone structure
different from that of the three mutants. On the other hand, the
mutants among themselves also had nonoverlapping spectra. A
reciprocal relationship between the molar ellipticity of the
lamins and their input concentrations was clearly indicative of
the formation coiled-coil structure as present in dimers and
even higher-order structures resulting from the association of
the coiled-coil dimers. Ellipticity versus concentration curves
(Figure 4D) were different for the wild type protein and the
three mutants, further highlighting the variation of the
backbone structure upon the nature of amino acid substitutions.
The proposition of difference in the tertiary structures of the
wild type lamin and the three point mutants was also supported
by a comparison of their side chain CD spectra in the near-UV
region (Figure 4C).
The alteration in tertiary structure demonstrated above by

fluorescence and near-UV CD spectra might be a sequel to the
difference in their secondary structures. Figure 4D shows the
plot of molar ellipticity at 222 nm against the varying
concentrations of wild type and mutant proteins. Inflection
points in the plot for wild type and mutant lamin A were
different, suggesting a difference in the oligomerization
constants. It was evident from the graph that the proteins
remained in one state of association up to a certain protein
concentration (Table 4). Above this concentration (inflection
point), which was dependent upon the nature of the protein,
the proteins started undergoing further oligomerization. The
ratio of the molar ellipticity values at 222 and 208 nm was used
as a diagnostic tool to improve our understanding of the nature
of the helix.49 This parameter was plotted to examine the
concentration-dependent nature of helicity in the proteins. The
plot of the ratio of the observed ellipticity at 222 and 208 nm as
a function of concentration of wild type and mutant proteins
(Figure 4E) showed a distinct trend for E161K, where the ratio
increased from 0.54 to 0.93 with an increasing concentration,
which can be attributed to the formation of a coiled-coil
structure from an isolated helix;49 for the rest of the proteins,
the helicity was altered, but in a dissimilar fashion. Here, the
ratios decreased with an increasing concentration and always
remained above a value of 0.98, suggesting the consistent
presence of coiled-coil structure. The difference could be
ascribed to two plausible factors. The nature of the helix in
terms of residues per turn and length was different in the case
of E161K. Alternately, the angle between the transition dipoles
giving rise to the bands at 222 nm (n → π*) and 208 nm (π →
π*) was radically different in the case of the bundled cylindrical
forms of the E161K oligomers. These data are not sufficient to

Table 2. Fluorescence Emission Maxima of Wild Type and
Mutant Proteins as a Function of Concentration

λmax (nm)

protein 0.4 μM 4 μM

wt LA 355 355
R190W 357 355
K97E 358 356
E161K 350 353
NATA 365 365

Table 3. Increases in the Intensity and Blue Shifts in the
Emission Spectra of Bis-ANS (6 μM) in the Presence of Wild
Type and Mutant Lamin A (6 μM)

system λmax (nm) F (arbitrary units) at λmax

bis-ANS 530 49 ± 1
bis-ANS with wt LA 497 2052 ± 6
bis-ANS with R190W 494 3224 ± 7
bis-ANS with K97E 507 1730 ± 4
bis-ANS with E161K 496 4530 ± 8
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distinguish between them. However, we have discussed it from
another perspective in the Discussion.

Energetics of the Self-Association of Wild Type and
Mutant Proteins. Self-association toward supramolecular
assembly is a common phenomenon for the intermediate
filament assembly. In this report, with the help of different
spectroscopic techniques like fluorescence and CD, we
established that single-amino acid mutations in lamin A could

Figure 4. Far- and near-UV CD spectra of wild type and mutant lamin A. Far-UV CD spectra of (A) 0.4 μM lamin A and (B) 4 μM lamin A [(1) wt
LA, (2) R190W, (3) K97E, and (4) E161K] in 25 mM Tris-HCl buffer (pH 8.5) containing 250 mM NaCl and 1 mM DTT at 25 °C. The spectra
were not smoothed. (C) Near-UV CD spectra of lamin A [(1) wt LA, (2) R190W, (3) K97E, and (4) E161K] measured under the same conditions.
(D and E) Plots of the molar ellipticity at 222 nm (D) and the ratio of θobs(222 nm) to θobs(208 nm) (E) for wild type and mutant lamin A [(■) wt
LA, (●) R190W, (▲) K97E, and (▼) E161K] as a function of input concentration.

Table 4. Inflection Points in the Plot of Molar Ellipticity vs
Concentration for Wild Type and Mutant Lamin A

wt LA R190W K97E E161K

inflection
point
(μM)

0.72 ± 0.06 0.53 ± 0.03 0.66 ± 0.03 0.58 ± 0.04

Figure 5. Isothermal calorimetric titration for the dissociation−association equilibria of aggregated wild type lamin A and its three mutants. Panel 1
represents the injections for dilution of 35 μM protein (in syringe) to a 1.5 μM sample (final concentration in the cell): 12.4 μL of a 35 μM protein
solution in 25 mM Tris-HCl buffer (pH 8.5) and 250 mM NaCl was added from a 40 μL syringe to a cell (volume of 200 μL) containing 50 nM
protein in the same buffer in aliquots of (1 × 0.4 + 12 × 1) μL at 25 °C so that the final concentrations of the proteins were 1.5 μM. Panel 2
represents the fitted curves obtained via the SIM as a result of dilution of 35 μM protein (in syringe) to 3.5 μM (final concentration in the cell): 20
μL of a 35 μM protein solution was added in each case so that the resulting concentration in the cell was 3.5 μM at 25 °C. Panels A−D in each set of
figures correspond to wt LA, R190W, K97E, and E161K, respectively.
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affect the overall tertiary structure of the protein, thereby
affecting the process of self-association. As a sequel to these
observations, we addressed the question of whether this
stepwise process of self-association in the case of the mutant
proteins differed from that of the wild type as far as the
energetics characterizing the process is concerned. Therefore,
we probed the thermodynamics of the molecular association of
wild type and the mutant proteins by isothermal titration
calorimetry (ITC). In the typical experimental setup, a
concentrated protein stock solution in the range of 35 μM
was added to the cell containing a very dilute (50 nM) protein
solution. As a result, the higher-order oligomerized structure
became diluted or “deoligomerized”, which would then register
a change in heat. Two sets of experiments were conducted for
each of the four proteins. From a 35 μM protein stock solution
(wild type and the mutants) were added aliquots until the final
concentration of 1.5 μM corresponding to the first linear region
of the CD titration profile was reached. The resultant
thermograms exhibited differences in terms of the enthalpy
changes. The change in the enthalpy turned out to be an
endothermic process in both cases. It occurred because of the
dissociation and progressive association of the oligomer in the
cell as represented in the following equation:

⇌L n(L)n

where n denotes the state of association and L symbolizes the
monomeric lamin A protein.
Nonoverlapping and distinct characteristic profiles (Figure 5)

for the wild type and mutant proteins indicated that the
enthalpy of dissociation of the oligomeric species in the
calorimetric cell depended upon the nature of the mutation. To
determine the oligomerization process, in particular the number
of lamin monomers present in the higher-order structure as
manifested in the CD spectra and the corresponding titration
profiles (in the region beyond the break point), we conducted
the ITC titrations in the SIM. The stock solution (35 μM) was
dropped in a single injection so that the final concentration
became 4 μM. The raw profiles are given in the Supporting
Information, and the fitted curves for obtaining the relevant
parameters are shown in panel 2 of Figure 5. Such analysis
provided the degree of oligomerization in the native state for
the four lamin proteins used along with relevant thermody-
namic parameters. Table 5 shows that the oligomerization was

entropy driven, implying the role of water and configurational
entropy of the protein in the process. The N value of 8 for the
wild type is consistent with the previous reports of an octameric
state of self-association of wild type lamins.16 Another notable
feature was the increase in the number of monomeric proteins
in the oligomers of the mutants, the maximal value being 48 for
K97E. Similarly, the self-association constant was also highest

for K97E. The other two mutants, E161K and R190W, also
associated more strongly than the wild type.

Comparison of Hydrodynamic Diameters of Lamin A
Protein Aggregates by Dynamic Light Scattering. Figure
6 illustrates the intensity percentage distribution for the
different protein species at 4 μM. The results are summarized
in Table 6. They indicate a distinct aggregation profile for
E161K (Figure 6 and Table 6). In case of the wild type and
other two mutants, R190W and K97E, we encountered a
biphasic Gaussian distribution. The Gaussian distribution in
these cases might originate from two populations correspond-
ing to a bundled cylindrical form of the oligomer and/or mixed
populations of globular oligomers with different hydrodynamic
diameters (Table 6). In contrast, the presence of a single peak
in the case of E161K could be ascribed to formation of a
relatively homogeneous globular oligomer. The absence of
peaks in the higher-diameter region of the intensity distribution
curves ruled out the possibility of formation of higher-order
aggregates. In addition, the low value of the polydispersity
index (0.5) for all cases suggested the homogeneous nature of
the system being reported here. However, DLS measurements
did not permit us to ascertain the state of association of the
oligomer for each protein.

■ DISCUSSION
Using a combination of biophysical techniques, we have shown
in this report that the mutant lamin A proteins implicated in the
pathogenesis of DCM possess distinct secondary and tertiary
conformations compared to the wild type, which was reflected
in gross localization defects in the cells. The structural studies
by means of spectroscopic techniques indicated that mutations
of the amino acids in rod 1B modulated the secondary and
tertiary structure of the wild type protein. This is a significant
observation in view of the clinical reports of patients harboring
these mutations. The hallmark of the fluorescence data could be
summarized to show that the electronic environment of Trp
residues was grossly altered even though they were far removed
from the sites of point mutations. Interestingly, all four Trp
residues map in the highly structured Ig-fold domain in the tail
region. In other words, the tertiary structure of the mutant
proteins was altered as a sequel to the point mutations in the
rod domain. Such an alteration in tertiary structure might be
due to a change in the secondary structures of the helical
domains that, in turn, would be bent in a fashion to be closest
to the unstructured globular tail domain. Therefore, there could
be a likelihood of spatial overlap of the tail domain on part of
the rod. The difference in the tertiary structures of the lamin
proteins was also corroborated by their different near-UV CD
spectra. Far-UV CD spectral studies of the proteins as a
function of concentration showed that monomeric forms of the
wild type and mutant proteins, presumably present at low
concentrations, had different degrees of helical, sheet, and
random-coil forms. Plots of the variation of θ222 as a function of
protein concentration yielded curves originating from aggrega-
tion of the four proteins. A decrease in the helicity with an
increase in concentration turned out to be a common feature of
the wild type and all three mutants. This reciprocal relationship
could be ascribed to the formation of coiled-coil structure as
reported earlier in the case of short peptides.49 Formation of
the coiled-coil structure of lamins beyond a certain concen-
tration corresponded to the break points in the plots of molar
ellipticity versus concentration. This feature, though counter-
intuitive, was checked by following the process in both

Table 5. Thermodynamic Parameters Obtained via
Isothermal Titration Calorimetry in the Single-Injection
Mode for Wild Type and Mutant Proteins

protein N
ΔH

(kcal mol−1)
ΔS

(cal mol−1 deg−1) Kd (μM)

wt LA 8 ± 0.5 165.0 ± 8.5 581 0.97 ± 0.06
R190W 24 ± 1.5 48.5 ± 3.5 191 0.69 ± 0.03
K97E 48 ± 1.7 9.0 ± 0.5 64 0.05 ± 0.01
E161K 29 ± 4.2 103.6 ± 19.5 376 0.55 ± 0.02
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directions, i.e., from lower to higher concentrations, and the
converse in two separate sets of experiments that further
suggested the reversibility of this self-association. The apparent
decrease in the helicity of the proteins when they aggregated
could be ascribed to an unfavorable antiparallel orientation16 of
the transition dipoles (n→ π* and π→ π*) in the dimers and/
or the proximity of the tail domain to the helical rod domain.
Far-UV CD spectra were recorded from lower to higher
concentrations and vice versa in two separate sets of
experiments, suggesting the reversibility of self-association.
Plots of the ratio of molar ellipticity values at 208 and 222 nm
supported the difference in the structures of the aggregates in

the case of the E161K mutant. This ratio had been reported to
be an index of the nature of the helix and the coiled-coil form.49

Interestingly, CD spectra showed a marked decrease in
ellipticity for E161K compared to those of K97E and
R190W. We tried to analyze the helical content of the proteins
using DICHROWEB,50,51 an online server for secondary
structure analyses, but this effort failed as the values returned
were quite high and not meaningful. Similar results were
obtained using K2d,52,53 one of the available algorithms
supported by DICHROWEB. The classical method formulated
by Cheng et al.54 was also unsuccessfully applied to calculate
the percentage of helicity of the proteins.
The results of the different calculations were highly variable,

suggesting that the structure of the oligomer could not be fit
into canonical coiled coils. Nevertheless, this is an interesting
piece of data hitherto not presented for full-length human lamin
A proteins. Previous CD data for the fragments of the protein
like the Ig fold and rod 2B did not suffer from this
drawback.12,55,56 A possible hypothesis in favor of our
observations would be the protein assuming a tertiary structure
where the long unfolded tail might fold back on the rod domain
and hence the overall helicity of the rod would be affected by

Figure 6. Intensity percentage statistical distribution of wild type and mutant lamin A proteins: (A) wt LA, (B) R190W, (C) K97E, and (D) E161K.
Individual proteins (4 μM) in 25 mM Tris-HCl (pH 8.5), 250 mM NaCl, and 1 mM DTT were used for the experiments at 25 °C under identical
conditions.

Table 6. Hydrodynamic Diameters of Wild Type and Mutant
Lamin A at the Position of Maximal Intensity (percent)

protein (4 μM) hydrodynamic diameter (nm) at maximal intensitya

wt LA 23 ± 0.4 and 153 ± 0.5
R190W 24 ± 0.7 and 238 ± 0.8
E161K 164 ± 1.2
K97E 26 ± 0.9 and 255 ± 0.3

aValues obtained from the intensity statistical distribution (Figure 6).
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the random-coil contribution of the tail. The explanations for
these structural studies are plagued by the lack of the structure
of full-length lamin A.
Probing of the hydrophobic pockets in the aggregated

proteins by fluorescence reporter bis-ANS also lent further
support to our proposition of the difference in their
conformations arising from mutations in the wild type protein.
Among all mutants, E161K stood out as possessing distinct
hydrophobicity. Reversal of the charge from E to K might offer
an explanation here to be the major factor to alter the
interaction among the intermolecular helical domains and the
intramolecular helical domain−tail interaction.
Results of ITC compared the enthalpy of the self-association

process at low and high lamin A protein concentrations and
probed the possible differences, if any, with those of the
mutants. In agreement with the observations from other
studies, the ITC results brought out the important feature that
the enthalpies characterizing the self-association of the wild
type and mutant lamins are different. The results shown in
panel 1 of Figure 5 indicated that the equilibrium [Ln ⇋ n(L)]
was an endothermic process in the lower concentration range
up to 1.5 μM lamin proteins. We noticed that E161K exhibited
the largest change in enthalpy during the “deoligomerization”
process. The distinctive nature of the self-association of the
E161K mutant was also corroborated by the comparison of the
DLS profiles of the four proteins. DLS profiles with low
polydispersity indices (<0.5) did not support the formation of
amorphous aggregates at higher lamin concentrations. The
appearance of the single peak in the case of E161K could be
ascribed to formation of a globular oligomer; for the three other
proteins, the presence of two peaks could be due to the
predominance of the cylindrical form of the oligomer or a
mixed population of globular oligomers with different
diameters. The ITC results from SIM experiments pointed to
the important feature that K97E oligomers possessed the
largest number of monomers with the highest self-association
constant. This data are consistent with the cell biological effects
of these mutations on the nuclear morphology, which was
validated by confocal microscopy. Table 5 containing the
thermodynamic parameters for the aggregation process also
indicated a relatively lower ΔH value of K97E in comparison to
this value for the wild type and other mutants. Although the
three mutants showed the phenotype of variable size aggregate
formation inside the nucleus, from morphometric analyses we
found no apparent abnormality in the nuclear shape, which was
reflected in the comparable form factor values. On one hand, a
maximal number of aggregates was obtained in HeLa cells
transfected with EGFP-E161K, whereas EGFP-K97E-trans-
fected cells showed the phenotype of giant aggregates.
Interestingly enough, a completely unrelated lamin A mutant,
E145K, found in HGPS patients had been shown to exhibit
lobulated nuclei,57 which we did not observe.
The central dogma of lamin oligomerization is the formation

of coiled-coil dimers that associate in a stepwise fashion to form
strings and filaments, ultimately resulting in networks. Coiled
coils consist of α-helices wound around each other to form a
superhelical left-handed twist. Such α-helices are characterized
by heptad (7 amino acids), hendecad (11 amino acids), and
pentadecad or quindecad (15 amino acids) repeats.58 Hydro-
phobic interactions59 and salt bridge/electrostatic interactions60

have been studied in great detail from a theoretical perspective
and via structural data available for some vimentin and lamin
fragments14,56,61,62 (Figure 7). Residues a and d form a

hydrophobic seam that mediates the formation of a coiled
coil that is further stabilized by electrostatic interactions and
hydrogen bonding. Hydrophobic interactions lead to the
assembly of the individual chain into supercoils, whereas
electrostatic interactions involving residues e and g play a
pivotal role in the proper alignment of the chains.63,64

Interestingly, the mutations that are being studied here map
to the 1B fragment of the rod domain. More specifically, K97E
and R190W fall in the part of rod 1B that is conserved in both
cytoplasmic and nuclear intermediate filament proteins. On the
other hand, the E161K mutation is in the extra 42-residue
segment that is not found in vertebrate cytoskeleton proteins
but rather conserved in invertebrates and vertebrate lamins.
In summary, we observed notable changes in the case of

E161K and K97E with respect to the wild type. The changes
could be analyzed from two perspectives. One is the change in
secondary and tertiary structure, and the other is the
consequence that E161K showed drastic changes in its
secondary and tertiary structure whereas K97E exhibited higher
association constants, a fact reflected in larger aggregates in
cells transfected ex vivo. Careful analysis of the mutated residues
at positions 97, 161, and 190 revealed the corresponding
positions of residues f, g, and a, respectively, as predicted by the
program coils.65,66 The results obtained from all the experi-
ments involving the wild type and mutants bore a consensus
signature with respect to mutants E161K and K97E. This is
further supported by a recent report in which a host of
myopathic mutations have been studied in Lmna+/− and
Lmna−/− mouse embryonic fibroblast, whereby cells expressing
mutants in which a residue was changed to lysine showed
altered nuclear localization and solubility.67 Therefore, it was
hypothesized that mutations to lysine abrogated the proper
higher-order assembly of lamin dimers as also observed in our
case. Glu at position g would have a repulsive intrachain
interaction with the Asp at residue i + 3 in position c in the
following heptad repeat sequence. Similar interchain repulsive
electrostatic interaction is expected from the two monomers
aligned laterally in register. Hence, substitution of Glu with Lys
at position 161 favorably abrogated the repulsion and promoted
stronger electrostatic interaction between the residues i and i +
3 or i + 4 in an intrachain and interchain mode of interaction.
In ITC experiments, the heat of dilution involved a maximal
change in enthalpy, which again pointed to a very favorable
interaction being broken by the process of chain separation or
dilution. It may be worth noting that the enthalpy changes for
all other mutants were not radically different from that of the
wild type.
Statistical analyses of the clinical data from the probands

harboring the mutations mentioned above revealed the rates of
events per 100 persons per year were more or less similar for

Figure 7. Cartoon representing the interactions among the polar and
hydrophobic residues in an α-helical coiled-coil structure. Here
residues a and d and residues e and g represent hydrophobic and
oppositely charged residues, respectively. Figure adapted from ref 64.
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the K97E and E161K mutations.68 Interestingly enough,
Western blot analyses of the hearts of the patients harboring
the K97E mutation showed reduced lamin A/C content with an
abnormal 30 kDa lamin A positive band that could be a
truncation product.26 This in turn could be true for two
reasons: (a) exposure of a cryptic splice site resulting in
alternative splicing of the LMNA gene and (b) structural
alterations in the protein conformation facilitating an increased
level of proteolytic breakdown. However, this has been a matter
of speculation and not confirmed thus far. In the end, it must be
emphasized that this report attempted to explain the structural
consequences of three distinct point mutations in the lamin A
protein. Relating the results to the functional behavior of the
mutant proteins inside the cell in the disease condition would
be complicated at this stage by the fact that the entire lamin
proteome might be differentially regulated, hence altering the
signaling conduits of the cardiomyocytes.
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