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a b s t r a c t

Lamins are nuclear intermediate filament proteins that play an essential role in maintaining the nuclear
structure by forming a 3-D meshwork. Lamins consist of the N-terminal unstructured head, the coiled-
coil rod domain, and the C-terminal tail, which is mostly unstructured except for the Ig-like domain. To
date, the Ig-like domain has been characterized as a monomeric structure. Here, we determined the
crystal structures of human lamin A/C, including the Ig-like domain and its N- and C-terminal flanking
sequences. Interestingly, the structures showed a homodimer formed by beta-strand interactions be-
tween the N- and C-terminal flanking sequences. This interaction also provides a molecular implication
for the creation of a 3-D meshwork between the 3.5-nm-thick filaments. Furthermore, we determined
the crystal structure of the corresponding region of lamin B1. The structure showed a similar dimeric
assembly, also formed by beta-strand interactions, albeit the intersubunit distance was much shorter.
Since the Ig-like domain contains many genetic hotspots causing lamin-related diseases in lamin A/C, our
findings will help understand the detailed assembly of lamins in a 3-D meshwork structure and lamin-
related diseases at the molecular level.

© 2021 Elsevier Inc. All rights reserved.
1. Introduction

Intermediate filaments (IFs), mostly consisting of alpha-helical
coiled-coil, provide mechanical support in the diverse subcellular
regions of eukaryotic cells. In the nucleus IF lamins, together with
lamin-binding proteins, play essential roles in maintaining the
nuclear architecture and supporting chromosomes with several
nuclear functions [1,2]. Many mutations in lamin genes are related
to human genetic disorders, including progeroid syndromes,
Emery-Dreifuss muscular dystrophy (EDMD), and Dunnigan-type
lipodystrophy [3e7]. The lamin structure and function are critical
in developing drugs against lamin-related diseases and in under-
standing the fundamentals of life phenomena, including the human
aging process.

Lamins consist of the N-terminal unstructured head, the alpha-
helical central coiled-coil rod domain, and C-terminal tail. The
central alpha-helical rod domain forms a long parallel homodimer
as the fundamental building block in the soluble state. The N-ter-
minal head and C-terminal tail regions are mainly unstructured
except for the globular Ig-like domain in the C-terminal tail [8,9].
Lamin A/C is differentially expressed depending on the tissue type,
whereas lamin B1 is constitutively expressed in most cell types in
humans [10]. Confocal microscopy studies revealed that lamin A/C
and lamin B1 form separate meshworks in HeLa cell nuclei [11].

The crystal structure of a long fragment of the central rod
domain of lamin A/C revealed the tetrameric unit of two dimers,
formed by the so-called A11 interaction. The structures further
proposed an assembly mechanism, where the longitudinal as-
sembly between the tetrameric units is formed by the so-called
eA22 interaction [12e14]. According to Ahn’s model, subsequent
and alternating A11 and eA22 interactions induced long linear
filamentous oligomers with a thickness of 3.5 nm, explaining the in
situ cryo-electron tomographic (cryo-ET) images at the molecular
and pseudomolecular levels [15,16]. Moreover, the cryo-ET images
suggested that the multiple 3.5-nm-thick linear filaments are
entangled to form the 3-D meshwork. The final 3-D model of lamin
is different from those of cytosolic members of intermediate
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filaments, formed by the side-by-side bundling of the 3.5-nm-thick
linear filaments or their equivalent linear units.

NMR spectroscopy and X-ray crystallography have structurally
characterized the fragments of lamin A/C covering the Ig-like
domain, showing substantially the same structural features in
their protomers [4,9]. In solution, a dimeric form was suggested by
SDS-PAGE analysis [17]. The Ig-like domain of human lamin A
adopts an Ig-like fold, containing hot spot mutations that cause
many genetic disorders [4,6,18,19]. However, since the structures
represent only a short fragment of the Ig-like domain, the roles of
the Ig-like domain in the full-length context still have ambiguities.
This study determined the crystal structures of the Ig-like domains
of lamin A/C and lamin B1, including the N- and C-terminal flanking
sequences. The structures implicate the dimeric assembly of the Ig-
like domains in the cell, proposing critical roles in forming the 3-D
meshwork structure of the lamins.

2. Materials and methods

2.1. Plasmid construction

For overexpression of lamin proteins, DNA encoding human
lamin A/C 406e552 and lamin B1 407e553 were PCR-amplified
from human full-length lamin A/C and B1, respectively [26]. To
clone lamin A/C (residues 406e552), primers (forward, 50-
GGCGAATTCTCATCCCAGACACAGGGTG-3’; reverse, 50-
GCCAAGCTTTTAGTCCTCAACCACAGTCAC-30) were used. For the
lamin B1 construct, primers (forward, 50-GCGGAATTCCGTAGTG-
TACGTACAACTAG; reverse, 50-GCGAAGCTT TCATTCTTCAGG-
TATGGTTG-30) were used. The amplified DNA molecules were
inserted into the EcoRI and HindIII sites of the pProEx-HTa vector
(Thermo Fisher Scientific, MA, USA). The plasmid construction for
the lamin A/C (residues 301e565) fragment was described previ-
ously [26].

2.2. Purification of the recombinant proteins

Each plasmid encoding the lamin A/C and lamin B1 fragments
was transformed into E. coli BL21 (DE3) (Novagen, USA) and
cultured in LB or terrific broth medium. Protein expression was
induced by 0.5 mM IPTG at 30 �C. The cells were harvested by
centrifugation and resuspended in lysis buffer containing 20 mM
Tris-HCl (pH 8.0) and 150 mM NaCl. The cells were disrupted by
sonication, and then the cell debris was removed by precipitation
via centrifugation at 13,000 rpm. The supernatant was loaded onto
TALON® superflow™metal affinity resin (GE Healthcare, California,
USA) and preincubated with lysis buffer. The target protein was
eluted with lysis buffer supplemented with 250 mM imidazole. The
protein was treated with recombinant TEV protease to cleave the
His-tag and then loaded onto a HiTrap Q-column (GE Healthcare,
California, USA), and a linear gradient of increasing NaCl concen-
tration was applied to the HiTrap Q column. The fractions which
contained the protein were applied onto a size exclusion chroma-
tography column (HiLoad Superdex 200 26/600 column; GE
Healthcare, California, USA), pre-equilibrated with lysis buffer. The
purified protein in lysis buffer was concentrated to 15 mg/mL and
frozen at �70 �C.

2.3. Crystallization and structure determination

Extended Ig-like domain of lamin A/C protein (15 mg/ml),
whose hexa His-tag was cleaved off, was crystallized in a precipi-
tation solution containing 0.2 M potassium chloride, 0.05 M HEPES
pH 7.5, and pentaerythritol propoxylate (5/4 PO/OH) using the
hanging-drop vapor diffusion method at 16 �C. The lamin B1 e-Ig
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domain protein (7.5 mg/ml) was crystallized in 0.2 M magnesium
nitrate (pH 5.9) and 20% (w/v) polyethylene glycol (molecular
weight 3350) using the hanging-drop vapor diffusion method at
16 �C. The crystals of lamin A/C were briefly soaked in a cryopro-
tectant solution containing 25% glycerol, and the lamin B1 crystals
were transferred to the viscous oil Paraton-N. Then, the crystals
were flash-frozen in a liquid nitrogen stream at �173 �C. The
diffraction datasets were collected at Accelerator Laboratory
Beamline 5C using an Eiger 9 M detector and were processed with
the HKL2000 package [27].

The structure of the extended Ig-like domains was determined
using themolecular replacementmethodwithMOLREP in the CCP4
package [28]. The crystals of the lamin A/C e-Ig domain belong to
space group P6422 with unit-cell dimensions of a ¼ 92.6 Å,
b ¼ 92.6 Å, and c ¼ 206.0 Å. The lamin B1 e-Ig domain crystals
belong to the space group C2221 with unit-cell dimensions of
a ¼ 144.6 Å, b ¼ 160.7 Å, and c ¼ 132.8 Å (Supplementary Table 1).
The programs COOT and PHENIX were used for model building and
refinement [29e32]. Statistical information regarding data collec-
tion and processing is presented in Supplementary Table 1.

3. Results

3.1. Stable fragments containing the Ig-like domain of human lamin
A/C and its flanking sequence

To expand the structural information of the Ig-like domain, we
expressed a longer construct (residues 301e565), including the Ig-
like domain of human lamin A/C, than the Ig-like domain previ-
ously structurally characterized (residues 428e549; Fig. 1A). The
fragment was easily degraded into three shorter pieces containing
the Ig-like domain during the purification step (Fig. 1B). Size
exclusion chromatography segregated the degradation products
based on their molecular sizes (Fig. 1B). The N-terminal sequencing
analysis of the most compact fragments identified that the frag-
ment consists of residues 406e552. The fragment was named an
extended Ig-like domain (hereafter called the e-Ig domain) because
it contained the Ig-like domain and its N- and C-terminal flanking
sequences (406e428 and 549e552). Size exclusion chromatog-
raphy combined with multiangle light scattering (SEC-MALS)
revealed that the e-Ig domain behaved as a monomer in solution
(Supplementary Fig. 1).

3.2. The dimeric form of the lamin A/C e-Ig domain

Next, we determined the crystal structures of the lamin A/C e-Ig
domain with the stable fragment at 1.8 Å resolution in the P6422
space group (Supplementary Table 1). The asymmetric unit in the
crystal contained three molecules (Supplementary Fig. 2A). The
overall structure of the monomer is similar to the Ig-like domain
structures previously determined [4,9] (Fig. 2A and Supplementary
Fig. 3). Structural superpositions with the previously determined
structures of the Ig-like domains [4,9] revealed that the Ig-like fold
is shared, including the N- and C-terminal paired beta-strands in an
antiparallel manner (Supplementary Fig. 3). However, the paired
beta-strands of the N- and C-terminal regions in the e-Ig domain
were much longer than those of only the Ig-like domain part [9]
(Fig. 2B and Supplementary Fig. 3).

The crystal structures showed that the N- and C-terminal
flanking sequences in the paired beta-strands are in the dimeric
interface, resulting in a long, four-stranded beta-sheet (Fig. 2B).
Beta-stranded dimeric interactions are formed by hydrogen bonds
between the backbone carboxyl and amide bonds without any
interaction between the side chains. Since the amino acid sequence
in the dimeric interface is mostly hydrophilic, this interaction



Fig. 1. The construct of the extended Ig-like domain (e-Ig domain) of human lamin A/C.
(A) Schematic domain organization of lamin A, consisting of the head, central rod, and tail region. The central rod domain is further divided into coil 1a, L1, coil 1b, L12, and coil 2.
The tail domain contains the Ig-like domain. The longer construct containing the Ig-like domain (residues 301e565) and the e-Ig domain for the structural study (residues 406e552)
are indicated.
(B) SDS-polyacrylamide gel showing the fractions of the size exclusion chromatography with the degradation products from the longer construct (residues 301e565). The 22-kDa
protein band (e-Ig domain), indicated by the red arrow, was subjected to Edman degradation for determination of the N-terminal residues. The size markers (M) are labeled on the
left. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. The crystal structure of the extended Ig-like domain of lamin A/C.
(A) The overall structure of the e-Ig domain in lamin A/C. The conventional Ig-like domain and the flanking sequences are indicated. The N- and C-terminal residues are marked.
(B) The dimeric arrangement of the two protomers in the asymmetric unit. The dimeric interface consisting of the flanking sequences is enlarged in the bottom panel. The distance
between the e-Ig domain, based on the Glu 444 residues, is represented by a double-headed red arrow. (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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appears weak and reversible. Due to this long, four-stranded beta-
sheet, the main Ig-like domains are separated by 24 Å in this
dimeric assembly. Since Phe430 is in the center of the dimeric
interface, the Phe430 residues are closest to the dimeric structure
(Fig. 2B).

3.3. The crystal structure of the lamin B1 e-Ig domain

Crystal structures of the lamin B1 Ig-like domain are available
[20]. However, none of the constructs used for the structural
studies contained flanking sequences around the Ig-like domain. To
examine whether the e-Ig domain of lamin B1 has a dimeric pro-
pensity, we produced the corresponding fragment of the e-Ig
domain of lamin B1 by sequence comparison to lamin A/C. The e-Ig
domain fragment of lamin B1 (residues 407e553) was well
expressed in the E. coli expression system. We determined the
crystal structure of the e-Ig domain of lamin B1 at 3.6 Å resolution
using the Ig-like domain of lamin B1 (PDB ID: 3UMN) as the search
model for the molecular replacement method (Fig. 3) [20].

The crystal structure of the lamin B1 e-Ig domain was virtually
the same as the Ig-like domain structures of lamin B1 that were
previously determined [20] (Supplementary Fig. 4). All the lamin B1
Ig-like domain structures, including this lamin B1 e-Ig domain
structure, revealed a similar putative dimeric interface mediated by
the beta-strand interaction between the backbone atoms. These
findings show that the Ig-like domains have a propensity to form a
dimer, although the flanking sequence of the Ig-like domain of
lamin B1 did not participate in the dimerization. The distance be-
tween the protomers of the lamin B1 Ig-like domains is 8.4 Å, which
is shorter than that of the lamin A/C e-Ig domains (Fig. 3). The Ig-
like domains are slipped toward the center of the dimer by nine
residues (~28 Å) compared with the lamin A/C e-Ig domains (Fig. 4).

4. Discussion

Here, we determined the crystal structures of the Ig-like do-
mains, including the flanking sequences, of lamin A/C and lamin B1.
The Ig-like domain of lamin A/C showed a long beta-strand inter-
action between the protomers in the dimeric assembly. Lamin B1
Fig. 3. The dimeric unit of the lamin B1 extended Ig-like domain observed in the crysta
based on the Glu 445 residues, is represented by a double-headed blue arrow. The dimeric
figure legend, the reader is referred to the Web version of this article.)
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exhibited a shorter dimeric interface consisting of a shorter paired
beta-strand interaction than that of the lamin A/C Ig-like domain.

Size exclusion chromatography showed that the e-Ig domain
proteins of lamin A/C and lamin B1 did not make dimeric assem-
blies in the solution (Supplementary Fig. 1). These results indicate
that the dimeric propensity of the e-Ig domain might not be strong
enough to contribute to the formation of the 3.5-nm linear fila-
ment. Lamin proteins require multiple hierarchical interactions
between the lamin protomers to form the final 3-D meshwork
[12e14,21]. We believe that dimerization between the e-Ig domain
should become important above the steps of 3.5-nm-thick filament
formation in the cells.

Howwould the weak dimeric assembly of the Ig-like domain be
enhanced in the full-length lamin protein in cells? First, we noted
the multivalent Ig-like domains alongside the central 3.5-nm fila-
ment. Thus, the structural model, including the Ig-like domains, is
reminiscent of a centipede, in which the body is the central fila-
ment, and the feet are the Ig-like domains. If the two filaments
were arranged side-by-side, the numerous Ig domains would
immediately become closer because the pitches between the Ig
domains are all the same. This geometrical arrangement would
amplify the interaction between the Ig-like domains from each
filament, likemolecular Velcro. These Velcro-like interactions could
be more enhanced in the 3-D meshwork structures because of the
higher density of the e-Ig domains in the meshwork structure.
Second, the Ig-like domain of lamin A/C is tethered to the chro-
mosome and nuclear membranes via the barrier-to-autointegration
factor (BAF) [22e24]. These binding partners might provide
another attaching point between the adjacent Ig domains.

The in situ cryo-ET structure should be considered a blueprint
for the final lamin meshwork to solve these puzzles [15,25]. The
cryo-ET image showed bulbs representing the dimeric assembly of
the Ig-like domain in the space between the 3.5-nm-thick fila-
ments. Based on these observations, we propose a higher-order
assembly of the lamins, where the Ig-like domains provide con-
tact surfaces between the filaments (Supplementary Fig. 5).

The nuclear membrane should acquire both rigidity and flexi-
bility. According to the cryo-ET images of the lamin, the 3.5-nm
filaments are located in parallel [15,25]. We believe this
l. The N- and C-terminal residues are marked. The distance between the e-Ig domain,
interface is enlarged in the inset. (For interpretation of the references to colour in this



Fig. 4. Structural comparison of the extended Ig-like domains between lamin A/C
(green) and lamin B1 (yellow).
(A) The structural superposition of a protomer of the e-Ig domain between lamin A/C
and lamin B1.
(B) The structural superposition of the dimeric units of the e-Ig domains between
lamin A/C and lamin B1. The black arrow indicates the slipped distance of the e-Ig
domain between lamin A/C and lamin B1. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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arrangement between the filaments is critical for maintaining the
physical properties of the nuclear lamina. In the case of the
improper 3-D meshwork structure, the nuclear structure would be
weakened to physical stresses or would decrease normal nuclear
functions, resulting in cellular aging. Our findings will aid in un-
derstanding the detailed assembly of lamins in the 3-D meshwork
structure and lamin-related diseases at the molecular level.
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