
INTRODUCTION

The nuclear lamina, outer and inner nuclear membranes and
nuclear pore complexes represent the major components of the
nuclear envelope (NE), which forms the boundary of the
nucleus in eukaryotic cells and structurally and functionally
separates nucleoplasm and cytoplasm. The nuclear lamina is a
dense filamentous network underlying the inner nuclear
membrane and is mainly composed of intermediate filament
(IF)-type proteins, the lamins. Like all IF proteins, the lamins
have a central α-helical rod domain flanked by nonhelical N-
terminal head and C-terminal tail domains. Two lamin
monomers form coiled-coil interactions via their rod domains,
resulting in dimers, the basic subunit in lamin filaments (for
recent reviews, see Goldberg et al., 1999b; Stuurman et al.,
1998). According to their primary sequence, biochemical
properties and expression patterns, the lamins are grouped into
two classes: A- and B-type lamins. In mammalian cells the
major B-type lamins are lamin B1 and B2, which are encoded
by two separate genes, and at least one B lamin is constitutively
expressed in all somatic cells. They are farnesylated at their C
termini and are tightly associated with the inner nuclear
membrane in interphase cells and with membrane vesicles in
mitotic cells (reviewed in Gant and Wilson, 1997; Moir et al.,
1995). A-type lamins are derived from a single gene by
alternative splicing and are predominantly expressed in

terminally differentiated cells. The two main representatives
are lamin A and its smaller splice variant lamin C, which is
missing approx. 90 amino acids at the C terminus. During the
onset of mitosis A-type lamins become soluble and are
dispersed throughout the cytoplasm in metaphase cells.

Apart from their function as a structural framework
providing mechanical stability for the nucleus, the lamins have
also been implicated in several other cellular processes. Based
on their ability to bind to DNA (Baricheva et al., 1996; Luderus
et al., 1992; Rzepecki et al., 1998) and to chromosomes and
chromatin (Belmont et al., 1993; Glass et al., 1993; Glass and
Gerace, 1990; Goldberg et al., 1999a; Hoger et al., 1991;
Taniura et al., 1995), lamins have been proposed to anchor
chromatin at the NE and to affect higher order chromatin
organization (reviewed in Gotzmann and Foisner, 1999).
Additionally, lamins might play a role in DNA replication
(Ellis et al., 1997; Gant et al., 1999; Gotzmann and Foisner,
1999; Spann et al., 1997) and apoptosis (reviewed in
Gruenbaum et al., 2000). Since lamins reversibly dissociate
from chromosomes during mitosis in a phosphorylation-
dependent manner they might also be involved in the cell cycle-
dependent dynamics of nuclear structure, but their specific role
is not entirely clear (reviewed in Foisner, 1997; Gant and
Wilson, 1997; Marshall and Wilson, 1997). 

Whereas the peripheral nuclear lamina has long been known,
there is an increasing number of reports showing lamins in the
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The nucleoskeletal protein lamina-associated polypeptide
2α (LAP2α) contains a large, unique C terminus and
differs significantly from its alternatively spliced, mostly
membrane-integrated isoforms, such as LAP2β. Unlike
lamin B-binding LAP2β, LAP2α was found by confocal
immunofluorescence microscopy to colocalize preferentially
with A-type lamins in the newly formed nuclei assembled
after mitosis. While only a subfraction of lamins A and C
(lamin A/C) was associated with the predominantly nuclear
LAP2α in telophase, the majority of lamin A/C colocalized
with LAP2α in G1-phase nuclei. Furthermore, selective
disruption of A-type lamin structures by overexpression of
lamin mutants in HeLa cells caused a redistribution of
LAP2α. Coimmunoprecipitation experiments revealed that

a fraction of lamin A/C formed a stable, SDS-resistant
complex with LAP2α in interphase cells and in
postmetaphase cell extracts. Blot overlay binding studies
revealed a direct binding of LAP2α to exclusively A-type
lamins and located the interaction domains to the C-
terminal 78 amino acids of LAP2α and to residues 319-566
in lamin A/C, which include the C terminus of the rod
and the entire tail common to lamin A/C. These findings
suggest that LAP2α and A-type lamins cooperate in the
organization of internal nuclear structures. 
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nuclear interior. Prelamin A (Lutz et al., 1992) and ectopically
expressed lamin A/C (Goldman et al., 1992; Pugh et al., 1997)
were transiently found in nucleoplasmic foci during their
assembly into the nuclear lamina. Intranuclear lamin structures
have also been observed in G1 phase cells (Bridger et al., 1993)
and in association with DNA replication centers in S phase
cells (Moir et al., 1994). In addition to these more transient
structures, stable intranuclear lamin structures that persist
throughout all stages of interphase have been observed using
special preparation techniques (Hozak et al., 1995; Neri et al.,
1999). Furthermore, stably expressed lamin A fused to the
green fluorescence protein (GFP) was found in an extensively
branched, intra- and transnuclear network (Broers et al., 1999)
and a new monoclonal antibody to lamin A was described to
stain nuclear speckles containing RNA splicing factors
(Jagatheesan et al., 1999). 

Lamin-binding proteins are fundamentally involved in
determining the specific localization and functions of the lamin
structures (Gerace and Foisner, 1994; Gotzmann and Foisner,
1999; Ye et al., 1998). Among those are the integral membrane
proteins, namely lamina-associated polypeptides (LAP) 1
(Foisner and Gerace, 1993; Martin et al., 1995) and p58/lamin
B receptor (LBR) (Worman et al., 1990), and proteins not
integrated into the membrane, like Young Arrest (YA)
(Goldberg et al., 1998) and otefin (Ashery-Padan et al., 1997).
In addition, a group of related lamin binding proteins, which
share a homologous sequence motif (LEM domain) approx. 40
amino acids long in their N-termini (Lin et al., 2000), have been
implicated in diverse functions of nuclear organization (for a
recent review, see Dechat et al., 2000). The LEM domain
proteins comprise the membrane protein emerin (Manilal et al.,
1996), which has been linked to an inherited disease called
Emery Dreifuss Muscular Dystrophy, MAN1 (Lin et al., 2000;
Paulin-Levasseur et al., 1996), and up to six mammalian LAP2
isoforms (α, β, γ, ε, δ and ξ), which are derived from a single
gene by alternative splicing and include transmembrane
proteins as well as nonmembrane proteins (Berger et al., 1996;
Dechat et al., 1998; Foisner and Gerace, 1993; Furukawa et al.,
1995; Harris et al., 1994). Additional putative embryonic forms
of LAP2 isoforms have been discovered in Xenopusoocytes
(Gant et al., 1999; Lang et al., 1999) and similar proteins might
be present in mammalian cells but have not been discovered yet. 

Most of these lamina-associated proteins have been
identified by their localization at the nuclear periphery and/or
their tight association with a nuclear lamina/matrix fraction in
subcellular fractionation studies. Only in a few cases have the
interactions of these proteins been analyzed in more detail. The
high molecular weight isoforms of LAP1, LAP1A and 1B were
found to specifically bind to A- and B-type lamins in vitro
(Foisner and Gerace, 1993), and were expressed together with
lamin A/C only in differentiated cells (Martin et al., 1995). The
smallest LAP1 isoform, LAP1C, and emerin showed a lamin
A/C-dependent accumulation at the NE (Powell and Burke,
1990; Sullivan et al., 1999). LBR and LAP2β, which is the
largest transmembrane protein of the LAP2 isoforms, bind
preferentially to lamin B (Foisner and Gerace, 1993; Furukawa
and Kondo, 1998; Furukawa et al., 1995; Meier and Georgatos,
1994; Worman et al., 1988). Microinjection of recombinant
LAP2β fragments containing the lamin B-binding region into
G1 cells (Yang et al., 1997) or addition of the fragment to in
vitro nuclear assembly reactions (Gant et al., 1999) inhibited

nuclear growth, so it has been suggested that LAP2β might
control nuclear lamina dynamics. All the interactions between
lamins and associated proteins described above are restricted
to the nuclear periphery, as all the lamin binding proteins are
integral constituents of the inner nuclear membrane. Potential
interaction partners for intranuclear lamins are histones H2A
and H2B, as they have been found to interact with lamins
in vitro (Goldberg et al., 1999a; Taniura et al., 1995). The
physiological significance of these interactions, however,
remains to be determined.

LAP2α, the non-membrane isoform of the LAP2 family, is
another candidate for an intranuclear lamin-binding component.
It was identified as part of the internal nucleoskeleton and has
been implicated in nuclear structure organization during the cell
cycle (Dechat et al., 1998; Vlcek et al., 1999). LAP2α only
shares its 187-residue N terminus with the other LAP2 isoforms
and contains a unique, functionally different C terminus 506
amino acids long. The lamin B-binding domain in the LAP2β
isoform is absent in LAP2α, leading to the prediction that
LAP2α and β have different lamin-binding properties. Here,
we demonstrate that LAP2α colocalizes specifically with
intranuclear lamin A/C structures in early G1 cells and
possibly in S-phase cells. Furthermore we show by
coimmunoprecipitation and blot overlay assays that a
subfraction of A-type lamins forms a tight complex with
LAP2α in interphase cells and that the C-terminal domain of
LAP2α binds directly to the C terminus of lamin A/C. 

MATERIALS AND METHODS

Cell culture and synchronization 
NRK and HeLa cells were routinely maintained in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal calf serum
(FCS), 10 mM Hepes, pH 7.0, and 50 µg/ml penicillin and
streptomycin (all from Life Technologies, Paisley, UK) at 37°C in a
humidified atmosphere containing 5% CO2. Medium was
supplemented with 100 µg/ml G418 (Life Technologies) and 200
µg/ml hygromycin B (Boehringer Mannheim, Germany) for stable
HeLa Tet-On (Clontech Laboratories, Palo Alto, CA, USA) cell clones
transfected with a construct encoding myc-tagged full-length LAP2α
(Vlcek et al., 1999). Expression of exogenous LAP2α was induced
for at least 15 hours upon addition of 2 µg/ml doxycycline (Sigma-
Aldrich Chemie GmbH, Steinheim, Germany) to the medium. To
obtain metaphase-arrested cells, subconfluent HeLa cell cultures were
incubated for 12-14 hours in medium containing 0.2 µg/ml
nocodazole (Calbiochem-Behring Corp., La Jolla, CA, USA). Weakly
attached mitotic cells were harvested by mechanical shake-off and
incubated for 1 hour in medium containing 20 µM cytochalasin B
(Sigma-Aldrich Chemie GmbH) and 0.2 µg/ml nocodazole.
Interphase cells were harvested with a cell scraper.

Expression of GFP-lamin mutants and
immunofluorescence microscopy
HeLa cells grown on coverslips to 20% confluency were transfected
with pEGFP-Lamin B1∆2+, a derivative of pGEX-Xlamin B1∆2+
(Ellis et al., 1997), using calcium phosphate. Alternatively, a human
lamin A mutant missing the N-terminal 33 residues was inducibly
expressed in HeLa cells by removal of tetracycline from the culture
medium upon cotransfection of the lamin-mutant-expressing plasmid
phLA-N33 (a gift of Dave Gilbert, University of Syracuse) and the
transactivator plasmid pMR101/tTa (a gift of Bernard Precious, St
Andrew’s University, Scotland; Precious et al., 1995). 

For immunofluorescence microscopy, cells grown on coverslips
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were fixed with ice-cold 1:1 (v/v) methanol:acetone for 10 minutes
and processed for immunolabeling, or fixed with 3.7% formaldehyde
in PBS for 20 minutes at room temperature followed by incubation in
50 mM NH4Cl in PBS and in PBS plus 0.1% Triton X-100 for 5
minutes each. For immunolabeling, samples were incubated in PBS
plus 0.2% gelatin for 30 minutes and with primary and secondary
antibodies in PBS/gelatin for 1 hour each at room temperature.
Primary antibodies used were hybridoma supernatants containing
antibodies to LAP2α (Dechat et al., 1998) and to lamin A/C (JOL 2
and JOL 3; both diluted 1:2; Dyer et al., 1997), or the following
affinity-purified antibodies: rabbit anti-myc (diluted 1:50; a gift of M.
Toegel and F. Propst, University of Vienna), guinea pig anti-lamin B
(10 µg/ml; Ottaviano and Gerace, 1985), guinea pig anti-lamin A/C
(diluted 1:100; Foisner and Gerace, 1993), goat anti-lamin A/C (N-
18; diluted 1:100; Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA), mouse anti-lamin A (133A2; diluted 1:1000; Sasseville and
Raymond, 1995), mouse anti-lamin B (Ab-1; diluted 1:30;
Calbiochem-Behring Corp.), anti-NuMa (undiluted; Calbiochem-
Behring Corp.) and rabbit anti-lamin C (diluted 1:100). The
polyclonal rabbit antibody against lamin C was raised to the last eight
amino acids of lamin C, including an N-terminal lysine as a linker
(KHHVSGSRR). The peptide was coupled to keyhole limpet
haemocyanin through primary amino groups using glutaraldehyde.
The resulting protein-peptide conjugate was dialyzed overnight at 4°C
against PBS, and used to immunize a rabbit. Immune serum was
screened by indirect immunofluorescence microscopy and affinity
purified against 10 mg of the lamin C peptide conjugated to CH-
Sepharose 4B. The antibody recognizes the lamin C-specific tail
domain of recombinant lamin C, but no other part of recombinant
lamin C or any other recombinant lamins on immunoblots. The
antibody detects a single band migrating at 65 kDa in immunoblots
of nuclei isolated from HeLa, human dermal fibroblasts and SW13
cells. In a majority of human cell lines and primary human fibroblasts
the antibody stains the NE exclusively (R. S. Venables, S. McLean,
D. Luny, E. Moteleb, S. Morley, R. A. Quinlan, E. B. Lane and C. J.
Hutchison, unpublished data).

Secondary antibodies used were donkey anti-mouse IgG conjugated
to FITC, donkey anti-goat IgG conjugated to Cy3, goat anti-mouse
IgG and goat anti-rabbit IgG conjugated to Texas Red (all from
Jackson Immuno-Research, West Grove, PA, USA), donkey anti-
guinea pig IgG conjugated to Texas Red (Accurate Chemicals &
Scientific Corp., Westbury, NY, USA), and goat anti-rabbit IgG
conjugated to Alexa Fluor 488 (Molecular Probes, Leiden,
Netherlands). DNA was stained with 1 µg/ml Hoechst dye 33258
(Calbiochem-Behring Corp.) for 10 minutes. Samples were mounted
in Mowiol and viewed in a Zeiss Axiovert microscope and a Zeiss
LSM confocal laser scanning microscope.

Immunoprecipitation
1×108 nocodazole-arrested mitotic or interphase HeLa cells were
lysed in 500 µl KHM buffer (50 mM Hepes, pH 7.4, 78 mM KCl, 10
mM EGTA, 8.4 mM CaCl2, 4 mM MgCl2) containing 1% Triton X-
100, 20 µM cytochalasin B, 1 mM dithiothreitol (DTT), 500 µg/ml
DNase, 200 µg/ml RNase (both Boehringer Mannheim), the protease
inhibitors PMSF (1 mM), benzamidine (2 mM), and aprotinin,
leupeptin and pepstatin (2 µg/ml each), and for mitotic cell lysates the
phosphatase inhibitors calyculin A (0.1 µM), okadaic acid (0.1 µM),
β-glycerophosphate (0.5 mM), and orthovanadate (1 mM) (Sigma-
Aldrich Chemie GmbH, Life Technologies, and Calbiochem-Behring
Corp.). After a 5 minute incubation at room temperature, 0.5% SDS
was added and samples were incubated for 15 minutes at room
temperature and diluted fivefold with KHM buffer plus supplements,
yielding a final concentration of 0.1% SDS and 1% Triton X-100. 500-
800 µl of cell lysate were mixed with 25 µl Protein G-Sepharose beads
(Sigma-Aldrich Chemie GmbH), centrifuged for 3 minutes at 1000
rpm (Heraeus Megafuge 1.0R), and supernatants were mixed with
50 µl Protein G-Sepharose beads that were preincubated with either

monoclonal antibody to LAP2α (Dechat et al., 1998) or hybridoma
medium containing 10% FCS overnight. Following incubation for 4
hours at 4°C by end-over-end rotation, the beads were pelleted through
30% sucrose at 1000 rpm for 3 minutes at 4°C (Heraeus Megafuge
1.0R), washed with buffer and prepared for immunoblotting.

For the preparation of postmitotic cell lysates, mitotic HeLa cells
were suspended in KHM buffer supplemented with 1 mM DTT, 20
µM cytochalasin B, protease inhibitors and RNase and DNase, and
homogenized on ice in a metal ball cell crusher (EMBL, Heidelberg,
Germany) using a 2.08 mm metal ball. After an incubation at 37°C
for 5 minutes, phosphatase inhibitors, 0.5% SDS and 1% Triton X-
100 were added and samples were processed for immunoprecipitation
as described above. Mitotic lysates were prepared by adding
phosphatase inhibitors prior to cell lysis and by centrifugation of cell
lysates at 2000 rpm (Heraeus Megafuge) for 5 minutes at 4°C. 

Preparation of recombinant LAP2 α and lamin C
polypeptides
The construction of bacterial pET23a-derived (Novagen Inc.,
Madison, WI, USA) expression vectors coding for different LAP2α
fragments and of pGEX-2T-derived (Pharmacia Biotech, Vienna,
Austria) plasmids encoding lamin C fragments has been described
previously (Dyer et al., 1997; Vlcek et al., 1999). His-tagged LAP2α
proteins and GST-tagged lamin C proteins were expressed in E. coli
BL21 (DE3) by induction with 0.4 mM isopropyl-β-D-
thiogalactopyranoside for 2-4 hours at 37°C. Bacteria were harvested
by centrifugation at 4000 rpm for 5 minutes (Heraeus Megafuge
1.0R), frozen in 1/10 of the original culture volume of Hepes buffer
(20 mM Hepes, pH 7.4, 100 mM NaCl, 1 mM DTT, protease
inhibitors), thawed and lysed by addition of 0.1 mg/ml lysozyme,
0.1% Triton X-100, 10 mM MgCl2, 50 µg/ml DNase and 20 µg/ml
RNase, and incubation for 30 minutes at 30°C. After centrifugation,
pellet fractions were solubilized in Hepes buffer containing 7 M urea
and soluble fractions were stored at −20°C. 

Lamin C cDNA in pBluescribt KS+ (a gift of G. Krohne, Würzburg,
Germany) and LAP2α cDNAs in pET23a plasmids were transcribed
in vitro using T7 polymerase (Promega Corp., Madison, WI, USA);
RNAs were translated in vitro using the Rabbit Reticulocyte Lysate
(Promega) and [35S]methionine (NEN Life Science Products Inc.,
Boston, MA, USA), according to the manufacturer’s instructions. 

Purification and labeling of rat lamin A/C
Lamin A/C was purified from rat liver as previously described in
Foisner and Gerace (1993) using phosphocellulose ion exchange
chromatography. Lamin A/C fractions were desalted into 10 mM
sodium borate, pH 8.5, containing 1 M urea on a Bio-Gel P-6 column
(BioRad, Hercules, CA, USA), and incubated with one IODO-BEAD
(Pierce Chemical Company, Rockford, IL, USA) and 0.5 mCi Na125I
(NEN Life Science Products Inc.) for 15 minutes at room temperature.
The reaction was stopped by applying the reaction mix onto a Bio-
Gel P-10 (BioRad) gel filtration column in 10 mM sodium borate, pH
8.5, and 1 mM DTT. Fractions were analyzed in a gamma counter
(Packard Instrument Company, Meriden, CT, USA) and used for the
overlay assay.

Gel electrophoresis, immunoblotting and blot overlay
assay
Recombinant lamin and LAP2 proteins, purified rat vimentin (Foisner
et al., 1988), or salt-washed NE fractions (SWNE) from rat liver
(Foisner and Gerace, 1993) were separated by SDS-PAGE (Laemmli,
1970) and stained with Coomassie Blue or transblotted onto
nitrocellulose (0.2 µm; Schleicher and Schuell Inc., Dassel, Germany)
in 48 mM Tris-HCl, pH 9.4, 39 mM glycine, using the Mini Transblot
system (BioRad). Nitrocellulose membranes were stained with
PonceauS, washed in PBST (PBS, 0.05% Tween 20) and incubated in
overlay buffer (10 mM Hepes, pH 7.4, 100 mM NaCl, 5 mM MgCl2,
2 mM EGTA, 0.1% Triton X-100, 1 mM DTT) for 1 hour with three
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changes. After blocking with 2% BSA (w/v) in
overlay buffer, membranes were probed either with
whole reticulocyte lysate containing in vitro-
translated 35S-labeled proteins, diluted 1:50, or
with 125I-labeled lamin A/C (0.5 µg/ml) in overlay
buffer plus 1% BSA (w/v) and 1 mM PMSF for 3
hours at room temperature. After extensive
washing in overlay buffer, nitrocellulose was air
dried, and bound proteins were detected by
autoradiography.

For the immunological detection of transblotted
proteins the Protoblot Immunoscreening System
(Promega) or the SuperSignal detection system
(Pierce Chemical Company) were used. Primary
antibodies used were anti-LAP2α antibodies
(hybridoma supernatants, undiluted), anti-lamin B
(Ab 1, diluted 1:50), anti-lamin A/C (1E4; diluted
1:1000; Loewinger and McKeon, 1988) and
antiserum to LAP2 (diluted 1:1000; gift of Larry
Gerace, La Jolla, USA).

RESULTS

Colocalization of intranuclear lamin
A/C structures with LAP2 α
We have recently reported that LAP2α and
A-type lamins may transiently colocalize
during postmitotic nuclear assembly in NRK
cells using a guinea pig antiserum to A-type
lamins (Dechat et al., 1998). To make sure
that the intranuclear localization of lamin
A/C in G1 nuclei was not a peculiarity of the
guinea pig antiserum, we analyzed the
redistribution of both lamins and LAP2α
during nuclear assembly in more detail by
confocal double immunofluorescence
microscopy using monoclonal antibodies to
LAP2α and a series of different available
antisera to lamins (Fig. 1). Using a goat
antiserum (N18) to lamin A/C, we found that
in early telophase most of the lamins were
still cytoplasmic, whereas the majority of
LAP2α was located around and between
decondensing chromosomes (Fig. 1A, row a).
A small subfraction of lamin A/C, however,
seemed to colocalize with LAP2α structures
in the newly formed nucleus. In later stages
of assembly lamin A/C accumulated in the
nucleus and colocalized with LAP2α at the
nuclear envelope and in intranuclear speckles
(row b). In G1 nuclei, both LAP2α and A-
type lamins remained punctuate throughout
the nucleus (row c). Superimposition of the
LAP2α and lamin images revealed that lamin
A/C were not only found in the nuclear
interior together with LAP2α (yellow), but
were also located in a LAP2α-independent
nuclear rim (red), suggesting that G1 nuclei
contained both intranuclear as well as
peripheral A-type lamin structures. In S-
phase cells, the peripheral staining of lamin
A/C became more prominent, while LAP2α
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Fig. 1. Cellular distribution of LAP2α and A and B-type lamins in NRK cells at
various postmetaphase cell cycle stages (a-d). NRK cells were processed for
immunofluorescence microscopy using (A) goat antiserum (N18) to lamin A/C,
(B) guinea pig antiserum (GP) to lamin A/C or lamin B, or rabbit antiserum to lamin
C, and monoclonal antibody 15/2 to LAP2α. DNA was stained with Hoechst dye.
Confocal images are shown and green and red images were merged to visualize
colocalization. See text for details. Bar, 10 µm.
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remained uniformly distributed throughout
the nucleus (row d). Due to the different
staining intensities of intranuclear LAP2α
and lamin A/C in S-phase cells it was
impossible to identify a potential
colocalization of these structures in merged
images. Lamin structures detected within the
nucleus (row d, red structures) most probably
represent invaginations of the nuclear
membrane (Fricker et al., 1997). To confirm
the colocalization of LAP2α and lamin A/C
in G1-phase cells, we tested different lamin
antibodies in NRK (Fig. 1B) and HeLa (Fig.
2) cells. All antisera used, including goat
antiserum (N-18), a guinea pig antiserum to
lamin A/C (GP; Dechat et al., 1998; Ottaviano
and Gerace, 1985), and a rabbit antiserum to
lamin C (R. S. Venables and C. J. Hutchison,
unpublished) detected similar structures in G1
nuclei, which colocalized with intranuclear
LAP2α in both cell lines. Using a stable HeLa
cell clone expressing myc-tagged full-length
LAP2α (Vlcek et al., 1999), we were able to
perform double-labeling of the cells using
monoclonal antibodies JOL 3 to lamin A/C
(Dyer et al., 1997) or 133A2 to lamin A
(Sasseville and Raymond, 1995) and an
antiserum to the Myc-tag for detection of
LAP2α (Fig. 2B). In all cases, intranuclear A-
type lamins colocalizing with LAP2α were
clearly detected in G1-phase cells. In contrast,
double staining of G1 nuclei of NRK (Fig. 1B)
and HeLa (Fig. 2B) cells with antibodies to
lamin B and LAP2α revealed that lamin B
was exclusively located in a nuclear rim,
independent of intranuclear LAP2α
structures. Thus, we concluded that during
postmitotic nuclear assembly, at least up to
late G1 phase, LAP2α may preferentially bind
to A-type lamins and help to establish nuclear
structure. From these immunofluorescence
results, we saw no clear evidence for
intranuclear LAP2α-lamin A/C complexes
during S phase. However, as shown below,
biochemical results suggested that such
complexes might exist. 

Fig. 2. Cellular distribution of LAP2α and A- and
B-type lamins in HeLa cells (A) and in stable
HeLa cell clones expressing Myc-tagged, full
length LAP2α (1-693) (B) at various post-
metaphase cell cycle stages. Antibodies used are
goat antiserum (N18) or guinea pig antiserum (GP)
to lamin A/C or rabbit antiserum to lamin C, and
monoclonal antibodies 15/2 to LAP2α (A), JOL 3
to lamin A/C, 133A2 to lamin A, or Ab-1 to lamin
B, and polyclonal anti-Myc antibody to detect Myc
tagged LAP2α 1-693 (B). DNA was stained with
Hoechst dye. Confocal images are shown and
green and red images were merged to visualize
colocalization. See text for details. Bar, 10 µm.
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Lamin B mutant-dependent relocalization of cellular
lamin A caused selective redistribution of LAP2 α
To obtain further support for a potential interaction of LAP2α
with A-type lamins in interphase nuclei, we transiently
expressed a mutant Xenopuslamin B1 (lamin B1∆2+, Fig. 3A)
or a human lamin A mutant (∆N33 lamin A, Fig. 3B) in HeLa
cells. These mutants have previously been shown to promote
lamina disassembly in in vitro assembled sperm nuclei (Ellis
et al., 1997) and to cause a selective redistribution of A-type
lamins in mammalian cells (O. A. Vaughan and C. J.
Hutchison, unpublished data). Upon transient expression of C-
terminal GFP fusion proteins of these lamin mutants in HeLa
cells, the ectopic proteins were detected in intranuclear
aggregates in the transfected cells (Fig. 3A, GFP panels b,f,i).
Immunofluorescence microscopy using antibodies to lamin
A/C revealed that all of the endogenous lamin A/C, which was
found in a nuclear rim and in intranuclear foci in untransfected
cells, was entirely redistributed to the nuclear aggregates of the
GFP-lamin B1 mutants in transfected cells (Fig. 3, row lamin
A, i-l). In contrast, endogenous lamins B1 and 2 were found to
be unaffected and were retained exclusively at the nuclear rim
(O. A. Vaughan and C. J. Hutchison, unpublished data). To
analyze the effects of the selective lamin A/C redistribution on
the cellular localization of LAP2α, we stained transfected cell
cultures with LAP2α-specific antibodies. Similar to lamin A/C,
a significant amount of LAP2α was redistributed into the GFP-
lamin mutant and lamin A/C-containing nuclear aggregates,
leaving only a faint uniform nuclear staining (Fig. 3A,B, panels
c). In untransfected control cells surrounding the GFP-lamin-
expressing cells, LAP2α was uniformly distributed throughout
the entire nucleus. These data clearly demonstrated that the
selective disruption of endogenous A-type lamin structures
caused a severe redistribution of cellular LAP2α into GFP-

lamin mutant/lamin A/C aggregates. This observation is
consistent with a direct or indirect association of LAP2α with
cellular A-type lamins. To exclude the possibility that
disruption of the cellular lamin A/C structures affect other
nuclear matrix-type proteins in a general, more unspecific
manner, we investigated the distribution of NuMa upon
transient expression of the GFP-lamin B1 mutant. Unlike
LAP2 α, NuMa was not relocalized to intranuclear GFP-lamin
B1/lamin A aggregates, but remained distributed throughout
the nucleus as in nontransfected control cells (Fig. 3A, panel
g). Thus, disruption of lamin A structures selectively affected
LAP2α and suggested a direct or indirect physical link of these
proteins in nuclear structures. 

LAP2 α and lamin A/C form a stable complex in
interphase cells and during nuclear reassembly after
mitosis
To detect the potential association of LAP2α with lamin A/C
at the biochemical level, we performed coimmunoprecipitations
from asynchronously growing cells using monoclonal
antibodies to LAP2α. As lysis of cells in Triton X-100-
containing buffers did not solubilize significant amounts of
lamins and LAP2α (data not shown; compare Dechat et al.,
1998) or caused unspecific precipitation of protein complexes,
we used 0.5% SDS to solubilize the majority of endogenous
proteins and performed immunoprecipitation upon dilution of
the soluble fraction to 0.1% SDS. Immunoblot analysis of the
LAP2α immunoprecipitates showed that a substoichiometric
amount of lamin A/C were coprecipitated with LAP2α (Fig.
4A, left lane α), while lamin B was not detected in these
samples. Control precipitations using an unrelated IgG did not
bring down significant amounts of any of these proteins (Fig.
4A, lane K). Thus, we concluded that, unlike lamin B, a
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Fig. 3. Redistribution of
LAP2α by overexpression
of GFP-lamin B1∆2+
mutants (A) or GFP-lamin
A∆N33 (B). GFP-lamin
mutants were transiently
expressed in HeLa cells and
samples were processed for
immunofluorescence
microscopy 72 hours after
transfection using
monoclonal antibodies to
LAP2α, or to NuMa or to
lamin A (JOL 4). Double
fluorescence confocal
images depicting mutant
lamin by the GFP signal
and the respective proteins
by TRITC-coupled
secondary antibodies are
shown. DNA was stained
with DAPI and images were
merged to visualize
colocalization. Bars, 10 µm.
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subfraction of lamin A/C formed a tight complex with LAP2α
in interphase nuclei, which was even stable under the partially
denaturing conditions of 0.1% SDS. As a control, we
precipitated LAP2α from nocodazole-arrested mitotic cells
(Fig. 4A, right lane α), when LAP2α and A-type lamins have
been shown to become soluble and to be dispersed throughout
the cytoplasm (Dechat et al., 1998). Neither lamin A/C nor
lamin B were found to coprecipitate with LAP2α in mitotic
cells, indicating that the stable LAP2α-lamin A/C complex
dissociates during metaphase. 

As we have previously described that LAP2α reassociated
with chromosomes very early during postmitotic reassembly
(Dechat et al., 1998), we were interested to test whether
LAP2α-lamin A/C complexes are also formed during an in
vitro nuclear assembly reaction. Nocodazole-arrested mitotic
cells were mechanically broken in buffers without Triton, and
cell lysates were incubated for 15 minutes at 30°C to allow
partial nuclear assembly. Upon addition of Triton X-100 and
SDS, LAP2α was immunoprecipitated from soluble fractions.
Immunoblot analyses of the precipitated proteins with anti-
LAP2 antiserum, which detects all isoforms of LAP2, and with
lamin antibodies, showed that lamin A/C, but not lamin B,
coprecipitated with LAP2α (Fig. 4B). A small amount of
LAP2β found in LAP2α precipitates is likely to be
contamination, as control precipitations using an unrelated IgG
brought down a similar fraction of LAP2β. In contrast, lamins
were not detected in control precipitates using unrelated IgG
(Fig. 4B, lane K). LAP2α, precipitated from metaphase cell
lysates, did not contain any coprecipitating lamins or LAP2β
(Fig. 4B, metaphase). Therefore, we concluded that a small,
substoichiometric fraction of lamin A/C, but not lamin B,
bound to LAP2α during the very early stages of nuclear
assembly. The association of lamin A/C with LAP2α structures
was apparently mediated by high-affinity interactions since the
complex was stable in 0.1% SDS. Experiments performed in
the absence of SDS revealed that LAP2α-lamin A/C
complexes formed during the assembly reaction were insoluble
and precipitated unspecifically (data not shown). 

LAP2 α interacts directly with A-type lamins in vitro
via the C-terminal α-specific region 
Our experiments indicated that a subfraction of cellular lamin
A/C formed a tight complex with LAP2α in interphase cells.
To test whether this association was caused by a direct
interaction of LAP2α with A-type lamins or was mediated by
other proteins in the complex, we performed in vitro binding
studies using blot overlay assays. Full-length LAP2α was
expressed and radioactively labeled in an in vitro translation
reaction using reticulocyte lysate and [35S]methionine. The
labeled protein (Fig. 5, left lane) was overlaid onto transblotted
fractions of salt-washed rat liver nuclear envelopes containing
lamins A, B1 and C. Although all the lamins were clearly
detected in the Triton X-100/salt-insoluble and in the urea-
soluble fractions, lamin A/C were predominantly detected in

Fig. 4. Coimmunoprecipitation of LAP2α and lamin A/C.
(A) Asynchronously growing HeLa cells or nocodazole-arrested
mitotic cells were lysed in buffers containing 1% Triton X-100 and
0.5% SDS and diluted to 0.1% SDS. Soluble fractions (Sn) were
processed for immunoprecipitation using LAP2α-specific antibody
15/2 (α) or serum IgG (K) coupled to Protein G-beads, and
immunoprecipitates were analyzed by immunoblotting using
monoclonal antibodies 15/2 to LAP2α, 1E4 to lamin A/C and Ab-1 to
lamin B. (B) Nocodazole-arrested HeLa cells were lysed in KHM
buffer and cell lysate was either immediately mixed with phosphatase
inhibitors (metaphase) or after 10 minutes incubation at room
temperature (in vitro assembly). Samples were supplemented with 1%
Triton X-100 and 0.1% SDS and immunoprecipitation was performed
as above. Immunoblots of LAP2α immunoprecipitates using LAP2
antiserum, monoclonal antibodies 1E4 to lamin A/C and Ab-1 to lamin
B are shown. Asterisks indicate the immunoglobulin heavy chain. 

Fig. 5. Blot overlay assay of LAP2α onto
fractions of rat liver nuclei. Total salt-
washed nuclear envelopes prepared from
rat liver (SWNE) or soluble (sn) and
insoluble (p) fractions of SWNE
following extraction with salt/Triton X-
100 or urea-containing buffers, were
separated by SDS-PAGE and stained with
Coomassie Blue or transblotted to
nitrocellulose and overlaid with in vitro
translated 35S-labeled full-length LAP2α
(shown in the first lane). Radioactive
proteins and bound LAP2α were detected
by autoradiography.
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the autoradiogram of the overlaid blot (Fig. 5). These data
clearly showed that LAP2α interacted preferentially with A-
type lamins, which is consistent with the immunofluorescence
and the immunoprecipitation studies. However, since the
reticulocyte lysates are highly concentrated nuclear extracts, it
could not be excluded that an unlabelled protein from the lysate
mediated this interaction. 

To address this question and to narrow down the domain of
LAP2α, which mediates the association with A-type lamins,
we performed blot overlay assays using purified lamins
and transblotted recombinant LAP2α
fragments covering different regions of the
protein. We overlaid lamin A/C, which had
been purified from rat liver nuclei by
column chromatography and subsequently
labeled in vitro using 125I, onto
recombinant full-length LAP2α (1-693)
and the N-terminal fragment (LAP2α 1-
187), common to all LAP2 isoforms. As
shown in Fig. 6B, labeled lamins bound
exclusively to the full-length protein, but
did not interact at all with the N-terminal
fragment, although it was used at the same
concentration as the full-length protein.
This experiment clearly showed that
LAP2α bound directly to lamin A/C and
suggested that the α-specific C-terminal
region of LAP2α mediated this interaction. 

In order to confirm this hypothesis and to
narrow down the potential lamin interaction
domain in the α-specific domain of
LAP2α, in vitro translated and 35S-labeled
lamin C was overlaid onto transblotted
recombinant LAP2α fragments containing
different regions of the α-specific domain
(Fig. 6C). As expected, labeled lamin C
bound to full-length LAP2α (1-693) and to

the entire α-specific C-terminal domain (188-693). Since N-
terminal LAP2α fragments 1-254, 1-414 and 1-615 did not
interact with lamin C, the potential interaction domain was
assigned to the C-terminal 78 amino acids of LAP2α (Fig. 6A).
Accordingly, the smallest C-terminal LAP2α fragment (410-
693), containing the putative lamin interaction domain, bound
lamin C, although the signal was weaker when compared to
those obtained with the full-length protein and the entire α
specific domain. To demonstrate the reliability and the
specificity of the solid-phase overlay assays, we performed
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Fig. 6. Interaction of LAP2α with lamin A/C is
mediated by its C-terminal 78 amino acids.
(A) Schematic drawing of LAP2α and LAP2α
fragments used for binding studies and
localization of molecular domains in the
polypeptide. Numbers denote amino acid
positions; +, interaction, –, no interaction with
lamins A or C. (B) Lamin A/C were purified
from rat liver nuclear envelopes, labeled with
125I, and overlaid onto transblotted recombinant
full-length LAP2α or LAP2 common domain
1-187. Coomassie Blue-stained gels of proteins
and autoradiograms of overlaid blots are
shown. (C) In vitro translated 35S-labeled lamin
C was overlaid onto transblotted recombinant
LAP2α fragments indicated (upper panels) or
onto transblotted salt-washed nuclear envelope
fractions of rat liver (SWNE), vimentin and
recombinant lamin C fragments (lower panels).
Ponceau S stains of blots and autoradiograms
of overlays are shown. Note that the approx. 34
kDa band in lanes 1-693, 1-414 and 1-254 in
the autoradiogram represents bacterial proteins
binding unspecifically to lamin C. 
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various control experiments and tested lamin-lamin and lamin-
vimentin interactions (Fig. 6C, lower panel). While labeled
lamin C bound to lamins in the salt-washed nuclear envelope
fraction from rat liver nuclei (SWNE), we could not detect any
interaction with the cytoplasmic intermediate filament protein
vimentin. Furthermore, lamin C bound only recombinant lamin
C fragments covering the N-terminal (1-171) and C-terminal
(319-572) domains, which contain both N- and C-terminal
regions of the α-helical coiled-coil region of lamins known to
be important for intermediate filament
assembly (Quinlan et al., 1995), while a
fragment representing the central part of the
rod domain (171-319) did not bind. 

The C-terminal domain of lamin C
mediates the interaction with LAP2 α
Having shown that the C terminus of LAP2α
interacts with A-type lamins, we wanted to
narrow down the interaction domain in the
lamin A/C polypeptide chains. When
radiolabeled, in vitro-translated full-length
LAP2α was overlaid onto recombinant
lamin C fragments, we observed binding
only to the C-terminal region of lamin A/C
(319-572), while no significant signal above
background could be observed with the N-
terminal region (1-171) and the central rod
domain (171-319) (Fig. 7A). Control
experiments revealed that the α-specific C-
terminal region of LAP2α showed the same
binding properties as full length LAP2α, and
that both proteins did not interact with the
cytoplasmic intermediate filament protein
vimentin (Fig. 7B). Thus, the LAP2α
interaction domain of A-type lamins can be
restricted to a C-terminal region of the
proteins 250 amino acids long, which is
present in both lamin A/C (Fig. 7C). It is
unlikely that the 6 extreme C-terminal,
lamin C-specific or the 98 lamin A-specific
amino acids are involved in this interaction
as both lamin A/C showed a similar
interaction in vitro. 

DISCUSSION

In this study we show that LAP2α binds
preferentially to A-type lamins by in vivo
and in vitro experiments. We further
demonstrate that the lamin A/C interaction
domain of LAP2α can be narrowed down to
the extreme C terminus of the protein, which
is unique to LAP2α.

Differential lamin binding properties
of LAP2 α and LAP2 β
LAP2β, the best characterized membrane-
anchored isoform of the LAP2 family, has
been found to bind exclusively to B-type
lamins (Foisner and Gerace, 1993). The

lamin B interaction domain of LAP2β was mapped to amino
acids 298-370 (Furukawa et al., 1998), a region that is also
found in its entire length in the LAP2β-related isoforms LAP2ε
and LAP2δ and in parts in LAP2γ and LAP2ζ, while it is
completely absent in LAP2α (Dechat et al., 2000). Thus most
of the LAP2 isoforms, which are transmembrane components,
may bind with different affinities to B-type lamins and mediate
the association of the membrane with the peripheral lamina. In
contrast, LAP2α, which is less closely related to the other

Fig. 7. LAP2α binds to the C terminus of lamin A/C. In vitro translated 35S-labeled
recombinant LAP2α or the LAP2α-specific domain (188-693) were overlaid onto
transblotted recombinant lamin C fragments as indicated (A) or onto transblotted lamin
fragments and vimentin (B). Coomassie Blue-stained SDS-gels of samples and
autoradiograms of overlays are shown. (C) Schematic drawing of lamin A/C, depicting
molecular domains, LAP2α interaction region, and recombinant lamin fragments used. +,
binding, –, no binding to LAP2α; numbers indicate positions of amino acids in lamin
polypeptides. 
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isoforms and does not contain the lamin B-binding domain of
LAP2β, was not expected to possess similar lamin binding
properties. Indeed, we were unable to detect a significant
colocalization of LAP2α with lamin B-type structures
throughout the cell cycle, nor could we find any direct in vitro
interaction of these proteins. Instead, LAP2α bound
specifically to lamin A/C. This interaction is most likely
mediated by LAP2α’s extreme C terminus, which is unique for
the protein. These findings are also consistent with a failure to
detect interactions of LAP2β with A-type lamins in previous
experiments (Foisner and Gerace, 1993). 

Thus, one can conclude that the LAP2 protein family
includes proteins interacting with either A or B-type lamins. In
accordance with the cellular localization of the proteins, the B-
type lamin-binding LAP2 isoforms are membrane proteins,
whereas the isoform that binds A-type lamins is located
throughout the nucleus. 

Specificity of LAP2 α-lamin A/C interactions
A valid concern with solid-phase overlay binding studies is the
reliability and significance of the observed interactions for
specific processes in vivo. To address this issue, we performed
a series of in vivo studies, demonstrating a direct or indirect
link between LAP2α and lamin A/C but not lamin B, and we
included numerous control experiments in our in vitro binding
assays. 

The observed specific colocalization of lamin A/C with
LAP2α at specific cell-cycle stages in two cell lines by
immunofluorescence microscopy, using four different antisera
and three different monoclonal antibodies to different lamins,
is in our opinion strong evidence for an association of LAP2α
with A-type lamins in vivo. Furthermore, the described
redistribution of LAP2α together with A-type lamins into
nuclear aggregates upon selective disruption of lamin A/C
structures by expression of a lamin mutants in HeLa cells, also
provided strong evidence for a structural and/or functional link
of LAP2α to A-type lamins, and suggested that these proteins
cooperate in the organization of the nucleus in interphase.
Coimmunoprecipitation of LAP2α and A-type lamins from
interphase cell lysates or from postmetaphase lysates during
postmitotic nuclear assembly, but not from clear metaphase
lysates, showed at the biochemical level that at least a
subfraction of lamin A/C was associated with LAP2α
structures. Interestingly, these complexes were extremely
stable and resistant to denaturation and solubilization even in
0.1% SDS, suggesting that the interactions were of high
affinity. This hypothesis is also consistent with our
observations that as soon as lamins begin to assemble higher
order structures after mitosis, they immediately become highly
insoluble in Triton X-100 containing buffers and tend to
sediment by their own. Due to this extremely high chemical
stability of lamin complexes we had to use the rather stringent
conditions in our coprecipitation studies. Thus, it is very likely
that we only detect a subfraction of LAP2α-bound lamin A/C
in this assay and that additional, less stable pools of cellular
complexes of lamins and LAP2α may exist. 

As we encountered similar problems due to the insolubility
of lamin complexes in the in vitro binding studies using
recombinant or purified lamin proteins (data not shown), we
used solid-phase overlay techniques to detect a direct
interaction of A-type lamins with LAP2α. Based on the

following control experiments we consider these assays to
reflect specific interactions. Firstly, in vitro translated proteins
from reverse-transcribed cDNA as well as purified lamins from
rat liver tissue revealed identical results in the overlay assays.
Secondly, LAP2α bound to lamin A/C, but not to lamin B or
to cytoplasmic vimentin, all of which contain a molecular
domain organization similar to members of the intermediate
filament protein family. Thus, unspecific interactions of
LAP2α with coiled coil domains common to all intermediate
filament proteins can be excluded. Thirdly, unspecific sticking
of the proteins to larger amounts of transblotted proteins is very
unlikely, as on the same blot protein fragments at similar
concentrations that often differed only by the presence or
absence of a small region (compare LAP2α 1-693, 1-615 and
1-414 in Fig. 6C) clearly revealed different binding affinities.
Finally, in vitro translated lamin C only bound lamin fragments
containing the N- and C-terminal regions of the lamin rod
section, which are known to be important for intermediate
filament assembly (reviewed in Fuchs and Weber, 1994;
Quinlan et al., 1995). 

Potential functions of LAP2 α-lamin A/C interactions
Intranuclear lamin structures have been described (Broers et
al., 1999; Hozak et al., 1995; Jagatheesan et al., 1999), but
nuclear lamin interaction partners are not clearly defined. In
vitro binding studies have shown that histones H2A and H2B
bind to C-terminal regions of A- and B-type lamins (Goldberg
et al., 1999a; Taniura et al., 1995), but the significance and
specific role of these interactions for lamin function(s) remain
to be determined. 

Apart from histones, LAP2α is the only known interaction
partner of intranuclear lamin A/C. At present, one can only
speculate on the specific function(s) of this interactions.
Considering the association of LAP2α with chromosomes at
very early stages of post-mitotic nuclear reassembly (Vlcek et
al., 1999) and the subsequent translocation of A-type lamins to
nuclear LAP2α structures, LAP2α might target a subfraction
of A-type lamins to intranuclear sites, where the proteins
assemble into stable nucleoskeletal structures. Our experiments
with dominant negative mutant lamins, showing that the
observed disruption of endogenous lamin A structures also
caused a relocalization of LAP2α, would argue for a function
of lamin A in targeting LAP2α to specific intranuclear sites.
However, the nuclear localization of LAP2α in cells lacking
lamin A/C (our unpublished data) indicated that other
interactions of LAP2α with nuclear proteins might also be
important for nuclear targeting of LAP2α. 

It is not completely clear whether LAP2α-lamin A/C
complexes exist only transiently during nuclear assembly, or
whether they exist throughout interphase. Immunofluorescence
microscopy did not reveal clear intranuclear lamin structures
in S-phase cells and significant colocalization with LAP2α was
not detectable in these cells. If intranuclear lamin structures
exist in S-phase cells, one has to assume that the antibodies
might not have access to these structures due to the bulky
chromatin or replication-specific changes in nuclear structure.
The identification of LAP2α-lamin A/C complexes in SDS-
solubilized fractions of asynchronously growing cells would
argue for the existence of such complexes throughout
interphase, although one cannot exclude that only a
subpopulation of cells in a specific cell cycle stage contain
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these complexes. The relocalization of LAP2α upon disruption
of endogenous lamin A structures by transiently expressed
lamin mutants in S-phase cells makes it very likely, however,
that LAP2α and lamin A/C exist in the same supramolecular
complex also in S-phase nuclei. 

The specific functions of LAP2α and lamins in the nucleus
remain unclear, but recent findings that mutations in one allele
of the lamin A gene can be linked to the autosomal dominant
form of Emery Dreifuss Muscular Dystrophy (EDMD; Bonne
et al., 1999), to dilated cardiomyopathy (Fatkin et al., 1999),
and to Dunnigan-type partial lipodystrophy (Cao and Hegele,
2000; Shackleton et al., 2000), suggest fundamental functions
of lamin A in the structural organization of chromatin or in
controlling gene expression (for reviews, see Gruenbaum et al.,
2000; Wilson, 2000). Similarly, targeted disruption of the
lamin A gene and loss of expression of lamin A/C in mice
severely affected nuclear structure and led to muscular
dystrophy (Sullivan et al., 1999). Thus, it is very intriguing to
speculate that the functions of those proteins that interact with
A-type lamins, such as LAP2α, may also be impaired in
autosomal dominant EDMD and in lamin-deficient mice and
may contribute to the observed phenotype.
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