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ABSTRACT: Lamins A and C are intermediate filament proteins which polymerize into the nucleus to form
the nuclear lamina network. The lamina is apposed to the inner nuclear membrane and functions in tethering
chromatin to the nuclear envelope and in maintaining nuclear shape. We have recently characterized a
globular domain that adopts an immunoglobulin fold in the carboxyl-terminal tail common to lamins A
and C. Using an electrophoretic mobility shift assay (EMSA), we show that a peptide containing this
domain interactsin Vitro with DNA after dimerization through a disulfide bond, but does not interact
with the core particle or the dinucleosome. The covalent dimer binds a 30-40 bp DNA fragment with a
micromolar affinity and no sequence specificity. Using nuclear magnetic resonance (NMR) and an EMSA,
we observed that two peptide regions participate in the DNA binding: the unstructured amino-terminal
part containing the nuclear localization signal and a large positively charged region centered around amino
acid R482 at the surface of the immunoglobulin-like domain. Mutations R482Q and -W, which are
responsible for Dunnigan-type partial lipodystrophy, lower the affinity of the peptide for DNA. We conclude
that the carboxyl-terminal end of lamins A and C binds DNA and suggest that alterations in lamin-DNA
interactions may play a role in the pathophysiology of some lamin-linked diseases.

The nuclear envelope surrounds and isolates chromatin
from the cytoplasm. Chromatin is tightly attached to the
nuclear envelope, the binding being mediated by transmem-
brane proteins of the inner nuclear membrane (reviewed in
ref 1) and by the nuclear lamina, which is apposed to the
nucleoplasmic face of the inner nuclear membrane (reviewed
in ref 2).

A-type and B-type lamins, which are the building blocks
of nuclear lamina, are members of the intermediate filament
protein family and have similar primary structures (3, 4).
Both types of lamins polymerize in different ratios to form
the filamentous meshwork of the nuclear lamina. In humans,
A-type lamins are encoded by theLMNA1 gene, which
generates lamin A and lamin C by alternative RNA splicing
(5). These proteins are identical for their first 566 amino
acids, which encompass the amino-terminal head, the central
dimerization rod domain, and most of the tail region. Lamins

B1 and B2 are the two human B-type lamins. They are
encoded by different genes and are expressed in all somatic
cells. Several roles have been proposed for the peripheral
nuclear lamina, including its involvement in nuclear structure
and control of the perinuclear “silent” heterochromatin (1).

Recently, mutations in A-type lamins have been associated
with several human genetic diseases, including autosomal
dominant Emery-Dreifuss muscular dystrophy (EDMD) and
Dunnigan-type familial partial lipodystrophy (FPLD) (re-
viewed in ref6). The role of lamins in the pathophysiology
of these tissue specific diseases is intriguing since A-type
lamins are expressed in almost all differentiated somatic cells.
We recently analyzed the nuclear structure of fibroblasts from
patients with FPLD and observed abnormally decondensed
chromatin areas juxtaposed with disorganized lamina net-
works (7), suggesting that an alteration of lamina-chromatin
interactions may play a role in the pathophysiology of the
disease.

In this study, we investigated thein Vitro binding to
chromatin of a restricted domain of the carboxyl-terminal
end of lamins A and C for the following reasons. First, in
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the widely acknowledged model of the assembly of inter-
mediate filaments, the rod domains associate to form the core
of the filaments while the carboxyl-terminal ends protrude
outside of the filaments (8). Accordingly, previous studies
have analyzed separately the chromatin interactions of the
rod domain and of the carboxyl-terminal tail of lamins A
and C (9, 10), and the latter has been shown to mediate the
interaction of lamins with chromatin (10, 11). Second, the
three-dimensional structure of the region of the carboxyl-
terminal tail of lamins A and C located between amino acids
430 and 545 has been recently characterized both by NMR
(12) and by crystallography (13), and shown to adopt an
immunoglobulin (Ig) structure. In several families of tran-
scription factors, Ig-like regions define the DNA binding
domain (14). Here, we used an EMSA and NMR to
investigate the chromatin binding of a peptide encompassing
amino acids 411-553 of human lamins A and C, named
here LA/C (411-553). It begins with an unstructured
hydrophilic stretch of 19 residues containing the NLS with
a 417KKRKLE422 sequence (4), followed by the Ig fold
domain and a downstream unstructured eight-amino acid
residue stretch. Several mutations causing either EDMD or
FPLD are located in this region. In particular, mutations
linked to FPLD are clustered on a positively charged surface
of the Ig fold domain with a “hot spot” at arginine 482 (12,
15). We found that LA/C (411-553) dimers bind to DNA
and that this binding is altered by mutations at this particular
site.

EXPERIMENTAL PROCEDURES

DNA and Chromatin Preparations.The 357 bp fragment
was obtained from aBamHI digest of the plasmid pUC
(357.4) (16). The 146 and 211 bp DNA fragments were
obtained from theDraI digest of the 357 bp fragment. The
67 bp DNA fragment was obtained from theDraI andDpnI
double digest of the 357 bp fragment. The 16 bp oligonucleo-
tide was synthesized as the self-complementary CGCGC-
GAATTCGCGCG base sequence by Genset (Paris, France).
The mix of DNA fragments of approximately 400 bp was
obtained by micrococcal nuclease digestion of rat liver
chromatin, followed by gradient sedimentation, isolation of
the dinucleosome fraction, and finally DNA extraction
(∼360-420 bp) (17). Dephosphorylation of the DNA
fragments and 5′-end labeling with [32P]ATP and T4 poly-
nucleotide kinase were performed according to standard
protocols. For chromatin preparations, duck erythrocyte core
histones were prepared as described previously (18), and then
assembled on DNA fragments using the salt jump method
with a final concentration of 100 mM in NaCl (16, 17). Core
particles and mononucleosomes were reconstituted on 146
and 211 bp DNA fragments, respectively, at a histone to
DNA ratio of 0.4. Dinucleosomes were reconstituted on a
357 bp DNA fragment at a histone to DNA ratio of 1.

Lamin A Peptides.All cloning procedures were performed
using standard methods (19). The plasmid encoding the GST
fusion protein containing amino acids 411-553 of lamins
A and C has been described previously (12). The plasmid
encoding the GST fusion protein containing amino acids
423-553 of lamins A and C was obtained following the same
procedure. Both plasmids were transformed intoEscherichia
coli strain BL21. Expression and purification of the GST-
lamin fusion proteins were performed according to the

manufacturer’s instructions, using glutathione-Sepharose 4B
beads (Amersham Pharmacia Biotech, Inc.). Purified chi-
meric proteins adsorbed on beads were digested with
thrombin protease, generating soluble lamin fragments. For
NMR studies, LA/C (411-553) and LA/C (423-553)
peptides were dialyzed against 20 mM NaHPO4 (pH 6.3)
and lyophilized. For DNA binding experiments, the thrombin
cleavage was performed in 10 mM Tris-HCl (pH 8.0), 1 mM
EDTA, 100 mM NaCl, and 0.1% Triton X-100. The
concentration of LA/C (411-553) was measured by the BCA
protein assay (Pierce, Perbio Science).

Lamin A/C mutants R482Q and -W were generated in the
same manner as the wild-type fragment except that lamin A
R482Q or R482W mutant DNA (20) was used as the
template in the polymerase chain reaction template. Peptide
LA/C (414-427) containing the NLS sequence (CSVT-
KKRKLESTESR) was prepared by Eurogentec (Seraing,
Belgium). Peptides were solubilized in 2× sample buffer
(21), in the presence or absence of 100 mM DTT, followed
by heating at 95°C for 5 min. Electrophoretic analysis of
the peptides was performed on 12.5% SDS-polyacrylamide
gels. Immunoblotting experiments were performed as previ-
ously described, using a polyclonal rabbit antibody directed
against a peptide containing the NLS sequence of human
lamins A and C (22).

Peptide-DNA Interactions and the EMSA.Peptides diluted
at the indicated concentrations in medium A [10 mM Tris-
HCl (pH 8.0), 1 mM EDTA, and 1 mM 4-(2-aminoethyl)-
benzenesulfonyl fluoride] containing 100 mM NaCl and
0.1% Triton X-100 were incubated with radioactive DNA
fragments or reconstituted nucleosomes, either at room
temperature for 3 h or at 8°C overnight. Modifications in
the binding medium are indicated in the figure legends.
Protein-DNA complexes were analyzed on 4 or 5% poly-
acrylamide gels at an acrylamide/bisacrylamide ratio of 29/1
(w/w), in 0.5× TGE [12.5 mM Tris-HCl (pH 8.4), 95 mM
glycine, and 0.5 mM EDTA], as indicated in the figure
legends. After a 1 hpre-electrophoresis, samples were loaded
and resolved at 70 V, by a 1-2 h electrophoresis depending
upon the size of the DNA. DNA retardation was detected
by autoradiography of the dried polyacrylamide gel at-80
°C, using Biomax MR film (Kodak) and an intensifying
screen.

For affinity measurements, peptide-DNA binding was
performed overnight at 8°C in medium A containing 100
mM NaCl and 0.1% Triton X-100. Complexes were resolved
on a 4% polyacrylamide gel in 0.5× TGE. Dried polyacryl-
amide gels were exposed to a phosphor screen, and measure-
ments of the radioactive signals were performed with a
STORM 860 scanner (Amersham) using ImageQuant soft-
ware (Molecular Dynamics, Inc.). Competition experiments
were performed as described for affinity measurements.
Increasing concentrations of unlabeled competitor DNAs (67,
30, and 16 bp DNA fragments) were incubated with 13.5
nM labeled 67 bp DNA fragment (61µM in base pairs) in
the presence of 0.44µM LA/C (411-553). Quantification
of the radioactive signals was performed as described above.
Molarities of bound, free, and total DNA fragments (ex-
pressed in base pairs) were calculated, and the percentage
of bound DNA (B/T) was plotted as a function of DNA base
pair molar excess.
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Peptide-DNA Interactions Followed by NMR.The uni-
formly 15N-labeled lamin carboxyl-terminal domain was
produced in minimum medium M9 containing 1 g/L (15NH4)2-
SO4 (Boehringer). All the NMR experiments were carried
out at 303 K on a 600 MHz Bruker spectrometer using a
triple-resonance probe equipped with triple-axis gradients.
NMR samples contained∼1 mM 15N-labeled protein dis-
solved in 20 mM phosphate buffer (pH 6.3). Titration of a
16 bp DNA onto the lamin peptide was followed by
recording a series of1H-15N HSQC spectra while adding
small volumes of concentrated DNA to the peptide sample
(final peptide/DNA ratio of 1/6). These spectra were
processed with NMRpipe (23). Measurement of the chemical
shift variations during the titration was carried out using
FELIX (Molecular Simulations).

RESULTS

Production and Purification of the NatiVe and Mutated
LA/C (411-553).The recombinant glutathioneS-transferase
(GST) fusion protein containing LA/C (411-553) was
purified from bacterial extracts. The chimeric protein was
cleaved with thrombin to remove the GST and yield a 143-
amino acid peptide. The same peptides with the R482Q or
R482W mutation were also produced, as was a shorter wild-
type peptide (residues 423-553), which does not contain
the NLS (Figure 1A). The peptides were resolved by
denaturing electrophoresis under reducing conditions and
migrated in a manner consistent with their molecular masses
(Figure 1B, lanes 2 and 3). In the absence of a reducing
agent, a minor dimerization of the peptides was observed
(Figure 1B, lane 4), likely due to oxidation of cysteine 522,
the only cysteine present in the peptide. This dimerization
became prominent with time, for example, when peptides
were left for 3 h in solution in the absence of DTT, but was
not total (Figure 1B, lane 5).

LA/C (411-553) Binds to DNA.The interaction of LA/C
(411-553) with a 357 bp linear DNA fragment was studied
by electrophoresis in a 4% polyacrylamide gel. Figure 1C
(left panel) shows that, at 100 mM NaCl, the DNA formed
four complexes with the peptide as demonstrated by delayed
migration compared to naked DNA (Figure 1C, compare
lanes 1 and 2). Larger complexes were observed at higher
peptide concentrations (Figure 1C, compare lanes 2 and 3).
DNA-peptide complexes persisted in 150 mM NaCl with
or without 5 mM MgCl2 (Figure 1C, lanes 7 and 8).

The NLS Is Required for Stable Binding of LA/C (411-
553) to DNA.To investigate the role in DNA binding of the
basic KKRKLE motif present at the amino-terminal end of
LA/C (411-553), we made a shorter LA/C (423-553)
peptide from which this motif was deleted (see Figure 1A).
Figure 1D (lanes 12-15, signals B1-B4) shows that LA/C
(411-553) rapidly saturated the 146 bp DNA and formed
discrete protein-DNA complexes, while LA/C (423-553)
generated only a fast migrating smear (Figure 1D, lanes
8-10). When a peptide containing the NLS (residues 414-
427) was incubated with the 146 bp DNA fragment (Figure
1D, lanes 2-5), no significant bandshift was observed. Thus,
the unstructured NLS peptide and the globular Ig domain,
which alone poorly bind DNA, cooperate in LA/C (411-
553) to generate a stable interaction with DNA.

LA/C (411-553) Binds DNA as a Dimer.As the experi-
ments described above were performed in the absence of

FIGURE 1: Peptide LA/C(411-553) binds to DNA. (A) Schematic
representation of lamin A secondary structure. Gray boxes (coil
1a, coil 1b, and coil 2) indicate the rod domain, and NLS denotes
the position of the nuclear localization signal. Downstream of the
rod domain, the carboxyl-terminal end contains an Ig-like domain
(dashed box). The limits of the peptides used in this study, LA/C
(411-553), LA/C (423-553), and LA/C (414-427), are shown.
The positions of the R482W and R482Q mutations and of the
unique cysteine (C522) are indicated in gray and black, respectively.
(B) SDS-polyacrylamide electrophoretic analysis of the peptides
used in this study. Coomassie blue staining of gels in which LA/C
(411-553) (lane 2) and LA/C (423-553) deleted for NLS (lane
3) were resolved under reducing conditions revealed signals of∼18
and ∼16 kDa, respectively. Note a contamination of the latter
preparation by cleaved GST. Under nonreducing conditions, a slight
dimerization of LA/C (411-553) is observed (∼36 kDa, lane 4)
which becomes prominent when the sample is left for 3 h atroom
temperature before analysis (lane 5). Lane 1 contained to molecular
mass standards. (C) In the left panel, the 357 bp DNA fragment at
a concentration of 11 nM in 100 mM NaCl was incubated in the
presence of increasing concentrations of LA/C (411-553): 0.88
µM (lane 2), 1.76µM (lane 3), and 3.52µM (lane 4). Peptide-
DNA complexes were named B1-B4 as a function of their
decreasing mobilities. Lane 1 indicates the mobility of naked DNA
(D). In the right panel, the interaction was performed as in lane 3,
in the presence of different salt concentrations: 100 mM NaCl (lane
6), 150 mM NaCl (lane 7), and 150 mM NaCl and 5 mM MgCl2
(lane 8). In both panels, electrophoresis was performed on 4%
polyacrylamide gels. (D) The NLS peptide is necessary for stable
LA/C (411-553) binding to DNA. LA/C (414-427) containing
the NLS sequence (lanes 2-5), LA/C (423-553) (lanes 6-10),
and LA/C (411-553) (lanes 12-15) were assembled on the 146
bp DNA. Concentrations of LA/C (414-427) and LA/C (423-
553) peptides were 0.5µM (lanes 2 and 7), 1µM (lanes 3 and 8),
2 µM (lanes 4 and 9), and 4µM (lanes 5 and 10). Concentrations
of LA/C (411-553) were 0.44µM (lane 12), 0.88µM (lane 13),
1.76 µM (lane 14), and 3.52µM (lane 15). Lanes 1, 6, and 11
show migration of naked DNA (D). Note that neither the NLS nor
the 423-553 peptides alone were able to individually generate a
bandshift, while a stable interaction with DNA is generated when
both regions are present in LA/C (411-553) (lanes 12-15).
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DTT, the binding of DNA to LA/C (411-553) may be
dependent upon the formation of a covalent dimer of the
peptide (see Figure 1B). This was investigated by incubating
LA/C (411-553) with the 357 bp DNA fragment in the
absence or presence of 1 mM DTT. The bandshifts observed
in the absence of DTT (Figure 2A, lanes 2-5) were not
observed in the presence of DTT (Figure 2A, lanes 7-10).
Instead, a smear was observed at the highest peptide
concentrations (Figure 2A, lanes 9 and 10), suggesting the
presence of unstable DNA-protein interactions.

To confirm the existence of peptide dimers in the
complexes, bands corresponding to complexes B1 and B2
(Figure 2B, white arrowheads) were isolated and then
analyzed under reducing and nonreducing conditions on a

SDS-polyacrylamide gel. Figure 2C (lanes 3 and 4) shows
that, under nonreducing conditions, LA/C (411-553) that
eluted from the complexes migrated exclusively as a dimer.
As the peptide in solution was a mix of monomers and
dimers (see Figure 1B, lane 5), this finding suggested that
only dimers of the peptide were able to bind to DNA. All
further experiments were performed in the absence of DTT.

LA/C (411-553) Dimers Bind a 30-40 bp DNA Site
without Sequence Specificity.As the interaction of LA/C
(411-553) with DNA generated complexes with different
electrophoretic migrations, we examined whether these
differences in shift were due to the independent binding to
DNA of several dimers or of oligomers containing a higher
number of LA/C (411-553) subunits. This was studied by
comparing the binding of LA/C (411-553) to 146 or 67 bp
DNA, respectively, the latter containing fewer potential
protein binding sites. Complexes were analyzed on the same
4% gel. Figure 3A (lanes 6 and 7) shows that incubation
with the 67 bp DNA fragment generated a major fast
migrating complex (B1) and a minor slower migrating
complex (B2) as opposed to the four complexes obtained
with the 146 bp DNA (lanes 2-4). The decrease in the
number of complexes, which parallels the shortening of
DNA, suggests an independent binding of dimers to DNA.
The binding of a maximum of four to five dimers of LA/C
(411-553) on a 146 bp DNA and of two dimers on a 67 bp
DNA predicts an∼30 bp size for the binding site. When
the migration of complexes was analyzed on a highly porous
gel (3.2% polyacrylamide), nine bands were observed with
the 357 bp DNA and six with the 146 bp DNA (data not
shown), also predicting a 30-40 bp size for the DNA binding
site. Because of the poor electrophoretic resolution of
peptide-DNA complexes containing DNA of small sizes,
the binding of LA/C (411-553) to<67 bp DNA was instead
analyzed by competitive binding. We established an assay
where a fixed amount of labeled 67 bp DNA bound to LA/C
(411-553) was competitively inhibited with increasing
concentrations of cold 67, 30, and 16 bp DNAs. Figure 3B
shows that half-maximal competition was obtained with a
3.5-fold molar excess of base pairs with the 67 bp DNA
fragment, with a 12-fold molar excess of base pairs with
the 30 bp DNA fragment, and with a 48-fold molar excess
of base pairs with the 16 bp DNA fragment. Thus, DNA of
a size between 30 and 67 pb is a full competitor. These
combined data suggest that the DNA binding site for LA/C
(411-553) is around 30-40 bp in size.

To check for a putative DNA base composition that would
preferentially bind to LA/C (411-553), the peptide was
incubated with five DNA fragments of a similar size
(between 344 and 357 bp) with different base compositions,
and less than 10% sequence identity. Similar bandshifts were
observed with DNA samples with a composition in AT
varying from 37 to 57% (data not shown), showing that the
binding was insensitive to the AT percentage. To check if
this peptide binds to a specific DNA sequence, we generated
from rat liver nuclei a DNA library of 360-420 bp fragments
covering all sequences as exhaustively as possible. Although
there was an apparent increase in the affinity of binding of
the peptide for these DNA fragments (1.5-fold) compared
with the affinity of binding to the 357 bp unique sequence,
no strong signal was obtained at low peptide concentrations
(Figure 3C, compare lanes 2 and 6), suggesting that LA/C

FIGURE 2: DNA interacts with a covalent dimer of LA/C (411-
553). (A) The 357 bp DNA fragment was incubated with increasing
concentrations of LA/C (411-553) as indicated in the legend of
Figure 1D (lanes 12-15), either in the absence (lanes 1-5) or in
the presence (lanes 6-10) of 1 mM DTT. Complexes were resolved
on a 4% polyacrylamide gel. Note the absence of stable peptide-
DNA interactions in the presence of DTT. (B) The 146 bp DNA
fragment (52 nM) was incubated with a 30-fold (lane 2) or 60-fold
(lane 3) molar excess of LA/C (411-553), and complexes were
resolved on a 4% polyacrylamide gel. After autoradiography of
the gel at room temperature, thin gel slices containing bands B1
and B2 (white arrowheads in lanes 2 and 3, respectively) were
excised. Lane 1 refers to the migration of naked DNA (D). (C)
One-half of each gel slice was incubated at 37°C for 2 min in
SDS sample buffer under nonreducing (-DTT) or reducing
conditions (+DTT) as indicated. Both extracts were analyzed by
denaturing electrophoresis on a 12.5% polyacrylamide gel, followed
by immunoblotting using a polyclonal antibody against the NLS
of lamin A/C. Lane 5 refers to the control LA/C (411-553) peptide
analyzed under nonreducing conditions. Note that only dimers (lanes
3 and 4) were present in DNA-peptide complexes.
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(411-553) binds DNA with no apparent sequence specificity.
Mutations in LA/C (411-553) Diminish Its DNA Binding

Affinity. FPLD is a disease caused by mutations in theLMNA
gene, with a hot spot at arginine 482 (90% of cases). This
amino acid is located in a large positively charged region at
the surface of the Ig-like domain, which may constitute a
DNA binding region (12). We produced LA/C (411-553)
bearing the R482Q or R482W mutation and studied the
interaction of the two mutant peptides with the labeled 67
bp DNA fragment. Figure 4A shows that saturation of DNA
(14 nM) was almost complete at a concentration of 1.76µM
for the wild-type peptide (lane 4), while it was not achieved
for the R482Q mutant (lane 8). EstimatedKD values were
0.42 µM for the wild-type peptide and 2.19 and 2.95µM
for R482Q and R482W mutant peptides, respectively (Figure
4B). Thus, the two mutations at R482 cause a 5-fold decrease
in the affinity of LA/C (411-553) for DNA. In addition to
the changes in affinity, qualitative differences in the inter-
actions were also observed. Figure 4A shows that the B2
complex was not formed with the R482Q mutant, while a
faster migrating complex was present (Figure 4A, lanes 6-8,
signal B). Similar data were obtained with the R482W mutant
(data not shown).

FIGURE 3: Dimers of LA/C(411-553) independently bind 30-40
bp DNA sites without sequence specificity. (A) Characterization
of LA/C (411-553) oligomers in the DNA complexes. Increasing
concentrations of LA/C (411-553), 0.44µM (lanes 2 and 6), 0.88
µM (lanes 3 and 7), and 1.76µM (lanes 4 and 8), were incubated
with DNA fragments of either 146 bp (lanes 2-4) or 67 bp (lanes
6-8), at a concentration of 11 or 14 nM, respectively. Electro-
phoresis was performed on 4% polyacrylamide gels. The mobility
of naked DNA fragments is indicated (lanes 1 and 5). Note that
only complexes B1 and B2 were obtained with the 67 bp DNA
fragment. (B) A mix of LA/C (411-553) (0.44µM) and 67 bp
labeled DNA (13.5 nM) was incubated with increasing concentra-
tions of unlabeled 67, 30, and 16 bp DNA fragments. Complexes
were resolved on a 4% polyacrylamide gel (left inset, competition
with the 67 bp DNA; right inset, competition with the 16 bp DNA).
Radioactive signals were scanned with a phosphoimager, and the
percentage of labeled 67 bp fragment bound to the LA/C (411-
553) peptide (B/T) was plotted as a function of the base pair
concentration of the cold competitor. Calculations showed that 30
and 16 bp DNA fragments have 3.4- and 14-fold lower affinity for
LA/C (411-553) than the 67 bp fragment, respectively. (C) LA/C
(411-553) at increasing concentrations (as in panel A) was
incubated with∼400 bp DNA fragments from a rat DNA library
(lanes 1-4) or with the 357 bp DNA (lanes 5-8). Similar amounts
of B1-B4 complexes were formed at similar peptide concentrations,
showing that binding of LA/C(411-553) to DNA is sequence-
independent. Lanes 1 and 5 refer to naked DNA migration (D).

FIGURE 4: Binding of LA/C (411-553) to DNA is altered by
mutations that cause FPLD. (A) Increasing concentrations of LA/C
(411-553), either wild-type (left panel) or mutated (right panel),
were incubated with the 67 bp DNA fragment under conditions
similar to those described in the legend of Figure 3A. The mobility
of naked DNA (D) and that of peptide-DNA complexes B1, B2,
andB are indicated. Lanes 1 and 5 refer to migration of DNA alone.
Note the difference in complex mobilities as well as in the intensities
of the signals between the native and R482Q mutant peptide. (B)
Affinity measurement. Free and peptide-bound DNA signals
detected at the lower peptide concentration (lanes 2 and 6) were
quantified using a phosphorimager. The dissociation constantKD
was calculated using the equationKD ) ([D] - [DP])([P] - [DP]/
[DP]), where [D] is the total DNA concentration, [P] the total
peptide concentration, and [DP] the peptide-DNA complex
concentration. The mean values obtained from three independent
experiments are presented with the standard deviations.
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LA/C (411-553) Does Not Bind Core Particles or
Dinucleosomes.We further analyzed the binding of LA/C
(411-553) to reconstituted mononucleosomes and dinucleo-
somes (Figure 5). Core particles (CP, nucleosomes without
linkers) were reconstituted using a 146 bp DNA and purified
core histones. As shown in Figure 5A (lane 1), the prepara-
tion was a mix of core particles migrating as a single band
and naked DNA. In the presence of increasing concentrations,
LA/C (411-553) selectively bound to naked DNA (Figure
5A, lanes 2-4). The migration of the complexes was similar
to that of the complexes obtained by incubation of LA/C
(411-553) with the 146 bp DNA alone (Figure 2A, right
panel, lanes 6-8). Thus, there was no supershift due to the
formation of a core particle-LA/C (411-553) complex.

When nucleosomes were reconstituted with a 65 bp longer
DNA fragment (211 bp), two bands corresponding to
mononucleosomes (as seen by micrococcal digestion, data
not shown) with linker DNA were formed (see the scheme
in Figure 5B). When LA/C (411-553) was incubated at
increasing concentrations with this chromatin preparation,
complexes first formed with naked DNA (Figure 5B, lane
2, complexes B1 and B2) and then with N nucleosomes
(Figure 5B, lanes 3 and 4, complexes B1N and B2N). As N
nucleosomes contain linker DNA that is absent from core
particles, these data suggest that the peptide preferentially
binds this linker.

Finally, nucleosomes were reconstituted on the 357 bp
DNA in the presence of increasing concentrations of the
histone octamer (Figure 5C, lanes 1-3). At a histone/DNA
ratio of 1, a dinucleosome preparation free of DNA and
mononucleosomes was obtained (Figure 5C, lane 3, scheme),
which was incubated in the presence of increasing concentra-
tions of LA/C (411-553) (Figure 5C, middle panel, lanes
4-6). No shift of the dinucleosomes occurred, while naked
DNA migration was shifted under the same experimental
conditions (Figure 5C, lanes 8-10). These data show that
LA/C (411-553) does not bind core particles, or dinucleo-
somes, but binds the DNA linker in mononucleosomes.

NMR Identifies Two Distinct DNA Binding Motifs in LA/C
(411-553).We used heteronuclear NMR to map the DNA
binding sites on LA/C (411-553). We added various
amounts of a palindromic DNA of 16 bp to an LA/C (411-
553) sample, and by recording1H-15N HSQC spectra, we
identified which residues had a chemical environment
perturbed by the addition of DNA. The size of the 16 bp
DNA fragment was not optimal for the binding to LA/C
(411-553) in EMSA studies (see Figure 3B), but allowed
for an analysis of the DNA-peptide complex by NMR.
Figure 6 shows the superposition of the1H-15N HSQC
spectra of free LA/C (411-553) and LA/C (411-553) with
a saturating amount of DNA. A progressive displacement
of several cross-peaks was observed throughout the titration.
Fitting these displacements to a titration curve revealed that
the lamin fragment binds to the oligonucleotide with an
affinity of 0.65( 0.05 mM. Identification of the cross-peaks
shifting during the titration allowed us to identify the protein
regions involved in DNA binding (Figure 7A). The parts of
LA/C (411-553) perturbed by the addition of DNA were
the amino-terminal unstructured region preceding the Ig-like
domain, the end of the B-C loop, the C′-E loop, the region
around theâ7 strand specific to the lamin Ig fold, the F-G
loop, and the carboxyl-terminal unstructured residues fol-

FIGURE 5: LA/C (411-553) binds naked DNA and linker DNA
but does not bind the core particle or the dinucleosome. (A)
Nucleosomes without linker DNA (core particles) were reconstituted
on a 146 bp DNA fragment (see the scheme, CP) and then resolved
on a 4% gel (lane 1). D and CP refer to DNA and core particle
mobilities, respectively. The same chromatin preparation was
incubated with increasing concentrations of LA/C (411-553), as
in Figure 3A. A control experiment was performed under similar
conditions with DNA alone (lanes 5-8). Note that, in the two
panels, LA/C (411-553) formed similar complexes with naked
DNA. Lane 5 refers to the migration of naked DNA. (B)
Nucleosomes with linker DNA were reconstituted on a 211 bp DNA
fragment and then resolved on a 4% gel (lane 1). D refers to DNA
and N to nucleosomes (see the scheme, N). In lanes 2-4, the
nucleosome preparation was incubated with increasing concentra-
tions of LA/C (411-553), as indicated for panel A. A control
experiment was performed under similar conditions with DNA alone
(lanes 5-8). Note the presence of two additional signals, B1N and
B2N in lanes 3 and 4, which correspond to the selective binding of
the peptide to linker DNA present in N. (C) Nucleosomes were
reconstituted on a 357 bp DNA fragment at increasing histone
octamer/DNA ratios and then analyzed on a 5% gel (left panel,
lanes 1-3). Ratios were 0.65 (lane 1), 0.8 (lane 2), and 1 (lane 3).
Mononucleosomes (N) and dinucleosomes (diN) were progressively
formed, the latter being predominant in lane 3. D refers to naked
DNA. In the middle panel (lanes 4-6), dinucleosomes reconstituted
under the conditions of lane 3 were incubated with increasing
concentrations of LA/C (411-553), identical to that used for panel
A. In the right panel, the peptide at similar concentrations was
incubated with the 357 bp DNA alone (lanes 8-10). Lane 7 shows
the migration of the naked DNA. Note the absence of a dinucleo-
some shift, compared to the shift of naked DNA.
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lowing the Ig fold (Figure 7A). The most important chemical
shift variations (∆δH + 0.1∆δ > 0.05 ppm) were observed
for the backbone amide bonds of Glu 422 and Ser 429 at
the amino terminus, Arg 482, Phe 483, Lys 486, and Phe
487 in the C′-E loop, and Trp 514, Lys 515, Ala 516, and
Gln 517 in the E-F loop, as well as for the side chain amines
of Asn 466 (close to the C′-E loop) and Gln 517 (in the
E-F loop). Lys 417, Lys 418, Arg 419, and Lys 420 from
the NLS sequence could not be assigned, and thus, their
involvement in the DNA interface cannot be confirmed.
However, it is clear that unstructured residues from the amino
and carboxyl termini close to the NLS, as well as residues
from the Ig-like domain, are involved in DNA binding
(Figure 7A).

Most residues of the Ig-like domain exhibiting important
chemical environment perturbations during the titration are
conserved throughout the lamin family. In particular, in most
lamin sequences, residues homologous to Arg 482, Lys 486,
and Lys 515 of LA/C (411-553) are positively charged, Phe
483, Phe 487, and Trp 514 of LA/C (411-553) are replaced
with aromatic amino acids, and a glutamine is found at
position 517. These seven residues, as well as the less
conserved Asn 466 and Ala 516, are all found in the same
region of the Ig-like domain (Figure 7B), which was
identified as a large positively charged surface in our previous
structural analysis (12). Thus, LA/C (411-553) interacts with
DNA both via a set of unstructured residues close to the
NLS and via a conserved positively charged region at the
surface of the Ig-like domain.

To understand the role played by the NLS in the binding
of LA/C (411-553) to DNA, we have tested the interaction
between the shorter LA/C (423-553) peptide and the
palindromic DNA of 16 bp by NMR. No1H-15N HSQC
cross-peak displacements corresponding to∆δH + 0.1∆δN

> 0.05 ppm could be observed in this case, showing that
LA/C (423-553) has a significantly lower affinity for DNA
than LA/C (411-553). The most important1H-15N HSQC

cross-peak displacements observed upon addition of DNA
(0.02 ppm< ∆δH + 0.1∆δN < 0.05 ppm) were found for
residues Asp 446 and Lys 450 in the A-B loop, Phe 483,
Lys 486, and Leu 489 in the C′-E loop, and Lys 515, Gln
517, and Thr 519 in the E-F loop. These residues are all
located in the Ig fold region already identified as interacting
with DNA in LA/C (411-553). Thus, when the first 12
residues comprising the NLS are deleted, the affinity of the
lamin peptide for DNA decreases, and only a weak binding
mediated by the described positively charged region at the
surface of the Ig-like domain is conserved.

The structural study of LA/C (411-553) confirmed that,
in the presence of DTT, the lamin fragment is mainly
monomeric (12). Recording a1H-15N HSQC spectrum with
or without DTT showed that the region around Cys 522
exhibits proton and nitrogen chemical shift modifications in
parallel with changes in the reducing agent concentration.
In particular,1H-15N HSQC cross-peaks corresponding to
Glu 447, Glu 448, and Gly 449 in the A-B loop and Trp
520, Gly 521, Cys 522, Gly 523, and Ser 525 in the E-F
loop show a shift corresponding to a∆δH + 0.1∆δN value
higher than 0.05 ppm, suggesting that these residues are
located at the interface between two monomers of lamins
within the covalent dimer. Interestingly, in a model of two
LA/C (411-553) monomers linked by a disulfide bridge
involving Cys 522, when the monomers are “modelized” in
an antiparallel position, residues 447-451 and 519-525
form the interface between the two monomers. In this model,
the region formed by the amino and carboxyl termini of one
monomer become contiguous to the E-F and C′-E loops
of the other monomer, generating a continuous DNA binding
surface (Figure 7B). This surface has a size consistent with
the binding to an oligonucleotide of approximately 14 bp.
Thus, two of these surfaces symmetrically juxtaposed in the
dimer would be able to bind a DNA fragment of a size
similar to that found by EMSA analysis.

FIGURE 6: Superposition of the1H-15N HSQC spectra of free LA/C (411-553) and LA/C (411-553) in complex with DNA. The cross-
peaks in blue correspond to the spectrum of the free protein, and the cross-peaks in red correspond to the spectrum of the peptide-DNA
complex (1/6 ratio). The peak shifts caused by the addition of DNA to the protein sample are boxed and annotated.
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DISCUSSION

We have characterized the interactions between the Ig-
like domain of the carboxyl-terminal region common to all
A-type lamins and chromatin. We showed using an EMSA
that a covalent dimer of a peptide containing this domain
binds nonspecific DNA sequences with a micromolar affinity,
but does not bind to core particles or to dinucleosomes. Using
an EMSA, we also demonstrated that two regions of the
lamin peptide participate in the DNA binding, the unstruc-
tured amino-terminal segment containing the NLS and the
Ig-like domain, and that mutations in the latter causing FPLD
decrease the affinity of the peptide for DNA. Although NMR
analyses of the DNA-peptide interactions were performed

with different DNA oligomers for technical reasons, con-
sistent data were obtained, showing that the binding to DNA
is mediated through the NLS and a positively charged surface
of the Ig domain, which contains the amino acids mutated
in FPLD. On the basis of the NMR data, we propose a model
where two Ig fold domains of an opposite polarity form a
dimer which binds to DNA.

Comparison with PreVious Lamin-Chromatin Interaction
Studies.Previousin Vitro studies have shown that full-length
or truncated A-type lamins can bind to naked DNA (24-
26). Shoeman and Traub (24) found a low-affinity binding
(KD ∼ 0.35 µM) of lamins A and C to a double-stranded
oligonucleotide telomere sequence. Lude´rus and co-workers
(26) reported a stronger association (KD ∼ 3.5 nM) of
vertebrate lamins A and C with theDrosophila histone
matrix-associated region (MAR), although with a limited
sequence specificity. However, as these studies were per-
formed with full-length lamin proteins, they may have
analyzed both DNA-lamin and lamin-lamin associations.

Complex chromatin substrates, such as chromosomes (9,
11, 27, 28) and polynucleosomes (10, 11), were also shown
to bind A-type lamins. Ho¨ger and co-workers (11) found a
binding site for reconstituted chromosomes inXenopuslamin
A, which was restricted to the extreme carboxyl-terminal end
of the protein distal to the domain we have studied. Taniura
and co-workers (10) have shown that the carboxyl-terminal
tail of lamin C binds to polynucleosomes. They did not
observe a direct binding of the lamin C tail to DNA, but
instead characterized core histones as the component re-
sponsible for the interaction with chromatin. The divergent
conclusions between the latter study and this study may be
explained by the difference in the lengths of the lamin
peptides which were analyzed, or/and by the different
experimental procedures (solid phase assay vs EMSA).

Can the CoValent Dimerization of LA/C (411-553) at
Cysteine 522 Exist in the Nuclear Lamina?In living cells,
cytosol and nucleoplasm are under reducing conditions due
to a large pool of reduced glutathione. However, the nucleus
contains the thioredoxin/thioredoxin reductase enzymes that
catalyze the oxido/reduction of thiols (29), and disulfide
bonds have been observed in proteins from the nuclear matrix
(30) and in surf clam oocyte lamins (31). Cysteine 522 was
not buried in LA/C (411-553) or in the larger lamin C
fragment (411-572) (data not shown); thus, a disulfide
bridge at this site may existin ViVo. Molecular modelization
favors its occurrence between antiparallel LA/C (411-553)
peptides. In a dimer of lamins with parallel rod domains,
the 42-amino acid loop (389-430) located between the rod
and the Ig domains is long enough to allow the two Ig
domains to adopt an antiparallel position. Alternatively,
antiparallel Ig dimers may be formed by distant lamin
molecules from antiparallel protofilaments of adjacent
protofibrils (see Figure 11 in ref2). Finally, we do not
exclude the possibility that in ourin Vitro experiments,
disulfide bonds may have bridged Ig domains, which form
noncovalent dimers either in the lamina or in the intranuclear
pool of lamins (32, 33).

Similarities with Other DNA Binding Proteins.Rudolph
and Gergen (14) recently reviewed examples of Ig-like
domains from transcription factors, which bind DNA after
antiparallel dimerization. Several differences exist between
the DNA binding mode of these transcription factors and

FIGURE 7: (A) Backbone structure of LA/C (411-553), as
determined by NMR (20). Loops are annotated following the
classical Ig fold nomenclature.â-Strands are labeled sequentially
from â1 to â9. The unstructured amino- and carboxyl-terminal
regions are arbitrarily positioned. The ribbon is colored as a function
of the chemical shift variations exhibited by the backbone amide
protons and nitrogens after addition of 6 equiv of DNA molecules:
gray for ∆δH + 0.1∆δN values lower than 0.02 ppm and yellow
and red for∆δH + 0.1∆δN values higher than 0.02 and 0.05 ppm,
respectively. Side chains are colored in red when their amine groups
exhibit chemical shift variations such that∆δH + 0.1∆δN values
are higher than 0.05 ppm. The cyan ribbon corresponds to residues
that could not be observed (lack of chemical shift assignment,
superposition of the cross-peaks). The side chain of Arg 482 is
displayed in green to indicate its position relative to the DNA
binding site. (B) Model of a LA/C (411-553) covalent antiparallel
dimer, in which the two distinct DNA binding surfaces displayed
in panel A are contiguous. The color code of the protein ribbon is
the same as in panel A. The disulfide bridge is colored black. The
side chains shown to be involved in the interaction with DNA are
labeled.
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our model of lamin A and C-DNA interaction. (i) The DNA
binding site for a lamin dimer (30-40 bp) is larger than that
of transcription factors (<22 bp). (ii) While loops in
transcription factors interact with palindromic DNA se-
quences in both sequence-dependent and -independent
fashions, loops in LA/C (411-553) bind DNA only in a
sequence-independent manner. (iii)KD values for transcrip-
tion factors vary from the picomolar to the nanomolar range,
while they are in the micromolar range for LA/C (411-553).
We suggest that, while Ig-like domains from transcription
factors, which are regulatory proteins, bind a few DNA
specific sites with high affinity, A-type lamins, which are
structural proteins, bind multiple DNA sites without sequence
specificity and with low affinity. The high number of DNA
binding sites and their regular spacing could ensure a tight
connection between the nuclear envelope and the chromatin.
In addition, LA/C (411-553) could also interact with
sequence specific DNA binding proteins, thus interfering with
the expression of targeted genes in a cell-type specific
manner, as shown for other proteins (34).

Several DNA binding proteins use an unstructured basic
amino-terminal arm, in addition to a positively charged
surface on a globular domain, to make contacts with DNA
without sequence specificity. For example, dimeric Ku DNA
repair protein binds to DNA in a sequence-independent
fashion and with a high affinity by forming a ring around
DNA (35). Outside the Ku ring, the carboxyl-terminal SAP
region of Ku 70 binds DNA through both unstructured
amino-terminal lysines and arginines belonging to the NLS
and a set of residues at the surface of the SAP globular
domain, in a manner similary to what we describe for the
lamin-DNA interaction (36).

Interactions of LA/C (411-553) Are Impaired by Muta-
tions at R482.Analysis of the solution structure of native
LA/C (411-553) showed that mutations causing FPLD are
clustered in a solvent-accessible region of LA/C (411-553),
which is the main positively charged surface of the Ig-like
domain (12, 13). These mutations decrease the positively
charged character of the surface, but they do not destabilize
the structure of the lamin fragment, as shown by circular
dichroism and NMR (12). Accordingly, it has been suggested
that these mutations lower the affinity of LA/C (411-553)
for one or several of its biological partners (12, 13). Our
experimental data support this hypothesis, since we show
here that mutations at arginine 482, the most frequent
mutations in FPLD, cause a 5-fold decrease in the affinity
of LA/C (411-553) for DNA. It is difficult to predict if
mutations occurring in EDMD may affect the binding of
LA/C (411-553) to DNA. As these mutations are present
in differentâ-strands, their impact on the structure of loops
involved in DNA binding may vary from one mutation to
the other.

Work is in progress to investigate the DNA binding of
full-length carboxyl-terminal tails of A- and B-type lamins
in homologous and heterologous combinations, and to
understand how these complexes interact with integral
proteins of the inner membrane and chromatin proteins.
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