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Abstract. 

 

The nuclear lamina is a fibrous structure that 
lies at the interface between the nuclear envelope and the 
nucleoplasm. The major proteins comprising the lamina, 
the nuclear lamins, are also found in foci in the nucleo-
plasm, distinct from the peripheral lamina. The nuclear 
lamins have been associated with a number of pro-
cesses in the nucleus, including DNA replication. To 
further characterize the specific role of lamins in DNA 
replication, we have used a truncated human lamin as a 
dominant negative mutant to perturb lamin organiza-
tion. This protein disrupts the lamin organization of nu-
clei when microinjected into mammalian cells and also 
disrupts the lamin organization of in vitro assembled 
nuclei when added to 

 

Xenopus laevis

 

 interphase egg ex-
tracts. In both cases, the lamina appears to be com-

pletely absent, and instead the endogenous lamins and 
the mutant lamin protein are found in nucleoplasmic 
aggregates. Coincident with the disruption of lamin or-
ganization, there is a dramatic reduction in DNA repli-
cation. As a consequence of this disruption, the distri-
butions of PCNA and the large subunit of the RFC 
complex, proteins required for the elongation phase of 
DNA replication, are altered such that they are found 
within the intranucleoplasmic lamin aggregates. In con-
trast, the distribution of XMCM3, XORC2, and DNA 
polymerase 

 

a

 

, proteins required for the initiation stage 
of DNA replication, remains unaltered. The data pre-
sented demonstrate that the nuclear lamins may be re-
quired for the elongation phase of DNA replication.

 

T

 

he

 

 nuclear lamin proteins form a fibrous structure,
termed the nuclear lamina, which is concentrated at
the nucleoplasmic face of the nuclear envelope (40).

The lamins are also found in nucleoplasmic foci, the distri-
bution of which is related to the cell cycle (7, 18, 32, 39, 48).
The lamins are highly conserved proteins that are closely
related to cytoplasmic intermediate filament (IF)

 

1

 

 proteins
and, as such, are classified as type V IF (51). In verte-
brates, as many as five lamin proteins have been reported.
These are divided into two types, A and B, based on crite-
ria such as expression patterns and exon positions (53).
B-type lamins are expressed in all cells, while the A-type
lamins are expressed in differentiated cells (40). In 

 

Xeno-
pus laevis

 

, there are five or more lamins, also showing cell
type–specific expression patterns (3, 40, 54). As is the case
with cytoplasmic IF, the lamins have a central rod domain

that forms an 

 

a

 

 helix, composed of heptad repeats. The
rod domains are primarily responsible for the higher order
lamin–lamin interactions that govern lamin assembly (20).
The two non–

 

a

 

-helical end domains are also involved in
assembly and may interact with other nuclear structures
(see 40, for detailed discussion).

In addition to providing mechanical support to the nu-
cleus and influencing its shape and volume, the lamins ap-
pear to interact with other nuclear components and thereby
may influence a number of nuclear processes (40). For ex-
ample, the lamins interact with chromatin in vitro and
probably in vivo (2, 16, 22, 47). Through this interaction,
the lamins may be involved in DNA replication. For exam-
ple, lamin B is associated with replicating chromatin in
mammalian cells (39). During S phase, lamin B appears
not only at the nuclear periphery, but also in nucleoplas-
mic foci that frequently coincide with sites of bromodeoxy-
uridine incorporation and the location of the DNA repli-
cation factor, PCNA (39). It has also been suggested on
morphological grounds that a filamentous network of lamins
acts as a scaffold for “DNA replication factories” (24, 25).

Further evidence for a role of the nuclear lamins in
DNA replication comes from the nuclear assembly system
prepared from 

 

Xenopus laevis

 

 eggs (3, 4, 30). In this sys-
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The Journal of Cell Biology, Volume 136, 1997 1202

 

tem, nuclei rapidly assemble when DNA or chromatin is
added to interphase egg extracts. These nuclei carry out
processes such as nuclear import, lamin assembly, and
DNA replication. The presence of highly concentrated,
soluble, nuclear components in the extract makes the 

 

Xe-
nopus

 

 system particularly useful for biochemical manipu-
lations. Proteins from a wide range of species, including
yeast and humans, have been added to interphase and mi-
totic extracts to examine their function in the regulation of
the cell cycle (41). In addition, immunodepletion of spe-
cific proteins from these extracts has been used to deter-
mine their involvement in nuclear functions. For example,
when the major endogenous lamin (lamin B3) is immu-
nodepleted from interphase extracts, nuclei form, but they
cannot replicate their DNA (34, 45). Furthermore, when
the eluted lamin B3 is added back to depleted extracts, nu-
clear DNA replication is restored (17). These results sug-
gest that nuclear lamins play a role in DNA replication, al-
though it is unclear how or at what stage DNA synthesis is
blocked under these experimental conditions.

The 

 

Xenopus

 

 nuclear assembly system has also been
useful in characterizing other proteins involved in regulat-
ing DNA replication. Immunodepletion experiments in-
volving the removal of XMCM3 and XORC2, as well as a
number of other factors, have demonstrated that they are
essential for DNA replication. XMCM3, for example, is a
putative component of the licensing factor that is thought
to limit replication to one round for each cell cycle. It binds
to chromatin early in the process of nuclear assembly, be-
fore the nuclear membrane forms (10, 29, 33). XORC2 is
the 

 

Xenopus

 

 homologue of the yeast protein, ORC2 (9).
In yeast, this protein is required to initiate DNA synthesis
and is part of a complex that binds to origins of replication
(55). In 

 

Xenopus

 

, XORC2 binds to chromatin before nu-
clear envelope formation and appears to be involved in the
initiation of DNA synthesis (9). Other proteins involved in
replication have also been identified as constituents of the

 

Xenopus

 

 system, including PCNA (26), a required cofac-
tor of DNA polymerase 

 

d

 

. This polymerase is responsible
for the elongation phase of DNA replication (59).

The immunodepletion approach has been extremely val-
uable in defining roles for the lamins as well as for other
proteins in DNA synthesis, but this method has several
limitations. For example, in the case of the nuclear lamins, it
is difficult to completely immunodeplete lamin proteins (31).
In addition, any effects seen after immunodepletion may
not be due to the removal of targeted antigenic components,
but rather to the coimmunoprecipitation of bound, associ-
ated proteins. Immunodepletions of XMCM3, XORC2, and
lamin B3 all result in the specific removal of other pro-
teins, in addition to the antigen targeted by the antibody
(9, 10, 17, 33).

To define more precisely the functions of nuclear lamins
in nuclear assembly and DNA replication, we have devel-
oped a method that avoids some of the pitfalls inherent in
the immunodepletion techniques. Our approach uses a hu-
man lamin mutant as a dominant negative disrupter of the
nuclear lamin organization in two experimental systems.
When this mutant protein is microinjected into mamma-
lian cells or added to the 

 

Xenopus

 

 nuclear assembly ex-
tract, the lamin organization is disrupted. The mutant pro-
tein as well as the endogenous lamins appear to colocalize

in nucleoplasmic aggregates, with little or no detectable
lamin protein at the nuclear periphery. We have concen-
trated our efforts on defining the effects of this disruption
in nuclei assembled in 

 

Xenopus

 

 extracts, since more nuclei
can be studied under conditions permitting coordinated
biochemical and morphological assays. As in the case for

 

Xenopus

 

 nuclei assembled after lamin B3 immunodeple-
tion (34, 45), the disrupted nuclei described in this study
cannot complete DNA replication. However, because the
lamins are retained within the nucleus, we are able to ex-
amine their distribution relative to other DNA replication
markers. We find that, as a consequence of the disruption,
there is an altered distribution of proteins specifically in-
volved in the elongation phase, but not in the initiation
phase of DNA replication.

 

Materials and Methods

 

Expression of Human Lamins in Escherichia coli

 

Full-length human lamin A (LA) and 

 

D

 

NLA were cloned in a pET-derived
vector and expressed in the NovaBlue (DE3) strain of 

 

E. coli

 

 (Novagen,
Madison, WI). 

 

D

 

NLA lacks the first 33 amino acids of human lamin A.
Both of the expressed proteins were purified by ion-exchange chromatog-
raphy as described previously (38). The protein in column buffer (6 M
urea, 25 mM Tris, 2 mM EDTA, and 1 mM DTT) was dialyzed against PB
(300 mM NaCl, 25 mM Tris Base, pH 9, and 1 mM DTT). After dialysis,
SDS-PAGE analysis of the resulting protein solution showed the presence
of one major band of protein. In the case of 

 

D

 

NLA, the protein had a mo-
lecular mass of 

 

z

 

69 kD (Fig. 1 

 

a

 

). This 69-kD protein reacted with a rabbit
polyclonal antibody directed against human lamins A/C as demonstrated
by immunoblotting (Fig. 1 

 

b

 

). SDS-PAGE and blotting analyses were car-
ried out as described in (39). The relatively minor bands seen in the immu-
noblot (Fig. 1 

 

b

 

) are due to a small amount of proteolysis that is present in
all preparations of nuclear lamins (38). The same gel profiles are seen for
the wild-type LA protein, but the apparent molecular mass is 72 kD (not
shown). The protein solutions were aliquoted and stored at 

 

2

 

80

 

8

 

C at a fi-
nal concentration of 2 mg/ml. Before use in microinjection experiments
and nuclear assembly assays, samples were centrifuged at 20,000 

 

g

 

 for 10
min at room temperature to remove insoluble material.

 

Microinjection of Mammalian Cells and Analysis
by Immunofluorescence

 

BHK-21 cells were cultured as described elsewhere (18). Single cells were
injected with 

 

D

 

NLA at a concentration of 1 mg/ml in PB (18). Controls
consisted of the injection of cells with PB. Cells were fixed in methanol 2 h
after microinjection and processed for immunofluorescence as described
previously (18). A rat polyclonal antibody directed against human lamins A
and C (39) or a rabbit polyclonal antibody directed against human lamin B

Figure 1. (a) SDS-PAGE of purified
DNLA and (b) corresponding Western
blot using a polyclonal lamin A/C anti-
body (39). The major band runs at 69
kD, the predicted molecular mass of
DNLA. There are also minor bands,
representing the proteolytic fragments
seen in nuclear lamin preparations ex-
pressed in E. coli (38). Numbers on
the left represent molecular mass size
markers in kD.
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(39) was diluted 1:100 in PBS for use as a primary antibody for immuno-
fluorescence. Secondary antibodies were diluted 1:50 in PBS and included
FITC-labeled goat anti–rat IgG (Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA), tetramethyl rhodamine isothiocyanate–labeled
goat anti–rabbit IgG, and lissamine rhodamine-labeled donkey anti–rab-
bit IgG (Kirkegaard & Perry Laboratories, Inc., Gaithersburg, MD).

 

Xenopus Interphase Extracts and In Vitro Nuclear 
Assembly Reactions

 

Xenopus laevis

 

 egg interphase extracts were prepared as described in (43).
The extract was frozen in liquid nitrogen in 70-

 

m

 

l aliquots. Demembran-
ated chromatin from 

 

Xenopus

 

 sperm was prepared as described in (42).
For all nuclear assembly reactions, aliquots of interphase extract were
thawed rapidly and brought to 15 mM Hepes, pH 7.4. For ATP genera-
tion, the extract was made 1 mM ATP (Sigma Chemical Co., St. Louis,
MO), 10 mM phosphocreatine (Sigma Chemical Co.), and 50 

 

m

 

g/ml cre-
atine phosphokinase (Sigma Chemical Co.) (see 43). Stock solutions of
bacterially expressed human LA or 

 

D

 

NLA in PB were added to the as-
sembly reaction to a final concentration of 200 

 

m

 

g/ml. Controls consisted
of the addition of an equal volume of PB to parallel assembly reactions.
The volume of protein solution or PB alone added to an assembly reaction
was maintained at 

 

<

 

10% of the final volume of the reaction mixture. 15
min after the addition of protein or PB to an assembly reaction, demem-
branated sperm chromatin was added to initiate nuclear assembly. Suffi-
cient sperm chromatin was added to achieve a final concentration of 1,000
nuclei per 

 

m

 

l. Unless otherwise specified, nuclei were either fixed for im-
munofluorescence or prepared for electrophoretic analysis at 90–120 min
after initiating the assembly reaction as described below.

In some experiments, assembled nuclei were removed from one assem-
bly reaction and transferred to another. To accomplish this, the assembly
reaction mixture was diluted 50-fold with NWB (200 mM sucrose, 15 mM
Hepes, pH 7.4, 50 mM NaCl, 2.5 mM MgCl

 

2

 

, and 1 mM DTT), and the nuclei
were recovered by centrifugation for 3 min at 1,600 

 

g

 

 (5). The resulting
pellets were then resuspended in fresh nuclear assembly reaction mixture.

The effects of 

 

D

 

NLA on assembled nuclei were studied by adding

 

D

 

NLA (200 

 

m

 

g/ml final concentration) at a time interval of 90 min after the
addition of sperm chromatin to a nuclear assembly reaction. After an ad-
ditional 45 min, nuclei were fixed and processed for immunofluorescence
as described below.

 

In Vitro DNA Replication Assays

 

DNA replication in the in vitro assembled nuclei was assayed with fluores-
cence microscopy by adding 1 mM bio-11-dUTP (Enzo Diagnostics,
Farmingdale, NY) to the nuclear assembly reaction to achieve a final con-
centration of 10 

 

m

 

M (6). The incorporated nucleotides were detected with
fluorochrome-tagged streptavidin as described below. DNA synthesis was
also assayed by adding 1.5 

 

m

 

Ci of [

 

32

 

P]dCTP (6,000 Ci/mM; Amersham
Corp., Arlington Heights, IL) to a 15-

 

m

 

l nuclear assembly reaction before
the addition of sperm chromatin. DNA replication was measured as de-
scribed in (12). Briefly, the reactions were stopped, treated with protein-
ase K, and resolved by electrophoresis on a Tris borate–buffered, 0.8%
agarose gel. The gel was dried and exposed for autoradiography and phos-
phoimaging with a FUJIX BAS 2000 (Fuji Photo Film Co., Tokyo, Japan)
to quantitate the amount of [

 

32

 

P]dCTP incorporation.

 

Preparation of Nuclear Matrices

 

Nuclear matrices were prepared from the nuclei assembled in vitro as de-
scribed in (11). Nuclei were assembled in a 100-

 

m

 

l nuclear assembly reac-
tion, and the reaction mixture was diluted with 650 

 

m

 

l of NWB containing
0.5% Triton X-100. DNase I (DPRF; Worthington Biochemical Corp., Free-
hold, NJ) was added to a final concentration of 8.3 

 

m

 

g/ml, and, after a 10-
min incubation at 20

 

8

 

C, an additional 750 

 

m

 

l of 4 M NaCl, 20 mM Hepes,
pH 7.4, 20 mM EDTA, and 1 mM DTT was added. After 10 min at 20

 

8

 

C, the
matrices were fixed at the same temperature by adding 160 

 

m

 

l of 10 mM
ethylene 

 

bis

 

 [succinimidyl succinate] (Pierce Chemical Co., Rockford, IL).
The fixation was stopped after 7 min by the addition of 42 

 

m

 

l of 1 M Tris
HCl, pH 7.4.

 

Microscopic Analyses of Xenopus Nuclei Assembled
In Vitro

 

Nuclei assembled in vitro were fixed for 10 min at 20

 

8

 

C by diluting the as-

sembly reaction mixture 10-fold in NWB and adding 0.1 vol of 100 mM
ethylene glycol 

 

bis

 

 [succinimidylsuccinate] in DMSO (35). Fixation was
stopped by adding 1 M Tris HCl, pH 7.4, to achieve a final concentration of
25 mM. Alternatively, nuclei were fixed with 4% paraformaldehyde in
NWB for staining with XMCM3 (33). Subsequently, nuclei were pelleted
onto coverslips as described elsewhere (37). After fixation, coverslips
were placed in 0.1% NP-40 or 0.1% Triton X-100 in PBS for 2 min, and
then rinsed twice for 2 min in PBS at room temperature. 30-

 

m

 

l aliquots of
primary antibodies, diluted 1:20 in PBS, were overlaid onto coverslips. Af-
ter a 30-min incubation at 37

 

8

 

C, coverslips were washed four times with
PBS and incubated for an additional 30 min at 37

 

8

 

C with a 1:50 dilution of
the appropriate fluorochrome-labeled secondary antibody. The coverslips
were then washed five times in PBS and mounted in 50 mM Tris Base, pH
9.0, 50% glycerol, and 2 mg/ml of 

 

p

 

-phenylenediamine (Sigma Chemical Co.).
The rabbit polyclonal sera used for these studies were directed against

human lamins A and C (39), XORC2 (9; a gift from William Dunphy, Cal-
ifornia Institute of Technology, Pasadena), and XMCM3 (33; a gift from
Ronald Laskey, Cambridge University, UK). Monoclonal ascites and su-
pernatants used included L6-5D5 directed against 

 

Xenopus

 

 lamin B3 (52),
CRL 1640 directed against DNA polymerase 

 

a

 

 (57; American Type Cul-
ture Collection, Rockville, MD), 

 

a

 

 RFC 11 directed against the large sub-
unit of replication factor C (8; a gift from Bruce Stillman, Cold Spring
Harbor Laboratory, Cold Spring Harbor, NY), and PC10 directed against
PCNA (Boehringer Mannheim Biochemicals, Indianapolis, IN). The myc
9E10 epitope antibody was also used (13; American Type Culture Collec-
tion). The antibodies directed against PCNA, DNA polymerase 

 

a

 

, XMCM3,
and XORC2 have all been shown to react only with their targeted anti-
gens in 

 

Xenopus

 

 extracts ( 9, 26, 27, 33). The antibody directed against hu-
man lamin A does not cross-react with 

 

Xenopus

 

 lamin B3 in immunofluo-
rescence assays (data not shown). The secondary antibodies used were
FITC-labeled donkey anti–mouse IgG, tetramethyl rhodamine isothiocy-
anate–labeled donkey anti–rabbit IgG, and lissamine rhodamine-labeled
donkey anti–rabbit IgG (Jackson ImmunoResearch Laboratories, Inc.).
Detection of bio-11-dUTP incorporation involved the incubation of fixed
nuclei for 30 min at 37

 

8

 

C in Texas red– or FITC-labeled streptadivin (Am-
ersham Corp.) at a 1:500 dilution in the presence of 12.5 

 

m

 

g/ml of RNase
A (4; Sigma Chemical Co.). Nuclear membranes were stained with the li-
pophilic dye dihexyloxacarbocyanine (DIOC

 

6

 

) (Molecular Probes, Eu-
gene, OR) at 2.5 

 

m

 

g/ml during the secondary antibody incubation and at
0.25 

 

m

 

g/ml in the mounting medium (44). Nuclear pore proteins were
stained by adding FITC-labeled WGA (Sigma Chemical Co.) at 50 

 

m

 

g/ml
during secondary antibody incubation (14). DNA was visualized by add-
ing Hoechst dye (Molecular Probes) at 1 

 

m

 

g/ml to the mounting medium.
Microscopic observations were carried out on an Axiophot (Carl Zeiss,
Inc., Thornwood, NY) equipped with a 35-mm camera or an LSM 410
confocal microscope (Carl Zeiss, Inc.) equipped with an argon/krypton la-
ser. Confocal micrographs were stored on optical disks, and micrographs
were printed on an UP-D8800 video printer (Sony Corp., Park Ridge, NJ).

 

Results

 

D

 

NLA Disrupts Nuclear Lamin Organization In 
Mammalian Nuclei

 

To determine the function of nuclear lamins, we sought a
method to perturb lamin organization. In previous studies,
we found that microinjection of bacterially expressed hu-
man LA into mammalian cells resulted in its incorporation
into the endogenous nuclear lamin structures (18). This
technique allowed us to follow the pathway of nuclear
lamin assembly in situ (18). We used this same technique
to introduce a mutant lamin protein into BHK-21 cells.
The mutant, 

 

D

 

NLA, lacks the NH

 

2

 

-terminal nonhelical
domain (33 amino acids) of LA, but it contains the entire

 

a

 

-helical rod and COOH terminus. Bacterially expressed

 

D

 

NLA cannot form typical LA paracrystals in vitro, show-
ing that the NH

 

2

 

 terminus is required for higher order
lamin assemblies (21, 38). To determine the effects of

 

D

 

NLA in vivo, a solution of this mutant protein (1 mg/ml;
see Materials and Methods) was injected into the cyto-
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plasm of BHK cells. Injected cells were fixed after 2 h and
then processed for immunofluorescence. As can be seen in
Fig. 2, there is a dramatic alteration in the distribution and
organization of the nuclear lamins. Instead of producing
the typical rim pattern associated with the nuclear enve-
lope as well as nucleoplasmic foci (Fig. 2, 

 

a

 

 and 

 

b

 

), lamins
A/C and B colocalize almost exclusively in large nucleo-
plasmic aggregates in injected cells (Fig. 2, 

 

c

 

 and 

 

d

 

). These
results show that 

 

D

 

NLA acts as a dominant negative mu-
tant that can induce the rapid disruption of the endoge-
nous lamin structures that are composed of both A- and
B-type lamins.

 

Human Lamin A Is Incorporated into the
Endogenous Lamin Structures of Xenopus Nuclei 
Assembled In Vitro

 

While microinjection of 

 

D

 

NLA can disrupt the lamina of
individual BHK-21 cells, such studies are not amenable to
detailed biochemical and structural analyses, as only a lim-
ited number of cells can be injected, and it is difficult to
control the amount of protein injected (for a discussion of
this latter point, see 19). Similarly, others have shown that
transfection of lamin cDNA mutants into mammalian cells
can also result in similar nucleoplasmic structures and ap-
parent disruption of the endogenous lamin organization,
but the amount of protein expressed per cell and the per-
centage of cells expressing the protein are quite variable
(23). In light of these limitations, we have developed a hy-
brid system in which controlled concentrations of mutated

and wild-type human lamins are added to nuclear assem-
bly extracts prepared from 

 

Xenopus laevis

 

 eggs (4, 30, 43).
One of the major advantages of this in vitro nuclear as-
sembly system includes the ability to precisely control the
amount of protein added to the extract. In addition, large
numbers of nuclei can be prepared for morphological and
biochemical studies. We have used the human lamins in
this system because species-specific antibodies allow us to
distinguish between the endogenous 

 

Xenopus

 

 lamin B3
and the mutant human lamin.

As a control for the use of the 

 

Xenopus

 

 system, wild-
type LA was added to the nuclear assembly reactions. Nu-
clei assembled under these conditions contain LA, which
colocalizes with the endogenous 

 

Xenopus

 

 lamin B3 (LB3)
(Fig. 3, 

 

a

 

 and 

 

b

 

). Staining is present at the nuclear periph-
ery and elsewhere through the nucleus when viewed by
conventional immunofluorescence. The LB3 staining pat-
tern is similar to that seen in nuclei assembled without LA
(compare Fig. 3 

 

b

 

 with Fig. 6 

 

a

 

). Furthermore, nuclei as-
sembled in the presence of LA contain a normal DNA
staining pattern as indicated with Hoechst dye (Fig. 3 

 

f

 

).
They also possess a normal distribution of nuclear mem-
brane, as shown by staining with the membrane intercalat-
ing dye DIOC

 

6

 

 (data not shown), and a nuclear envelope
with nuclear pore complexes, as suggested by the presence
of a typical WGA staining pattern (Fig. 4, 

 

c

 

 and 

 

d

 

). This
organization of human LA in a heterologous system is
consistent with results obtained in other laboratories. For
example, when human lamin RNA is expressed in 

 

Xeno-
pus

 

 oocytes, the expressed protein is localized to the lam-
ina of the germinal vesicle (28). Similarly, 

 

Xenopus

 

 lamins
expressed in mammalian cells integrate normally into the
lamina (15).

To determine if LA is stably incorporated into the en-
dogenous nuclear lamina, nuclear matrices were prepared
from nuclei assembled in the presence of LA. Nuclei were
first treated with DNase I, and subsequently extracted
with 2 M NaCl and 0.1% Triton X-100 (see Materials and
Methods). The nuclear lamina is resistant to this digestion
and extraction procedure that has been shown to remove

 

z

 

90% of the nuclear proteins and DNA (11). Indirect im-
munofluorescence shows that the LA within the lamina is
resistant to extraction and is therefore incorporated into
the lamina of these nuclei (Fig. 3 

 

c

 

).
Xenopus nuclei assembled in vitro replicate their DNA

once per cell cycle in a semiconservative manner (4, 30,
43). To determine whether the incorporation of LA affects
DNA replication, biotinylated dUTP was added to nuclear
assembly reactions (see Materials and Methods) contain-
ing LA. After fixation and staining with Texas red–
streptavidin, fluorescence microscopic observations show
that this nucleotide is incorporated in a fashion indistin-
guishable from control nuclei (compare Figs. 3, d and e,
and 6, a and b).

DNLA Disrupts Nuclear Lamin Organization in Nuclei 
Assembled In Vitro and Inhibits DNA Replication

When the mutant human lamin DNLA is added to the nu-
clear assembly reaction at the same concentration as that
used for the wild-type LA (200 mg/ml final concentration;
see Materials and Methods), normal lamin assembly is al-

Figure 2. Double label immunofluorescence showing nuclear
lamin patterns in a normal interphase BHK cell and in a cell in-
jected with DNLA. Nuclei were stained for lamins A/C (LA) (a
and c) or lamin B (LB) (b and d). In the uninjected cell, there is a
distinctive lamin rim as well as less intense nucleoplasmic foci (a
and b), as previously described (39). In cells fixed 2 h after injec-
tion, the lamin rim is no longer obvious, and the lamin staining
for both lamins A/C and B appears mainly in the same foci (c and
d). Confocal optics showing sections through the mid-region of
the nucleus. Bar, 5 mm.
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tered in .90% of the nuclei. Instead of producing a typical
nuclear lamin staining pattern, antibodies directed against
Xenopus LB3 and LA stain large nucleoplasmic spheroi-
dal bodies (Fig. 5, a and b). Confocal microscopic analysis
of nuclei assembled with DNLA shows that both Xenopus
LB3 and DNLA colocalize within these nucleoplasmic ag-
gregates and that there is no obvious staining of the nu-
clear periphery (Fig. 5, d and e). However, the DNA of
these lamin-disrupted nuclei appears to be distributed nor-
mally as indicated by Hoechst dye (Fig. 5 c). Furthermore,
nuclear pore complexes, as indicated by WGA staining
(Fig. 4, e and f), and the nuclear membranes, as indicated
by DIOC6 staining, (Fig. 4, g and h) appear to be normal.

We also determined if nuclear protein import could take
place in disrupted nuclei. This involved the use of nuclei
that were assembled in the presence of DNLA for 90 min
(see Materials and Methods). Under these conditions,
100% (n 5 84), of the in vitro assembled nuclei were dis-
rupted. Subsequently myc-tagged wild-type LA was added
to the same extract at a concentration equivalent to 25%
of the mutant protein. 30 min later, the reactions were
stopped and immunofluorescence assays demonstrated
that the wild-type lamin A was imported into 100% (n 5
80) of the disrupted nuclei (Fig. 4, i and j). These observa-
tions demonstrate that the disrupted nuclei are able to im-
port nuclear proteins. Furthermore, under the experimen-
tal conditions used, the nuclei maintained their disrupted
phenotype throughout the transport process. In contrast
with the control nuclei, the myc-tagged lamin A colocalized
with DNLA in the nucleoplasmic aggregates in disrupted
nuclei (Fig. 4, i and j).

Interestingly, the disrupted nuclei are smaller than those

formed in control assembly reactions or in reactions con-
taining LA (e.g., compare Fig. 6 a and 6 b with 6 c and 6 d).
Nuclei assembled in the presence of DNLA also seem
more fragile than nuclei formed in either control or LA-
containing assembly reactions, as indicated by their in-
creased tendency to break open when centrifuged at low
forces (see Materials and Methods; data not shown).

In contrast with the results obtained with the buffer con-
trol (Fig. 6, a and b) or with LA (see Fig. 3 e), the addition
of DNLA to nuclear assembly reactions greatly inhibits DNA
replication. When examined with conventional fluores-
cence optics, the disrupted nuclei show greatly reduced or
no detectable incorporation of biotinylated dUTP after 90-
and 180-min incubations (Fig. 6 d). However, confocal mi-
croscopy demonstrates that the majority of these nuclei do
exhibit a faint punctate nucleoplasmic pattern of biotinylated
dUTP incorporation (Fig. 6 f). To obtain a more quantitative
measure of the inhibition of DNA synthesis, 32P-labeled
dCTP was added to nuclear assembly reactions, in the
presence or absence of DNLA. After a 90-min incubation,
the DNA was isolated and resolved by gel electrophoresis
(see Materials and Methods). Autoradiographic (Fig. 7 A)
and phosphoimage analysis (Fig. 7 B) demonstrates that
DNLA reduces the level of 32P-incorporation by 94% in
disrupted nuclei.

Disruption of Lamin Organization Alters the 
Distribution of Factors Required for the Elongation 
Phase of DNA Synthesis

To examine the effects of altered lamin organization on
the major steps of DNA replication, the distributions of

Figure 3. Characterization of
nuclei assembled in reactions
containing human LA. (a
and b) Nucleus stained for
(a) human lamin A and (b)
Xenopus LB3. The human
LA does not disrupt the
lamin network and appears
to colocalize with the endog-
enous LB3. (c) Confocal mi-
croscopic image of a nucleus
after nuclear matrix extrac-
tion and staining for human
LA. LA staining is retained
in the peripheral lamina after
the matrix extraction proto-
col. (d–f) Fluorescence im-
ages from a triple label prep-
aration of the same nuclei.
(d) Nucleus stained for hu-
man lamin A; (e) biotiny-
lated dUTP incorporation
pattern as shown by Texas
red–conjugated streptavidin
(REP); (f) Hoechst dye
showing the location of
DNA. The incorporation of
lamin A does not appear to
alter DNA replication in the
extract. Bar, 5 mm.
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five proteins known to be involved in either the initiation
or the elongation phases of DNA replication were exam-
ined. The organization of factors involved in the initiation
phase of DNA replication was studied with antibodies di-
rected against DNA polymerase a, XORC2, and XMCM3.
DNA polymerase a is believed to catalyze the formation
of primers at origins of replication (55). XORC2 has been
shown to be essential for DNA replication in the Xenopus
nuclear assembly extracts, and, as a result of its sequence
homology to the yeast ORC2, it is most likely involved in
the initiation of DNA replication (9). XMCM3 has been
characterized as a component of the licensing factor for
DNA replication in Xenopus nuclear assembly extracts,
and it is thought to be required for the initiation of DNA
replication (10, 29, 33).

The DNA polymerase a and XORC2 staining patterns
were unaffected in DNLA-disrupted nuclei (Fig. 8, a–d),
compared with nuclei formed in the presence of buffer
(data not shown). In both disrupted and control nuclei,
staining with these antibodies indicated that they colocal-
ized with chromatin (not shown). This is in agreement with
previous studies (9, 26). These results suggest that the dis-
ruption of the lamin network does not affect the early
stages of replication. The XMCM3 staining pattern of
DNLA-disrupted nuclei was also coincident with chroma-
tin (Fig. 8, e and f). This was true of 45-, 90-, and 180-min
nuclear assembly reactions. In addition, we noticed that, in
nuclei assembled in the presence of buffer, the XMCM3
staining colocalizes with chromatin at 45 min, but the fluo-
rescence intensity decreases over time so that at 90 min it
is not detectable (data not shown). This loss of XMCM3
signal is identical to the results obtained by other groups
and is believed to represent a displacement of the protein
from chromatin as replication proceeds (10, 29, 33). The
disruption of lamin organization apparently prevents this
XMCM3 displacement.

In contrast, the staining patterns produced by the anti-
bodies directed against the elongation factors, PCNA and
the large subunit of RFC, were dramatically altered in nu-
clei assembled in the presence of DNLA. Both of these
proteins are required cofactors for DNA polymerase d, the
polymerase known to be responsible for chain elongation
during DNA synthesis (55, 59). As assayed by indirect im-
munofluorescence, these two factors are associated with
chromatin in nuclei assembled in control reactions (Fig. 9,
a and d) or in assembly reactions containing LA (data not
shown). However, when nuclei are assembled in the pres-
ence of DNLA, PCNA and RFC colocalize with the lamin
aggregates (Fig. 9, b, c, e, and f). These observations sug-

Figure 4. Double label fluorescence observations of nuclei stained
for different aspects of nuclear envelope structure and function.
(a–f) Nuclei were assembled in interphase extracts containing: (a
and b) buffer control, (c and d) lamin A, and (e and f) DNLA.
Nuclei were stained for (a) lamin B3 or (c and e) human lamin A,
and (b, d, and f) the nuclear pore WGA binding proteins using
fluorescently tagged WGA. Nuclei assembled under all three
conditions appear to have essentially normal distributions of
WGA binding proteins at the nuclear periphery. (g and h) Nu-
cleus assembled in the presence of DNLA and stained for (g)
DNLA and (h) the membrane dye DIOC6 (MEM). The nucleus
contains a disrupted lamin organization but retains normal mem-
brane staining. Bar, 5 mm. (i and j) Import of wild-type lamin A

into (i) buffer control and (j) DNLA-disrupted nuclei. The wild-
type lamin A was detected using the myc 9E10 epitope antibody
(13). Nuclei were assembled with or without DNLA, and 90 min
after the initiation of assembly, myc-tagged human lamin A was
added to the reaction. The nuclei were fixed 20 min later and
stained with the myc antibody. Both (i) control and (j) DNLA-
disrupted nuclei show prominent myc staining, demonstrating
that the disrupted nuclei retain the ability to import protein. The
majority of the imported protein localizes to the characteristic
foci of DNLA-disrupted nuclei. Confocal optics showing sections
through the mid-region of nuclei. Bar, 5 mm.
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gest that the inhibition of DNA replication resulting from
the disruption of nuclear lamin organization may be caused
by alterations in the localization and/or targeting of the
components of the DNA replication machinery responsi-
ble for chain elongation.

Disruption of Nuclear Lamin Assembly
Is Reversible

To determine if the DNLA-induced alterations of nuclear
structure and function are reversible, nuclei were assem-
bled in the presence of DNLA for 90 min. The disrupted
nuclei were then removed from nuclear assembly reactions
containing DNLA by centrifugation. These nuclei were re-
suspended in fresh extract to which no DNLA was added
and were assayed for DNA replication. The nuclei were
fixed 90 min later for immunofluorescence or processed
for autoradiography (see Materials and Methods). As seen
by both biotinylated dUTP incorporation (Fig. 10, a and b)
and [32P]dCTP incorporation (data not shown), nuclear
DNA synthesis was “rescued” when the disrupted nuclei
were transferred to normal nuclear assembly reactions. In-
terestingly, although a few of the lamin aggregates re-
mained in these nuclei, apparently normal nuclear lamina
staining was reestablished (Fig. 10 a).

Disruption of Nuclear Lamin Organization after 
Nuclear Assembly In Vitro

The microinjection of DNLA into cultured mammalian cells

Figure 5. Nuclei assembled in an inter-
phase extract containing DNLA. (a–c)
Conventional fluorescence images of
lamin and DNA patterns of a nucleus
stained for (a) human LA, (b) Xenopus
LB3, and (c) DNA. (d and e) Confocal im-
ages of a disrupted nucleus stained for (d)
human LA and (e) Xenopus LB3. The en-
dogenous lamin structure has been dis-
rupted and LB3 appears in foci colocaliz-
ing with DNLA. Bar, 5 mm.

Figure 6. The addition of DNLA to nuclear assembly reactions
inhibits DNA replication as shown by the reduced incorporation
of biotinylated dUTP. Fluorescence images of the LB3 pattern
and biotinylated dUTP incorporation in (a and b) control nuclei
and (c–f) nuclei formed in the presence of DNLA. (a, c, and e)
Immunofluorescence using the antibody against Xenopus LB3;
(b, d, and f) Texas red–conjugated streptavidin shows the pat-
terns of incorporation of biotinylated dUTP. Disruption of lamin
organization greatly inhibited the incorporation of biotinylated
nucleotide when compared with control nuclei. However, all of

the lamin-disrupted nuclei do contain a faint punctate nucleoplas-
mic pattern of labeled nucleotide incorporation that is readily re-
solved by confocal microscopy. (a–d) Conventional optics (see f).
(e and f) Confocal optics. Bar, 5 mm.
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demonstrates the capacity of this truncated protein to dis-
rupt endogenous lamin organization in fully formed inter-
phase nuclei. At 90 min, nuclei formed in the Xenopus nu-
clear assembly reactions under normal conditions contain
a normal lamin organization as indicated by lamin anti-
body staining (see, e.g., Fig. 4 a). DNA replication is com-
plete or nearly complete, as indicated by the low level of
incorporation of a 5-min pulse of biotinylated dUTP at
this time interval (data not shown). To determine if DNLA
can disrupt the lamin organization once it is established,
DNLA was added to the nuclear assembly reaction 90 min
after the initiation of nuclear assembly. The reaction was
allowed to continue for an additional 45 min (see Materials
and Methods). We found that the addition of DNLA under
these conditions induced a dramatic disruption of the en-
dogenous lamina in .90% of the nuclei observed. This re-
sulted in the formation of nucleoplasmic aggregates con-
taining LB3 (Fig. 10 c) and DNLA (data not shown). The
addition of DNLA at both earlier and later time points (45,
120, and 150 min) after the initiation of nuclear assembly
also resulted in the formation of nucleoplasmic aggregates
indistinguishable from those seen in Fig. 10 c. In all cases,
these aggregates appear to be structurally identical to
those formed when nuclei are assembled in the presence
of DNLA (see Figs. 3–6). However, it should be noted that

nuclei disrupted 90 min after the initiation of assembly are
larger than nuclei formed in the presence of DNLA.

Discussion
In this study we describe the use of a dominant negative
mutant human lamin to disrupt the organization of the nu-
clear lamin assemblies both in vivo by microinjection into
mammalian cells and in in vitro assembled Xenopus nu-
clei. We further demonstrate that a normal distribution of
nuclear lamins is required for DNA synthesis. Specifically,
the addition of DNLA, a mutant human lamin, to the Xe-
nopus laevis nuclear assembly system blocks the formation
of a normal lamina at the nuclear periphery. Instead, the
endogenous LB3 and DNLA are found as constituents of
the same large aggregates dispersed throughout the nucleo-
plasm. Under these conditions, DNA synthesis is dramati-
cally reduced to z5% of its normal level. These results are
consistent with those obtained from immunodepletion
studies demonstrating that LB3 is required for DNA syn-
thesis in in vitro assembled nuclei (17, 34, 45). The nuclei

Figure 7. The addition of DNLA to nuclear assembly reactions
reduces [32P]dCTP incorporation by z95%. (A) Autoradiogram
of an agarose gel showing the incorporation of 32P-labeled dCTP
into the DNA of nuclei formed in the presence of buffer control
or DNLA. After nuclear assembly, the samples were treated as
described in Materials and Methods and resolved on an 0.8%
agarose gel. The upper band is at the origin of the gel. (B) Quan-
titation of replication assays shown in A. The radioactive signal of
the dried gel was quantitated with a FUJIX BAS 2000 phospho-
imager. The sum of the signal intensity/area value for both bands
in each lane was used to measure the total incorporation of radio-
activity into DNA. The average value for four replicate assays
was plotted in a bar graph, where the vertical axis represents the
signal/area values (in thousands) determined by the imager. The
average value for samples containing DNLA was 2,292, with val-
ues ranging from 2,035–2,513. The average value for the control
samples was 39,030, with samples ranging from 34,514–47,443.
The addition of DNLA to the nuclear assembly reaction reduced
the incorporation of 32P-labeled dCTP to z5% of that found in
control reactions.

Figure 8. Nuclei formed in the presence of DNLA, and then sub-
sequently stained for DNLA or lamin B3 and one of several early
DNA replication markers. (a and b) Nucleus stained for (a)
DNLA and (b) DNA polymerase a. (c and d) Nucleus stained for
(c) LB3 and (d) XORC2. (e and f) Nucleus stained for (e) LB3
and (f) XMCM3. The distribution of DNA polymerase a, XORC2,
and XMCM3 is not altered by the disruption of the lamin struc-
ture. Confocal microscopic images showing sections through the
middle of the nuclei. Bar, 5 mm.
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formed in LB3-immunodepleted extracts or DNLA-con-
taining extracts described in this study have other features
in common, including the fact that nuclear membranes and
pores appear to assemble in a relatively normal fashion
(34, 45). However, the dominant negative approach intro-
duced in this study avoids one of the major problems in-
herent in the immunodepletion experiments: that the block
in DNA replication could be caused by the removal of other
proteins associated with lamin B3 in the assembly extract.
In the experiments presented in this study, no components
are removed from the nuclear assembly system.

The disruption of lamin organization alters the distribu-
tion of both PCNA and the large subunit of RFC, two es-
sential cofactors for DNA polymerase d during the elonga-
tion phase of replication (55). Normally both the large
subunit of RFC (see Fig. 9) and PCNA (26) are distributed
along chromatin. In DNLA-disrupted nuclei, these cofac-
tors are reorganized, along with the nuclear lamins, to
form nucleoplasmic aggregates. These aggregates are not
obviously associated with chromatin, and this in turn may

have an inhibitory effect(s) on the assembly and function
of the elongation machinery. Alternatively, disruption of
lamin organization may also alter an aspect of the initia-
tion process itself that we have been unable to detect.

At the present time, we believe that our results support
an effect on the elongation phase of DNA replication for
several reasons. Evidence suggesting that the initiation of
DNA synthesis does not rely on an intact lamin organization
comes from our immunofluorescence studies of XORC2,
XMCM3, and DNA polymerase a. These three proteins
are thought to be involved in the initiation and primer for-
mation steps of DNA replication (9, 10, 29, 33, 55). The dis-
ruption of the nuclear lamin structure does not detectably
alter the distribution of DNA polymerase a and XORC2
or the initial distribution of XMCM3, and all three of these
factors remain associated with chromatin. Interestingly, dur-
ing nuclear assembly, it appears that XORC2 and XMCM3
along with two other initiation factors, RFA and FFA,
bind to chromatin before the assembly of either higher or-
der lamin structures or the nuclear membrane (1, 9, 10, 29,

Figure 9. Staining patterns of lamin and
DNA replication factors involved in elon-
gation in nuclei assembled in the presence
of (a and d) buffer or (b, c, e, and f)
DNLA. (a) Control nucleus stained for
PCNA. (b and c) Nucleus assembled in
the presence of DNLA stained for (b)
PCNA and (c) DNLA. (d) Control nucleus
stained for RFC. (e and f) Nucleus assem-
bled in the presence of DNLA stained for
(e) RFC and (f) DNLA. PCNA and RFC
distributions are altered from the control
as a consequence of lamin disruption such
that PCNA and RFC colocalize with lamin
aggregates in these nuclei. Confocal mi-
croscope showing sections through the
middle of the nuclei. Bar, 5 mm.

Figure 10. (a and b) Lamin
and biotinylated dUTP in-
corporation in a nucleus
formed in the presence of
DNLA, and subsequently
transferred to an interphase
extract containing biotiny-
lated dUTP but lacking
DNLA (see text). Confocal
micrographs showing sec-
tions through the middle of
the nucleus. (a) Nucleus
stained for Xenopus LB3. (b)
Pattern of biotinylated dUTP

incorporation as shown by binding of Texas red–conjugated streptavidin. The disrupted nuclei were transferred to a nuclear assembly
reaction lacking DNLA, where they form a lamin rim and replicate DNA. However, some lamin foci remain. (c) Postassembly disrup-
tion of the lamin structure of an in vitro assembled nucleus. DNLA was added 90 min after the onset of nuclear formation, a point at
which the nuclei have normal lamin organization and have largely completed DNA replication. The addition of DNLA disrupts the as-
sembled LB3 staining pattern. Bar, 5 mm.
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33, 60, 61). These findings suggest that both the sites of ini-
tiation of DNA replication, as well as the organization of
initiation cofactors at these sites, take place early in the
process of nuclear assembly. In addition, the results re-
ported here indicate that the location, organization, and
function of these origins of replication may be indepen-
dent of the presence of normal lamin organization.

Evidence indicating that the initiation of DNA synthesis
occurs in disrupted nuclei comes from the observations
that DNLA dramatically reduces but does not eliminate in-
corporation of biotinylated dUTP or [32P]dCTP. The very
faint punctate pattern of biotinylated nucleotide incorpo-
ration in disrupted nuclei (Fig. 6 f) is reminiscent of the
centers of DNA synthesis observed in normal nuclei at the
onset of replication (24, 25, 37). Therefore, it is possible
that the pattern and low levels of nucleotide incorporation
seen in the disrupted nuclei described in this study may re-
sult from sites of primer and initial strand synthesis. This is
also consistent with the unaltered distribution of DNA
polymerase a in the lamin-disrupted nuclei. However, at
this point, we cannot eliminate the possibility that the low
level of incorporation of biotinylated nucleotide detected
in disrupted nuclei may be due to other processes such as
DNA repair.

Further clues for the role of the nuclear lamins are de-
rived from the immunofluorescence pattern of XMCM3
in DNLA-disrupted nuclei. Normally, in control nuclei,
XMCM3 is displaced from chromatin as replication pro-
gresses and a dramatic decrease in fluorescence intensity is
observed (10, 29, 33). However, in the DNLA-disrupted
nuclei reported in this study, the fluorescence intensity of
XMCM3 staining appeared unchanged throughout the en-
tire assembly reaction. This suggests that the disruption of
the lamin structure prevents the dissociation of XMCM3
from chromatin, presumably by arresting replication be-
fore the normal displacement of this factor. Interestingly,
it has been proposed that XMCM3 may be involved in the
switch between the initiation and elongation phases of rep-
lication (60). Taken together, these results suggest that
disruption of lamin organization blocks replication after
the initiation of DNA synthesis and prevents the switch
from the initiation to the elongation phase of DNA repli-
cation. However, the precise elucidation of the point at
which lamin disruption blocks DNA synthesis requires a
more complete understanding of the steps involved in DNA
replication.

Most of our understanding of the biochemistry of DNA
replication has come from the coupling of genetic studies
in yeast with in vitro studies of SV-40 replication (55). The
mechanisms involved in the regulation of DNA replication
in more complex genomes remain largely unknown. How-
ever, it appears from the data presented in this study and
elsewhere (17, 34, 44, 55) that, in higher eukaryotic cells,
the nuclear lamins play a vital role in this process. We have
previously reported that lamin B colocalizes with PCNA
in mammalian cells during S phase (39). In this report we
find that the disruption of nuclear lamin organization also
alters the normal organization of RFC and PCNA, such
that all three proteins are found in the same aggregates.
These results suggest that lamins interact with the compo-
nents of the strand elongation complexes. This interaction
could be direct, with lamins binding to a component of the

replication machinery, or indirect through unknown nu-
clear proteins or structural entities. This proposed interac-
tion of PCNA with nuclear lamins is also supported by the
finding that PCNA is readily extracted from nuclei formed
in lamin B3–depleted assembly reactions, but is resistant
to extraction in nuclei assembled in control reactions (27).

Traditionally, lamins have been thought to be located
exclusively at the nuclear periphery, which makes it diffi-
cult to model lamin involvement in DNA synthesis, since
much of the replication process takes place deep in the nu-
cleoplasm. However, the presence of lamins in the nucleo-
plasm is supported by a number of studies (7, 18, 39), and
we have found lamin B3 within the nucleoplasm of control
Xenopus nuclei (Fig. 3 a). This lamin staining may be part
of a dynamic nucleoplasmic lamin network. Such a net-
work could form a scaffold (24, 25) upon which replication
factors are assembled into functional units that facilitate
the formation of active elongation complexes and/or stabi-
lize such complexes once they are formed. Such an organi-
zation would explain why perturbations in nuclear lamin
organization can block DNA replication and cause the ab-
normal distribution of RFC and PCNA.

The reduced size of nuclei assembled in the presence of
DNLA provides evidence that the nuclear lamins are in-
volved in the growth of the nucleus after its initial assem-
bly. In addition, the increased fragility of the nuclei assem-
bled in the presence of DNLA supports the idea that the
nuclear lamin structure also provides a mechanical sup-
port system for the nucleus. These findings are consistent
with previous reports of the small size and increased fragil-
ity of nuclei assembled in the absence of LB3 (34, 45).

The DNLA-induced disruption of lamin structure is
most likely related to the dynamic characteristics of lamins
in vivo. These properties of nuclear lamins are very similar
to those found for other types of intermediate filament
systems (36, 46, 50, 56, 58). Specifically, it has been shown
that during interphase the nuclear lamins do not form a
static polymer in vivo, but rather they are in a state of dy-
namic equilibrium between subunits and polymer. For ex-
ample, microinjected nuclear lamins are rapidly incorpo-
rated into endogenous lamin polymers (18). Similarly, the
results of fluorescence recovery after photobleaching ex-
periments demonstrate that lamin assemblies undergo con-
tinuous subunit exchange in living cells (49).

Since it is known from in vitro studies that the central
a-helical rod domain is required for normal lamin–lamin
interactions, it is probable that DNLA and LB3 interact
through their highly conserved rod domains to form het-
erocomplexes. However, the in vitro assembly of higher
order lamin structures such as tetramers and larger oligo-
meric complexes requires the NH2-terminal domain that is
missing in DNLA (20, 38). Therefore, the DNLA/LB3 het-
erocomplexes most likely cannot be incorporated into
higher order lamin complexes. In the presence of excess
DNLA, the normal process of subunit exchange could pro-
duce a large pool of heterocomplexes. In turn, this could
drive the equilibrium in the direction of disassembly, ulti-
mately resulting in the disruption of the endogenous lamin
structure described in this study.

In summary, the addition of exogenous normal and mu-
tated lamins to the Xenopus nuclear assembly system has
provided evidence that a normal nuclear lamin organiza-
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tion is required to proceed from the initiation to the elon-
gation phase of DNA replication. The assays used are rela-
tively simple and should continue to provide further
structural and biochemical information about the role of
nuclear lamins in DNA replication. Furthermore, the avail-
ability of a soluble pool of nuclear components should al-
low us to fractionate the interphase extract and to deter-
mine whether lamin proteins are interacting directly with
elongation factors at replication forks or indirectly through
other unidentified nuclear components. This use of Xeno-
pus extracts has already proven to be very important in
identifying and characterizing the interactions of factors
involved in the initiation of DNA replication within nuclei
(1, 9, 10, 29, 33, 61,). We believe such an approach will also
help to elucidate the role of nuclear lamins in other pro-
cesses such as postmitotic nuclear assembly, nuclear growth,
and the maintenance of the overall shape and structural
integrity of the nucleus.
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