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SUMMARY

The major residual structure that remains associated with
the nuclear envelope following extraction of isolated nuclei
or oocyte germinal vesicles with non-ionic detergents,
nucleases and high salt is the lamina (Fawcett, 1966;
Aaronson and Blobel, 1975; Dwyer and Blobel, 1976). The
nuclear lamina is composed of intermediate filament
proteins, termed lamins (Gerace and Blobel, 1980; Shelton
et al., 1980), which polymerise to form a basket-weave
lattice of fibrils, which coverstheentireinner surface of the
nuclear envelope and interlinks nuclear pores (Aebi et al.,
1986; Stewart and Whytock, 1988; Goldberg and Allen,
1992). At mitosis, the nuclear envelope and the lamina both
break down to allow chromosome segregation. As a conse-
guence, each structure has to be rebuilt during anaphase
and telophase, allowing cells an opportunity to reposition
chromosomes (Heslop-Harrison and Bennett, 1990) and to
reorganise looped chromatin domains (Franke, 1974;

Franke et al., 1981; Hochstrasser et al., 1986), which may
in turn control the use of subsets of genes. Because of the
position that it occupies, its dynamics during mitosis and
the fact that it is an essential component of proliferating
cells, the lamina has been assigned a number of putative
roles both in nuclear metabolism and in nuclear envelope
assembly (Burke and Gerace, 1986; Nigg, 1989). However,
to date thereis little clear cut evidence that satisfactorily
explains the function of the lamina in relation to its
structure. In thisCommentary wewill describe some of the
recent work that addresses this problem and attempt to
provide a unified model for the role of lamins in nuclear
envelope assembly and for the lamina in the initiation of
DNA replication.
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LAMIN STRUCTURE AND THE REGULATION OF
LAMINA ASSEMBLY

Sequence analysis of cDNA clones encoding lamins has
demonstrated that they belong to the intermediate filament
supergene family and are now classified as type V intermedi-
ate filaments (McKeon et a., 1986; Fisher et al., 1986; Doring
and Stick, 1990). As such, al lamins share a common primary
structure consisting of a central rod domain comprising three
alpha-helical coiled-coil domains, a short amino-terminal
globular head domain and a longer, more variable, carboxyl-
terminal globular tail domain (Fig. 1A). The tail domain is
important both for transport of the lamins into the nucleus
(Loewinger and McKeon, 1988) and for localisation of the
lamins at the nuclear envelope (Kitten and Nigg, 1991; Krohne
et a., 1989). Higher vertebrates normally express two types of
lamin, termed A-type and B-type (Gerace and Blobel, 1980).
Of these, B-type lamins are congtitutively expressed in all
embryonic and somatic tissues (Lehner et al., 1987, Stewart
and Burke, 1987; Wolin et al., 1987; Vorburger et al., 1989a;
Rober et a., 1989), although different tissues may contain

different B-type lamins (Stick and Hausen, 1985; Benevente et
al., 1985; Hoger et al., 1988). The expression of A-type lamins
is, in contrast, restricted to differentiated tissues (Lehner et al.,
1987; Rober et a., 1989). Both A-type and B-type lamins
contain a nuclear localisation sequence moetif in the tail
domain, close to the carboxyl end of the central rod domain
(Fig. 1A; Loewinger and McKeon, 1988). Phosphorylation of
chicken lamin B2 by protein kinase C, at a site adjacent to the
nuclear localisation sequence, delays translocation of newly
synthesised protein across the nuclear envelope (Hennekes et
a., 1993). Both types of lamin aso contain a sequence motif
CaaX (C, cysteine; a, aliphatic amino acid; X, any amino acid)
at the carboxyl terminus (Fig. 1A). This sequence serves as a
site for modification by isoprenylation (Beck et al., 1988;
Wolda and Glomset, 1988; Vorburger et al., 1989b) and
methylation (Chelsky et al., 1987). However, A-type lamins
and B-type lamins differ in that the modified cysteine residue
in the CaaX motif can be removed by proteolytic cleavage of
the final 18 amino acids in A-type lamins (Beck et al., 1988;
Vorburger et al., 1989b; Weber et al., 1989). In addition, A-
type lamins can be synthesised from an alternatively spliced
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MRNA species that lacks codons for the final 82 amino acids
(this shortened lamin is termed lamin C; Fisher et al., 1986).
I soprenylation at the CaaX motif isthought to function in posi-
tioning the lamins at the nuclear envelope, since the farnesyl
residues (the isoprene added to lamins) incorporated at these
sites can associate directly with the inner nuclear membrane.
Consequently, removal of farnesylated and methylated
cysteine residues from A-type lamins, during interphase, may
result in these species dissociating from the nuclear envelope
at mitosis, whereas B-type lamins, which retain their modified
cysteine residues, segregate with nuclear envelope vesicles on
nuclear envelope breakdown (Gerace and Blobel, 1980; Stick
et al., 1988; Meier and Georgatos, 1994).

Both A-type and B-type lamins contain severa putative
phosphorylation sites throughout the globular head and tail
domains and in the central rod domain. Of these, two sites
appear to regulate the state of lamina assembly/disassembly.
One site is situated in the amino terminus adjacent to coil 1a,
the other in the carboxy terminus adjacent to coil 2 (see Fig.
1A). Lamins will polymerise spontaneously in vitro to form
short filaments by head-to-tail assembly (Fig. 1B) and will
associate laterally to form paracrystals (Fig. 2B; Aebi et a.,
1986; Moair et al.,1991; Heitlinger et al., 1992). Lateral asso-
ciations, as with cytoplasmic, intermediate filaments, probably
occur through antiparallel associations (Quinlan et al., 1989).
Lamin paracrystals assembled in vitro can be disassembled by
incubation either in cell-free extracts of mitotic cells (Ward and
Kirschner, 1990) or with highly purified fractions of p34¢dc2
kinase (Peter et al., 1991). The M-phase specific sites of lamin
phosphorylation in the amino- and carboxy-terminal domains
both conform to the p34¢dc2 kinase consensus sequence (Fig.
1A; Peter et al., 1990; Ward and Kirschner, 1990). Further-
more, serine to arginine substitutions at these sites block
lamina disassembly at mitosis when cDNAS encoding mutant
lamins are transfected into fibroblasts (Heald and McKeon,
1990). As aresult of the studies described above, it is widely
held that lamina disassembly is controlled directly through
phosphorylation by p34°dc2 kinase (Fig. 1B). However, it is
still unclear how some associations are made between lamins
during lamina reassembly. When a laminais viewed in situ it
is organised as a network (Fig. 2A; Aebi et al., 1986; Stewart
and Whytock, 1988), but as yet network assembly of lamins
has not been recapitulated in vitro and instead lamins are
assembled into paracrystals. Nevertheless, since much is
known about the structure of the lamina, can this information
be used to determine how the lamina may influence events in
nuclear metabolism?

THE ROLE OF LAMINS IN NUCLEAR ENVELOPE
REASSEMBLY: LESSONS FROM CELL-FREE
EXTRACTS

The systems

At mitosis (in al vertebrates and many invertebrates) the
nucleus disassembles into its component parts. Thus the
nuclear envelope breaks down into Golgi-like vesicles and the
nuclear pores are released as precursor subunits. Preceding or
concomitant with this event the lamina disassembles, with A-
type lamins being released as soluble dimers and tetramers,
while B-type lamins generally remain associated with nuclear

envelope precursor (NEP) vesicles (Fig. 3). Hence mitotic cells
are a cytoplasmic milieu containing al of the components that
are required to reassemble a nuclear envelope. Thus it is
straightforward to convert amitotic cell into a cell-free nuclear
assembly extract by breaking open the cell, recovering the
cytoplasmic fraction and inactivating the cyclin-dependant
kinase activities that maintain the mitotic state. To date, such
extracts have been derived from synchronously dividing
Chinese hamster ovary (CHO) cells (Burke and Gerace, 1986),
fertilised and parthenogenically activated amphibian eggs
(Lohka and Masui, 1983; Lohka and Maller, 1985; Miake-Lye
and Kirschner, 1985) and syncitial Drosophila embryos
(Crevell and Cotterill, 1991). Of these, by far the best-charac-
terised extracts are those derived from Xenopus eggs, which
are also the most convenient to prepare. Each unfertilised
Xenopus egg contains sufficient stores of precursors to
assemble up to 12,000 nuclei in the absence of de novo tran-
scription or trandation (Forbes et al., 1983) and many
thousands of eggs can be collected that are synchronised either
in metaphase of second meiosis or in early G1 phase of the first
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Fig. 1. (A) Structural and functional motifsin a stylised lamin.
Boxes labelled 1a, 1b and 2 represent the alpha-helical coiled-coil
domains. The shaded areaiin coli 1b represents additional heptad
repeats occuring in lamin polypeptides but not in other intermediate
filament proteins. The sequence TPLSPT in the N-terminal globular
domain and L SPSPT in the C-terminal globular domain are p34¢cdc2
kinase target sites. The sequence TKKRKLE is anuclear localisation
signal (nls) sequence. The C-terminal contains a motif, CaaX, which
isrequired for nuclear envelope association. (B) Scheme illustrating
the steps in lamina assembly. Lamin monomers form homodimers
through associations between the coiled-coil domains. Dimers and
tetramers then form filaments by head-to-tail associations and lateral
extension. Filament assembly is regulated by
phosphorylation/dephosphorylation with p34°dc2 kinase. In vivo,
filaments assemble into a network beneath the inner nuclear
membrane.
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Fig. 2. (A) Enface view of a Xenopus oocyte germinal vesicle lamina. Germinal vesicles were manually dissected from stage six oocytes and
the nuclear membranes removed by incubation in Triton X-100. The nuclear envelopes were then prepared for high-resolution scanning
electron microscopy. In this micrograph, nuclear pores can be seen supported on a basket-weave network of lamin filaments (the micrograph
was provided courtesy of Dr Martin Goldberg and Dr Terry Allen, Paterson Institute, Manchester). (B) Lamin paracrystal assembled in vitro.
Lamin B3z was purified from Xenopus egg extracts, dialysed from 6 M ureato 250 mM NaCl and paracrystals were collected on copper grids.
The grids were negatively stained with uranyl acetate and viewed with a Joel transmission electron microscope. Lamin paracrystals display a
typical repeated pattern of light and dark bands with an axial repeat of 27 nm (this micrograph was provided courtesy of Hazel Jenkins and Dr
Roy Quinlan, University of Dunde€).
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mitotic cell-cycle (Lohkaand Maller, 1985; Blow and Laskey,
1986). In contrast, while cell-cycle synchrony can easily be
induced in CHO cells, only limited supplies of nuclear
envelope precursors are present in each cell (sufficient for the
assembly of two nuclei), so that depletion of this pool during
preparation of the extract poses a problem. Although cell-free
extracts from embryos of genetically tractible organisms such
as Drosophila appear attractive, these systems suffer from
several limitations. Since each female lays only small eggs,
extracts are prepared from several batches of embryos, which
are normally collected at the syncitial stage. Because of their
very rapid cell cycles the embryos cannot be collected at syn-
chronous stages, and in addition a significant proportion of the
maternal pool of nuclear envelope precursors in each embryo
will have been depleted. Moreover, from a practical point of
view, breaking the chitin shell of the embryos without drasti-
cally changing the contents is very tricky. Not surprisingly,
nuclear envelope assembly is relatively inefficient in these
extracts (Crevel and Cotterill, 1991).

Models for nuclear envelope assembly

Upon release from a metaphase state, nuclear envelopes re-
form around either endogenous or exogenous DNA templates
in each extract. Three alternative pathways might be used in
order to reassemble a functional nuclear envelope. In the first
pathway (model 1) soluble lamins first assemble on the

Fig. 3. Nuclear envelope
assembly and disassembly.
Nuclear envel ope disassembly
occurs at prophase and leads to
the dispersal of nuclear
membranes as several
populations of vesicles, some of
which have associated B-type
lamins and some of which have
no associated lamins. Other E
lamins are dispersed as dimers
and tetramers and are not
associated with membrane
fractions. Dispersal of nuclear
pore subunitsis poorly
understood. At late anaphase
membrane vesicles not
associated with lamins, lamin-
associated membrane vesicles
and soluble lamins bind
cooperatively to the surface of
decondensing chromosomes. As
the cell enters telophase,
membrane vesicles fuse and
nuclear pores are assembled to
form a continuous nuclear
envelope. Upon completion of
nuclear envelope assembly, the
bulk of soluble lamins are
rapidly imported into the
nucleus. Lamina assembly
occurs once the lamins have
achieved athreshold
concentration.
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surfaces of decondensing chromatin (here the term soluble
lamins is preferred to A-type lamins: this is because in early
embryosamajor fraction of B-typelaminsissoluble at mitosis;
Firmbach-Kraft and Stick, 1993). This allows NEP vesicles
that have associated B-type lamins to bind to the modified
chromatin, an event that initiates nuclear envelope vesicle
fusion. Nuclear pores are then inserted into the envelope by an
unknown mechanism. In the second pathway (model 2),
nuclear envel ope precursors bind to the surfaces of chromatin
independently of soluble lamins. Upon fusion of these vesicles
to form double-layered membranes, nuclear pores assemble.
Only then do soluble lamins migrate into the nucleus and
assemble into alamina. In the third model (model 3; Fig. 3) no
sequential  pathway is required. Instead soluble lamins,
membrane-associated lamins and NEPs (not associated with
lamins) bind cooperatively to the surfaces of chromatin to
allow nuclear envelope assembly to occur at an optimal rate.
Once the nuclear envelope is formed and nuclear pores are in
place, the bulk of soluble lamins can be transported into the
nucleus, allowing lamina assembly to occur due to high local
concentrations of lamin dimers and tetramers. Can cell-free
extracts be used to distinguish between these pathways?

Experimental evidence

An obvious means of addressing this question is to function-
aly deplete or remove lamins from cell-free extracts using
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anti-lamin antibodies. This approach has been tried in five
different laboratories with the result that on three occasions
lamins were reported to be required for nuclear envelope
assembly (Burke and Gerace, 1986; Dabauvalle et al., 1991;
Ulitzur et al., 1992) and on two occasions nuclear envelope
assembly appeared to occur independently of lamina assembly
(Newport et d., 1990; Meier et al., 1991). The first lamin
depletion experiments to be performed utilised CHO cell
extracts; A-type lamins or B-type lamins were removed from
the extracts using polyclonal antibodies linked to Staphylo-
coccus aureus. In the absence of either A-type lamins or B-
type lamins, nuclear envelope assembly was severely limited
(Burke and Gerace, 1986). In an independent series of exper-
iments, anti-lamin antibodies were microinjected into PtK>
cells at metaphase. This treatment resulted in cell-cycle arrest
at telophase with only partially formed nuclear envelopes
(Benevente and Krohne, 1986). These studies led Burke and
Gerace (1986) to proposed that nuclear envelope assembly
occurred via a two-step mechanism essentially as described in
model 1. Further evidence to support this model was derived
from experimentsin which purified A-type lamins were shown
to be capable of assembling efficiently into insoluble structures
on the surfaces of isolated metaphase chromosomes (Glass and
Gerace, 1990; Burke, 1990).

Cell-free extracts of Drosophila embryos also appeared to
require soluble lamins for nuclear envelope assembly.
Depletion of the soluble 75 kDa isoform of Drosophila lamin
(Smith and Fisher, 1989) from extracts using polyclona anti-
bodies prevented the attachment of nuclear envelope precur-
sors to the surface of exogenously added sperm chromatin.
However, nuclear envelope assembly could be rescued in these
extracts by the addition of purified bacterially expressed lamin
(Ulitzur et al., 1992).

In contrast to these data, experiments using cell-free extracts
of Xenopus eggs have proved equivocal in relation to the role
of laminsin nuclear envelope assembly. In an elegant series of
experiments, Newport and co-workers (1990) showed that
physical depletion of lamin B3 (at that time thought to be the
only lamin present in early cleavage embryos) from cytosolic
fractions of Xenopus egg extracts did not prevent nuclear
envelope assembly, on readdition of untreated membranes, but
did result in the formation of small fragile nuclei. In an inde-
pendent series of experiments, Meier and co-workers (1991)
used monoclona antibodies to functionally deplete lamin B3
from unfractionated Xenopus egg extracts, again with the result
that nuclear envelope assembly still occurred. What conclu-
sions can be drawn from these investigations? Newport and co-
workers (1990) have proposed a lamin-independent pathway
for nuclear envelope assembly that is similar to model 2. In
support of this model, several groups have demonstrated that
not only can NEPs bind to chromatin in the absence of lamins
but they can also fuse (Pfaller et al., 1991; Vigers and Lohka,
1991; Newport and Dunphy, 1992; Boman et al., 1992).
However, interpretation of these experiments is potentialy
misleading, as is interpretation of experiments that show that
A-type lamins coat the surfaces of chromosomes (Glass and
Gerace, 1990; Burke, 1990), for the following reasons. Regard-
less of the order in which lamins and membrane vesicles
associate with chromatin, it is clear that both can and do so.
Thus in minimal systems in which chromosomes are mixed
with lamins, or chromatin is mixed with nuclear envelope pre-

cursors, associations will occur. Therefore, minimal systems
cannot be used to define the order of steps in the pathway to
nuclear envelope assembly without reference to more complex
systems. The problem of interpreting results from cell-free
systems is highlighted by results described by Dabauvalle and
co-workers (1991). In contrast to earlier reports, this group
demonstrated that functional depletion of lamin Bz in Xenopus
egg extracts did prevent nuclear envelope assembly. However,
a simple hypothesis can accommodate the apparent contradic-
tion between the results of Meier, Newport and Dabauvalle.
Lamin B3 has been reported as the only lamin present in early
cleavage embryos (Stick and Hausen, 1985) and whilst lamin
B3 isundoubtedly B-type (Stick, 1988) it does not remain asso-
ciated with membrane vesicles at mitosis (Firmbach-Kraft and
Stick, 1993). If a small, previously undetected fraction of
membrane-associated lamin is also present in Xenopus egg
extracts, the experiment performed by Newport and co-
workers must be re-interpreted, since only soluble lamins were
depleted from their extracts. Furthemore, it is possible to
explain the apparent discrepancy between the results of Meier
et a. (1991) and Dabauvalle et a. (1991) if the antibody used
by Meier prevents assembly of soluble lamins into a lamina
while the antibody used by Dabauvalle prevents the binding of
membrane-associated lamins to chromatin.

RESOLVING THE DISCREPANCIES

To address the points raised above, two independent studies
have recently been reported. In the first of these, Jenkins and
co-workers (1993) developed a novel approach to remove
lamins physically from unfractionated egg extracts using anti-
bodies linked to magnetic beads. The monoclonal antibodies
used in this study recognised all three B-type lamins expressed
during Xenopus embryogenesis (Stick and Hausen, 1985;
Doring and Stick, 1990). The results of the experiments
indicate that, after removing >96% of lamins from Xenopus
egg extracts, nuclear envelope assembly still occurred.
However, in a detailed series of analyses, Lourim and Krohne
(1993) used a panel of monoclonal antibodies to re-investigate
the lamin composition of Xenopus egg extracts. They identi-
fied a hitherto undetected membrane-associated fraction of Bo-
like lamin. In addition, they also detected a minor fraction of
lamin B3z associated with membrane vesicles. The monoclonal
antibodies used by Jenkins et a. (1993) had previoudly failed
to detect any lamins in partialy purified fractions of NEPs
(Vigers and Lohka, 1992) and consistently failed to detect
lamin B2 in egg extracts. Thus while the result described by
Jenkins et al. (1993) indicates that soluble lamins are not
essentia for the initial events of nuclear envel ope reassembly,
Lourim and Krohne (1993) suggest that previously undetected
insoluble (membrane-associated) |amin fractions are present in
egg extracts and it is these lamins that are essential for NE
assembly. Significantly, despite the failure to detect lamins in
depleted extracts using immunoblotting and immunopreci pita-
tion, nuclei assembled in the same extract do contain aresidua
lamina (5% of the normal lamin complement; Jenkins et al.,
1993). The observations of Lourim and Krohne (1993) are the
first indication of the complexity of membrane fractions
defined as NEPs. It therefore seems likely that NEPs represent
an heterogeneous population. In arecent series of experiments,
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Foisner and Gerace (1993) described the behaviour of four
integral nuclear membrane proteins during mitosis. Each
protein had been shown to line the nucleoplasmic face of the
inner nuclear membrane (Senior and Gerace, 1988; Foisner and
Gerace, 1993). In addition, these proteins were shown to have
lamin-binding activity and were therefore termed |lamina-asso-
ciated proteins, or LAPs. Indirect immunofluorescence
revealed that two of the LAPs re-associated with chromosomes
at anaphase, whilst B-type lamins reassociated with chromo-
somes at telophase. Complementary results have also been
reported by Chaudhary and Courvalin (1993). These highly
suggestive results allow us to accommodate all of the available
information into a unified model. If it is assumed that inner
NEPs are of two types, those associated with B-type lamins
and those associated with LAPS, it can be inferred that each
can bind to the surface of decondensing chromatin in the
absence of soluble lamins. However, in vivo each membrane
fraction probably binds cooperatively with soluble lamins to
optimise the rate of nuclear envelope assembly. Nevertheless,
the removal of soluble lamins from cell-free systems that have
an over-abundance of NEP vesicles might not affect the final
outcome of experiments designed to test whether nuclear
envelope assembly could occur or not. Here of course is the
crux of the argument. Only in the Xenopus system can an over-
abundance of NEPs be ensured. Moreover, since al cell-free
extracts deteriorate during incubation, there is only a limited
window of opportunity during which nuclear envelope
assembly can occur. This window of opportunity has only
rarely been documented (Hutchison et al., 1989; Blow, 1993)
but its implications are far-reaching. If, as we propose, the
model shown in Fig. 3iscorrect, then depleting soluble lamins
from all but the Xenopus egg extract is likely to limit severely
the rate of nuclear envelope assembly. However, by prolong-
ing nuclear envelope assembly in both the CHO cell-free
system and the Drosophila cell-free system, the window of
opportunity for complete nuclear envelope assembly is lost.

Thus we propose that soluble lamins do contribute to nuclear
envelope assembly in vivo and that discrepancies between
results in cell-free extracts are a reflection of the relative sizes
of nuclear envelope precursor pools and aso of the stability of
each extract. How then should investigations with cell-free
extracts be conducted in the future? Currently, we and others
are characterising the protein composition of membrane
fractions that bind to the surfaces of chromatin. These studies
should lead to the identification and molecular analyses of
families of chromatin receptors. Determination of the kinetics
of the associations made between each receptor and chromatin,
or between different receptors (including lamins) in biochem-
ically defined systems, will clarify the order in which different
membrane fractions become associated with chromatin. Addi-
tionally, genetically tractible systems such as Zebra fish could
usefully be exploited to provide similar evidence in living
cells.

THE ROLE OF LAMIN A IN NUCLEAR ENVELOPE
ASSEMBLY

In the preceding discussion we proposed that the most likely
pathway for the initial events of nuclear envelope assembly
involve co-operative interactions between different NEP
fractions and the surfaces of decondensing chromatin. Fur-
thermore, whilst involving lamins these interactions occur
prior to the formation of an extensive lamina. This model is
supported by several lines of investigation. Indirect immuno-
fluorescence microscopy indicates that in Xenopus cell-free
extracts (Hutchison et al., 1988), CHO cells (Foisner and
Gerace, 1993) and human dermal fibroblasts (HDF; Bridger
et al., 1993) an extensive lamina is not formed until late in
telophase or early in Gy phase of the cell-cycle. This is par-
ticularly apparent when observing the behaviour of A-type
lamins. In a carefully performed series of experiments,

Fig. 4. Stereo pairs showing internal lamin foci in Gz1-phase human dermal fibroblasts. Indirect immunofluorescence was performed on G-
phase human dermal fibroblasts using anti-lamin A antibodies. Z-series were collected at 0.5 pm intervals through a representative cell and
projected as stereo pairs. A three-dimensional effect can be achieved by fusing each image in the centre of the micrograph with relaxed

viewing.
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Bridger and co-workers (1993) used confocal microscopy to
demonstrate that A-type lamins first appeared in the nuclei of
G fibroblasts as a series of spots and fibrils that accumulated
at sites deep within the nucleoplasm (Fig. 4). The mgjority of
these fibrils do not associate with nuclear membranes but do
associate with partially decondensed chromatin. Late in Gy
internal lamin staining disappears, giving way to a perinuclear
pattern. Subsequently, the distribution of A-type lamins and
B-type lamins was compared in the same cells. While A-type
lamins were predominantly located in the nucleoplasm, B-
type lamins were concentrated at the nuclear periphery (J.
Bridger, unpublished data). Similar structures to those
reported by Bridger et al. (1993) were also observed when
biotinylated bacterially expressed human lamin A was
microinjected into the cytoplasm of Swiss 3T3 fibroblasts
(Goldman et al., 1992). Apparently, microinjected lamins are
translocated rapidly across the nuclear envelope but are only
slowly incorporated into a peripheral lamina. As a result,
intermediate structures accumulate in the nucleoplasm. The
results described by Goldman and co-workers (1992) thus
provide a clear explanation for the observations of Bridger et
al. (1993). Therefore, if nuclear envelope assembly is
completed prior to the accumulation of A-type lamins, the
large cytoplasmic pool of these lamins present in Gi1 cells
would be rapidly transported across the nuclear envelope.
Since the transport of A-type lamins into the nucleus appears
to be considerably faster than their rate of incorporation into
the lamina, they would initially polymerise at nucleoplasmic
sites (Bridger et al., 1993).

THE PARADOX OF ISOPRENYLATION

Despite this evidence, our model does not fully accommodate
studies concerning the role of isoprenylation in lamina
assembly. As discussed above, lamina assembly appears to
require specific modifications at the CaaX motif (Beck et al.,
1988; Wolda and Glomset, 1988; Pollard et a., 1990). Chicken
lamin B2 (Vorburger et a., 1989b), human lamin B
(Farnsworth et al., 1989), Xenopus lamin Bz (Firmbach-Kraft
and Stick, 1993) and human lamin A (Sinensky et al., 1994)
are al modified by farnesylation and methylation on the
cysteine residue of the CaaX motif. Following modification of
B-type lamins, the three carboxy-terminal amino acids are
removed by proteolysis leaving a hydrophobic carboxy
terminus. Lamin A is also modified by proteolysis, which in
this instance appears to be directed by a nuclear protease that
removes the final 18 amino acids including the modified
cysteine residue (Weber et al., 1989; Beck et al., 1990).
CaaX modifications have been shown to be important for
correct assembly of the lamina, by examination of certain
mutant forms. Cysteine to alanine substitutions in the CaaX
motif of chicken lamin B2 prevents farnesylation and methyl-
ation. When expressed in mouse L cells, the mutant chicken
lamin is still imported into nuclei, but its association with the
nuclear envelope is delayed by 24 hours when compared with
wild-type lamins (Kitten and Nigg, 1991). Site-specific muta-
genesis of human lamin B also suggests that the CaaX motif
acts in conjunction with the nuclear localisation signal
sequence to direct this lamin to the nucleus (Holtz et al.,
1989). Following mitosis, the nuclear envelope and lamina

must reassemble, using a pre-existing pool of already post-
translationally modified lamin A. This raises the question of
how much mature lamin A can be relocated to the nuclear
envelope during telophase. To address this question Krohne
and co-workers (1989) injected mammalian lamins into the
cytoplasm of Xenopus oocytes and monitored their subse-
guent redistribution to the nucleus. They reported that,
whereas microinjected lamin C remains in the cytoplasm, a
chimaeric lamin consisting of the lamin A CaaX sequence
spliced onto the carboxy terminus of lamin C could translo-
cate to the nucleus. In order to accommodate al of these
results, it must be argued that at telophase either the bulk of
A-type lamins associate with chromosomes prior to nuclear
envelope assembly, or that some A-type lamins (those
inherited from the preceding interphase) are transported into
the nucleus and located at the nuclear periphery of Gy cells
by virtue of their association with other proteins. Indirect
immunofluorescence clearly indicates that the bulk of lamins
do not reassemble on tel ophase chromosomes. Further exper-
imental support for this view is again derived from cell-free
extracts of Xenopus eggs. Using antibodies against nucleo-
porins, Dabauvalle and co-workers (1990) were able to
prevent nuclear pore assembly but not nuclear envelope
assembly in Xenopus egg extracts. The resulting nuclei
lacked detectable lamins, indicating that the laminais formed
as a consequence of transport through functional nuclear
pores. Thus we must assume that most A-type lamins
inherited after mitosis (i.e those lacking a CaaX motif) are
chaperoned to the nuclear envelope during G1. Furthermore,
chaperonins may be of two types, those that aid the transport
of lamins into the nucleus and those that subsequently locate
the lamins at the nuclear periphery (Fig. 5). This hypothesis
could explain the presence of internal lamin foci, which we
have observed in Gi cells. Kitten and Nigg (1991) have
estimated that lamin Bz is processed and located at the
nuclear envelope within 30 minutes of synthesis. In contrast,
Bridger et al. (1993) could detect internal nucleoplasmic A-
type lamins for up to 10 hours after the end of mitosis. The
delay in nuclear envelope association may reflect the
increased time required for chaperonins to relocate the rela-
tively large A-type lamin structures that accumulate in Gz
nuclei. The restriction of these structures to Gi nuclei
suggests that lamins synthesised and transported into the
nucleus during S-phase are initially unprocessed and
therefore can rapidly accumulate at the nuclear periphery.

THE ROLE OF LAMINS IN DNA REPLICATION

We and others have manipulated Xenopus egg extractsin order
to construct nuclei that lack a significant lamina. This has
allowed us to examine the role of lamins in nuclear metabo-
lism. Nuclei assembled in Xenopus egg extracts act as inde-
pendent units of DNA replication (Blow and Watson, 1987)
within which semi-conservative DNA replication is initiated
and completed on both chromosomal DNA and plasmid DNA
(Blow and Laskey, 1986). An essential requirement for the
initiation of DNA replication in these extracts is the comple-
tion of nuclear envelope assembly (Sheehan et al., 1988).
Nuclear envelopes not only help to coordinate initiation events
within nuclei (Leno and Laskey, 1991) but also regulate the



3266 C. J. Hutchison and others

Early G1

Late G1

I [ = membranes = = chromatin

@ = lamins

B = nuclear pores —I

Fig. 5. Putative pathway for the incorporation of A-type lamins into the nuclear envelope of Gz cells. Upon completion of nuclear envelope
assembly at telophase, soluble A-type lamins are rapidly transported into the nucleus. Thusin early Gi-phase nuclei the rate at which lamins are
accumulated in the nucleoplasm exceeds the rate at which lamins can be incorporated into the nuclear envelope. Initialy these lamins
polymerise on partially decondensed chromosomes to form nucleoplasmic foci. With time many of the nucleoplasmic lamins become rel ocated
to the nuclear periphery where they contribute to the establishment of looped chromatin domains.

cell-cycle control of DNA replication (Blow and Laskey, 1988;
Leno et al., 1992). It now seems likely that cell-cycle regula
tion of DNA replication is achieved because an activity termed
‘licensing factor’ cannot cross the NE during interphase (Blow
and Laskey, 1988). It is not obvious how initiation events are
synchronised by nuclear envelope assembly, but pronuclear
formation in lamin-depleted extracts may provide the key.
Nuclei that lack a lamina are unable to initiate semiconserva-
tive DNA replication (Newport et a., 1990; Meier et al., 1991).
For DNA replication to be initiated and completed, nuclear

A B

transport must occur efficiently throughout S-phase (Cox,
1992). Therefore, one trivial explanation for the failure of
lamina-deficient nucle to replicate DNA isthat they are unable
to accumulate karyophilic proteins. With this in mind, Jenkins
et a. (1993) compared nuclear transport in norma nuclei and
in nuclei that lack alamina. Surprisingly few differences were
detected in either the rate of nuclear transport or the range of
karyophilic proteins accumulated. Even more surprising was
the observation that the major protein species associated with
nuclei that lack a lamina were insoluble following extraction

== =INuclear matrix

— = Chromatin

@ = Nuclear pores

1 = Membranes

®=SAR
@® = PCNA

Fig. 6. The involvement of laminsin DNA replication. (A) During theinitial stages of nuclear envel ope assembly, nuclear membranes interact
with the entire surface of dencondensing chromosomes, restricting chromatin attachment sites to the nuclear envelope (Newport and Dunphy,
1992). (B) Upon lamin import and assembly, many attachment points between chromatin and the inner nuclear membrane are dislodged.

(C) Lamina assembly or lamins is/are required for the formation of a nucleoskeleton. Once the nucleoskeleton is formed looped chromatin
domains are re-established by interaction between sequences resembling SARs and the nucleoskel eton. These sites act as replication centres

and recruit proteins such as PCNA.
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with detergents and nucleases. Thus it seems unlikely that
DNA replication is prevented in lamina-deficient nuclei
because nuclear transport is impaired.

One characteristic of DNA replication in Xenopus egg
extractsis the clustering of replication forksinto multiple foci
or centres of DNA replication (Mills et al., 1989; Cox and
Laskey, 1991), which model the foci observed in intact and
permeabilized mammalian cells (Nakamura et al., 1986;
Nakayasu and Berezney, 1989). Preceding the formation of
replication centres, replication proteins such as the proliferat-
ing cell nuclear antigen (PCNA) and RP-A assemble at pre-
replication foci, which resemble the subsequent sites of DNA
replication (Kill et al., 1991; Adachi and Laemmli, 1992).
Although nuclei that lack alamina import PCNA, the PCNA
is not assembled at pre-replication foci and remains soluble
(Meier et a., 1991; Jenkins et al., 1993). On the basis of this
observation, Jenkins et al. (1993) have proposed that the
lamina coordinates initiation events in the nucleus by influ-
encing the formation of replication origins. How could a
structure such as the lamina regulate the assembly of such
origins? In nuclei assembled in vitro, approximately 100,000
active replication forks are required for DNA replication to be
completed in one hour (Blow and Watson, 1987). Since
initiation events occur synchronously in this experimental
system (Blow and Watson, 1987; Millset al., 1989; Kill et a.,
1991), biotinylated analogues of thymidine can be used to
determine the initial position of replication centres in nuclei
assembled in vitro. Using confocal microscopy Mills et al.
(1989) demonstrated that most replication centres occur at
sites that are distant from the nuclear envelope. Thus it must
be assumed that the majority of replicons are not directly asso-
ciated with the lamina. Indeed, the distance of the furthest
replication centre from the lamina at initiation is ~5 pm
(Hutchison, 1994). Furthermore, resinless section EM has
revealed that replication centres or factories are attached to
filaments of the nucleoskeleton and not to a peripheral lamina
(Hozak et al., 1993). Therefore, the only plausible explanation
of the result of Jenkins et al. (1993) is that disruption of the
lamina or removal of lamins prevents correct assembly of the
nucleoskeleton. Since we have now established that
immunopurified lamin B3z will rescue DNA replication in
lamin-depleted egg extracts (Jenkins et a., 1994), we are
confident that absence of lamins directly affects the assembly
of a nucleoskeleton. Furthermore, there is a striking temporal
correlation between lamina assembly and the initiation of
DNA replication in nuclel assembled in vitro (Hutchison et
al., 1988).

Could lamins be components of the nucleoskeleton and
therefore provide sites for replication origin assembly?
Four important observations support this hypothesis. (1)
Chromatin domains form position-independent transcrip-
tional units that are physically linked to structures within the
nucleus through sequences termed Scaffold Attachment
Regions (reviewed by Gasser, 1991). It is now established
that SARs will bind directly to B-type lamin dimers,
tetramers and polymers in vitro (Luderus et al., 1992). (2)
Some SARs act as Autonomously Replicating Sequences in
budding yeast (Amati and Gasser, 1990). (3) The clearest
resinless section EM images of nucleoskeletons indicate that
replication foci (or factories) are supported between fibres
that are morphologically identical to intermediate type

filaments (Jackson and Cook, 1988; Hozak et a., 1993). (4)
The only intermediate filament proteins detected in the
nucleus by immunoblotting are lamins (Belgrader et al.,
1991).

Two recent reports indicate that lamins do accumulate as
filaments in the nucleoplasm (Goldman et al., 1992; Bridger
et al., 1993). However, nucleoplasmic lamin filaments are
only detectable during G; phase of the cell cycle. Neverthe-
less, at least some A-type lamins lack the necessary amino
acid sequences for nuclear envelope association (see above).
Furthermore, in primary cultures of human dermal fibroblasts
afraction of A-typelamins displays different solubility prop-
erties when compared to B-type lamins (I.R. Kill and C.J.
Hutchison, unpublished data). Is this A-type lamin fraction
inherited from the previous interphase and is it located in the
nucleoplasm? Perhaps the only way to resolve this question
is to incorporate into the nucleus a lamin whose sub-nuclear
distribution can be detected without recourse to antibody
staining. Micro-injection of biotinylated lamins into prolifer-
ating fibroblasts appears to be one way forward (Goldman et
a., 1992). Alternatively, microinjection of human lamin A
labelled with a fluorescent cyanine dye into human dermal
fibroblasts allows direct visualisation of the distribution of A-
type lamins (J. Bridger, unpublished data). This approach
should now allow us to compare the relative distributions of
lamins with or without a CaaX motif in unfixed living cells.
We predict that lamins lacking a CaaX motif will form part
of the nucleoskeleton. In the light of this prediction we
propose that synchronous initiations occur in nuclei
assembled in vitro as follows: upon nuclear envelope
assembly, chromatin attachment sites are initialy tightly
associated with the inner nuclear membrane (Fig. 6A:
Newport and Dunphy, 1992). Lamin import dislodges many
chromatin attachment sites from the inner nuclear membrane
as the nuclear lamina and nucleoskeleton are formed (Fig.
6B). Looped chromatin domains are then established by reas-
sociation of sequences resembling SARs to the nucleoskele-
ton. These sequences act as replication origins and replica-
tion proteins such as PCNA rapidly accumulate at sites of
SAR-nucleoskeleton interaction, alowing replication to
proceed (Fig. 6C).

CONCLUSIONS

So what do lamins do? Firstly, they provide a passive struc-
tural framework underlying and supporting the nuclear
envelope and contributing to nuclear envelope assembly. Addi-
tionally, we propose that lamins are integral components of the
nucleoskeleton, providing a scaffold for precise organisation
of chromatin into functional domains, and thereby regulating
DNA replication from fixed sites or factories. Thus lamins are
essential structural proteins of the nucleus that play an
important part in regulating nuclear metabolism.
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