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The nucleoskeleton: artefact, passive framework or active site?

P. R. COOK
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"As seen in the living cell the nucleus most commonly
appears as a clear, rounded, sac-like body bounded by a
delicate membrane and often showing no visible struc-
ture save for the presence within it of one or more
smaller rounded bodies, the nucleoli. After coagulation
by fixing agents, the nucleus offers a much more
complicated appearance containing ... a net-like frame-
work "

"Very often no trace of the framework is seen before
coagulation sets in; and this has led to a skeptical
attitude concerning it on the part of some observers."

The problem of artefacts

The quotations above are taken from E. B. Wilson's
classic review of cell biology written in 1892-1893 and
revised during the first quarter of this century (Wilson,
1928). Then, as now, many observers felt that a
nucleoskeleton must organize the complicated contor-
tions of the chromatin in the nucleus. What Wilson
pointed out, however, still remains the central problem
in the field - are the different preparations of the
nucleoskeleton that have been isolated, or seen micro-
scopically, any more than artefactual coagula created
during fixation or deconstruction of the cell? Nuclear
RNA, DNA and protein are all so highly concentrated
(each at about 0-1 gmP 1 ) that one might expect them
to coagulate as soon as water or ion concentrations are
altered. Criteria by which artefacts might be recog-
nized are crucial in helping us evaluate the relevance of
these preparations. Unfortunately, rather loose criteria
have been applied to many of the isolates, but more
stringent criteria based on biological function have
recently become available and this should allow us to
assess which of the various isolates are more than
artefacts. Here I will outline some difficulties in
identifying isolated structures with a nucleoskeleton
that exists in vivo and I will summarize recent evidence
suggesting that a nucleoskeleton is the active site of the
major nuclear functions, replication and transcription.
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Isolation procedures

Given the problem of artefacts, one must try to
deconstruct the cell gently using conditions as close as
possible to the physiological (e.g. pass along the thick
arrows in Fig. 1). (Note the terms 'mild' and 'gentle'
are invariably used in this field in a loaded sense.)
However, it comes as a great surprise to most people
outside the field to discover that conditions even
remotely approaching the physiological are rarely used.
This is largely because chromatin aggregates in isotonic
salt concentrations into a gelatinous and unworkable
mess (Fredericq, 1971). Nuclei are usually isolated by
homogenizing cells in buffers containing about one
tenth of the physiological salt concentration (MacGilli-
vray & Birnie, 1986), but this destroys the 30nm
chromatin fibre, decondenses heterochromatin, ex-
tracts a quarter of the nuclear protein, including
polymerases (Jackson & Cook, 1985o, 1986«) and
converts ribonucleoprotein particles into fibres that
cannot be redissolved in 2M-NaCl (Lothstein et al.
1985). 'Stabilizing' cations are also added, but these
activate degradative nucleases. As these preparations
are soluble and because intuition suggests that low salt
concentrations are 'mild', such isolation procedures arc
not carefully standardized, with every laboratory using
slightly different protocols. Another problem is associ-
ated with heat-shock. When cells are incubated
3-5 deg. C above the normal, a characteristic set of
proteins associates with karyoskeletal elements. This
also happens to nuclei isolated by conventional pro-
cedures, but is triggered by physiological tempera-
tures; isolation sensitizes nuclei (Evan & Hancock,
1985; Littlewood el al. 1987; McConnell et al. 1987).
Therefore our skeptic is unimpressed with structures
like scaffolds seen only after pretreating isolated nuclei
at 37°C (Mirkovitch et al. 1984).

Sub-nuclear structures are also extracted using high
concentrations of salt (e.g. 2M-NaCl), dextran sulphate
or the detergent, lithium diiodosalicylate (L1S). They
range from essentially pure preparations of a few
polypeptides like lamins, through nuclear pore com-
plexes and envelopes to complex structures like ghosts,
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Fig. 1. Pathways for the deconstruction of living cells. The thick arrows show an idealized path, the thin arrows the path
via hypo- and hypertonic conditions to the various nuclear substructures discussed. They are derived by extracting living
cells in hyper- or hypotonic salt concentrations. Simpler structures tend to be on the right. LIS, lithium diiodosalicylate.

matrices, scaffolds, folded chromosomes and nucleoid
cages (Fig. 1; for reviews, see Agutter & Richardson,
1980; MacGillivray & Birnie, 1986). How far any of
these structures (isolated using such non-physiological
conditions) are related to natural ones is open to
argument. Recently it has become possible to use
isotonic salt concentrations, avoiding aggregation by
first encapsulating cells in agarose microbeads (Jackson
& Cook, 1985a). (Of course, we know only very
roughly the precise ionic constitution of the cell.) As
agarose is freely permeable to small molecules, the cells
can be regrown or extracted using almost any con-
ditions.

Evaluation of isolated sub-nuclear structures

Once structures are isolated by any of the methods in
general use, by what criteria can we judge the extent to
which they are authentic? One approach has been to see
if structures isolated in different ways are roughly
similar. However, skeptics point to the differences.
Thus, Berezney & Coffey (1974) and Aaronson &
Blobell (1975) extracted rat liver cells in roughly
similar ways but obtained very different structures: an
internal matrix or an external envelope. Some differ-
ences have been traced to the precise sequence of
operations (Kaufmann et al. 1981), oxidative cross-
linking of protein (Berezney & Coffey, 1977) and
perhaps to metal binding by mercaptoethanol (Leb-
kowski & Laemmli, 1982). Striking differences are also
found when nuclei are treated with very high or very
low salt concentrations (as in 'Miller' spreads). In the
former case we obtain matrices or scaffolds, in the
latter no skeleton at all (Miller, 1984). Such differences
undermine any confidence in the search for similarities.

Preservation of microscopic appearance is an attract-
ive criterion for natural structure, but is by no means
free of problems of interpretation. The following

observation highlights one problem. When mitotic cells
are encapsulated in agarose microbeads, strong ionic
detergents (e.g. sodium dodecyl sulphate) extract
nearly all protein and RNA, leaving DNA, which
retains its chromosomal morphology (Cook, 1984).
Perhaps chromosome structure is not maintained by a
protein skeleton at all, but by forces resistant to strong
detergents; for example, by hydrogen bonds between
duplexes, stabilized by supercoiling (Cook & Brazell,
1978). Then pure chromosomal DNA might share with
so many other biological polymers the ability to fold
itself into its three-dimensional shape! Alternatively,
the structure might be maintained by tightly bound
molecules, but these cannot be scaffold/matrix/lamin/
cage proteins, which are all soluble in sodium dodecyl
sulphate. A third possibility is that on deproteinization
long chromosomal DNA remains so entangled with
itself that it retains its original shape. According to this
jaundiced view, the tangle in vitro would naturally
reflect the structure in vivo, long chromosomes giving
elongated tangles and short chromosomes shorter ones.
Tangles from less well-extracted cells are even more
likely to nucleate the precipitates that we call matrices,
scaffolds and nucleoids. Nucleation by single-stranded
(and therefore sticky) nucleic acids seems even likelier,
so we might expect nascent DNA and RNA to be at the
centre of the precipitate and so resist nucleolytic
detachment. The precipitate, inevitably containing
some proteins like topoisomerase II, would bind /'//
vitro some sequences but not others (Cockerill &
Garrard, 1986). Above all, different precipitates pre-
pared by different methods would be different.

The use of morphological criteria has another draw-
back: any nucleoskeleton has dimensions between
those best analysed by light and electron microscopy.
Electron microscopy of thin sections supported in
resins is not particularly suited to analysing filamentous
structures in three dimensions. More depth can be
provided using whole mounts (Capco et al. 1982),
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deeply etched (Heuser & Kirschner, 1980) or thicker,
but resinless, sections (Fey et al. 1986) of freeze-dried
or gently extracted samples. Then cytoskeletons are
seen intimately associated with nucleoskeletons after
extractions in 500 mM and 50 mM monovalent cation
(Capco et al. 1984; Fey et al. 1986), but only after
drying specimens using conditions known to be prone
to form artefactual networks (Ris, 1985). However, this
association may well be real, as cytoplasmic intermedi-
ate filaments are homologous to nuclear lamins (Aebi et
al. 1986; McKeon et al. 1986).

Given these difficulties, how can those of us who
believe in a nucleoskeleton convince Wilson's skeptics
that these structures reflect more than a coagulum?

Specific interactions

One essential requirement is to show that any interac-
tions found in vitro reflect those in vivo, both in
quantity and in specificity. At least this means that
recoveries of any hypothetical 'scaffolding' molecules
must be carefully monitored during fractionation. It is
insufficient to show that a protein is associated with a
structure. Even cytoplasmic enzymes copurify to some
extent with nuclei, especially if basic; we must know
what percentage copurifies. This is rarely done and can
be a difficult task. For example, proteins are often
identified immunologically, but during fractionation
cryptic antigens may be unmasked, others destroyed,
still others (being only identifiable by immunofluor-
escence) are difficult to quantify. Where proteins are
identified by enzymic activity, this may be very differ-
ent in vivo and in vitro; thus polymerases are assayed in
vitro using broken and naked templates and not native
chromatin. Despite these difficulties, some proteins
(notably the lamins and scaffold protein I, which turns
out to be topoisomerase II) have been shown to
copurify quantitatively with certain substructures
(Gerace et al. 1984; Berrios et al. 1985; Earnshaw et
al. 1985; Earnshaw & Heck, 1985; Gassere* al. 1986).

Currently, interest is rightly focused on whether
specific sequences attach DNA in loops to a skeleton. I
will exemplify some problems in demonstrating this by
discussing work on nucleoid cages, chosen because they
were the preparation in which supercoiling (and so
looping) was first demonstrated and because they alone
of the preparations illustrated in Fig. 1 contain
unbroken DNA, so ends and nicks cannot attach
artefactually during isolation (Cook & Brazell, 1975). If
attachments are specific, attached sequences should
resist nucleolytic detachment and so should pellet with
the skeleton; if not, they will vary from one structure to
another in the population so that any given sequence
will be neither enriched nor depleted in the pellet
(Cook & Brazell, 1980). Integrated viral sequences (if
transcribed) are enriched 18 times in pellets from

transformed rat cells, implying that they attach on
activation (Cook et al. 1982). However, high enrich-
ments correlate with high levels of protein in the
pellet/coagulum and we might expect sticky transcrip-
tion complexes to form its core.

This mapping technique has been extended to
'matrix' DNA, but the enrichments are less convincing
(i.e. 2-5 times) and sometimes cannot be demonstrated
(Robinson et al. 1982; Kuo, 1982). This might reflect
uncontrolled detachment of DNA during isolation or,
equally, no specific attachment. Scaffolds prepared by
extraction with lithium diiodosalicylate provide strik-
ing (but unquantified) enrichments, the most tightly
attached regions containing topoisomerase II binding
sequences. In contrast to results with nucleoid cages,
transcribed regions are never attached (Mirkovitch et
al. 1984; Gasser & Laemmli, 1986). Partisans suggest
that this reflects different subsets of the many attach-
ments found in vivo; skeptics note that these scaffolds
are only seen after isolated nuclei are 'stabilized' by heat
under conditions that might allow topoisomerase II to
trap hitherto unbound DNA. Even more suggestive of
an artefact is the observation that glutaraldehyde, far
from fixing the structure, prevents its formation (Mir-
kovitch et al. 1984)!

Specific association has also been demonstrated by
incubating matrices with pure DNA fragments: the
sequence next to the immunoglobulin kappa enhancer
binds preferentially (Cockerill & Garrard, 1986; Cock-
erill et al. 1987). However, as this sequence contains
topoisomerase II sites, and matrices contain this en-
zyme, our skeptic will find the binding in vitro of an
enzyme to its substrate unsurprising. Moreover, the
region does not bind to nuclei, implying that sites are
only created during isolation. Nevertheless, this
powerful approach must be prosecuted because the
existence of a nucleoskeleton will probably only be
accepted when pure skeletal components are shown to
bind specific DNA sequences in vitro.

Function

Many feel that a skeleton is required to organize
nuclear structure, but skeptics see little need for any
additional functional role now that cell-free replication
and transcription systems have been developed. Never-
theless, it is as well to remember that if these systems
involve pure proteins and template they are inefficient
compared with the living cell and, conversely, those
systems that are efficient generally involve long prein-
cubations in crude extracts, when skeletal elements
may well reassemble. (For example, see Ariga &
Sugano, 1983; Li & Kelly, 1984; Stillman, 1986;
Wobbe et al. 1985.) Thus, one of the most efficient
transcription systems, crude 'Manley' extracts, polym-
erize correctly initiated transcripts at average rates of
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<10 nucleotidesh ' or 0-01% of the rate in vivo
(Manley et al. 1980). Chromatin templates are tran-
scribed even less efficiently (Knezetic & Luse, 1986;
Lorch et al. 1987) but appropriate preincubations
improve rates slightly (Workman & Roeder, 1987). The
most efficient replication system similarly involves
crude extracts (from frogs' eggs) but again synthesis
only begins after a nuclear membrane (and perhaps a
nucleoskeleton) has re-formed around the template
(Blow & Laskey, 1986; Blow & Watson, 1987; New-
port, 1987).

Evidence for a role for a nucleoskeleton in replication
(Pardoll et al. 1980; McCready et al. 1980), transcrip-
tion (Jackson et al. 1981) and the repair of damage in
DNA (McCready & Cook, 1984) stems from obser-
vations that nascent DNA and RNA and topoisomerase
II (Berrios et al. 1985; Earnshavve/ al. 1985; Earnshaw
& Heck, 1985; Gasser et al. 1986) are associated with
substructures isolated using hypertonic or hypotonic
conditions (Fig. 1). Recently, however, it has become
possible to isolate and manipulate chromatin contain-
ing intact DNA (encapsulated in agarose) in salt
concentrations that are the closest to the physiological
that have been used to date. This material, which has
never been exposed to abnormal salt concentrations, is
not sensitized to heat (Jackson & Cook, 1985o; D. A.
Jackson & P. R. Cook, unpublished data). After
nuclease treatment, most chromatin can be removed by
clectrophoresis in the physiological buffer to leave a
skeleton and nearly all the replicative and transcrip-
tional activities of the living cell (Jackson & Cook,
19856, 1986fl,6). Thus, polymerase activities, which
are the best markers for nuclear function (at least when
they are the major, authentic activities rather than
minor, aberrant ones), are associated with a skeleton
seen /// vitro. If artefactual, then these attachments
must be generated without affecting central functions!

It is easy to imagine how complicated nuclear
functions might be controlled by siting them at a
nucleoskeleton in vivo (Jackson et al. 1984). Such an
attachment hypothesis views the skeleton as much
more than a passive framework holding DNA in loops;
rather, it is the active site to which polymerases are
attached and at which DNA functions. Gene activation
and inactivation are then seen as attachment and
detachment to a skeleton, which (like its counterpart in
the cytoplasm) is dynamic, turning over during differ-
entiation and division. Topoisomerases stand at the
strategic interface between skeleton and loop, trans-
ducing structural information (Cook, 1973; Cockerill &
Garrard, 1986). If this view is correct, it is the loop,
rather than the gene and adjacent controlling se-
quences, that is the unit of function and it becomes
prudent to preserve its integrity when studying func-
tion. Grosveld and colleagues (1987) may well have
done this when they created a 'mini' locus of 38 kb from

the 90kb /3-globin locus; it is expressed tissue-specifi-
cally in transgenic mice, independent of its site of
integration. It is functional studies like these, rather
than merely structural ones, that are leading to an
increasing acceptance of a nucleoskeleton. But prob-
ably Wilson's artefact will only be laid to rest when a
nucleoskeleton is seen functioning in the living cell.

I thank the Cancer Research Campaign for their continued
support and R. D. Cole for help in drafting the manuscript.
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