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Summary
The intermediate
filament cytoskeleton
of cultured
bovine kidney epithelial
cells and human HeLa cells
changes
dramatically
during mitosis. The bundles
of cytokeratin
and vimentin filaments
progressively
unravel into protofilament-like
threads of 2-4 nm
diameter,
and intermediate
filament
protein is included in numerous,
variously
sized (0.2-1.5
pm)
spheroidal
aggregates
containing
densely stained
granular
particles
of 5-16 nm diameter.
We describe these mitotic bodies in intact cells and in
isolated cytoskeletons.
In metaphase
to anaphase
\jf normal mitosis and after colcemid
arrest of mitout stages, many cells contain all their detectable
cytokeratin
and vimentin
material
in the form of
such spheroidal
aggregate
bodies, whereas in other
mitotic cells such bodies occur simultaneously
with
bundles of residual intermediate
filaments.
In telophase, the extended
normal arrays of intermediate
filament
bundles
are gradually
reestablished.
We
find that vimentin
and cytokeratins
can be organized in structures
other than intermediate
filaments. Thus, at least during mitosis of some cell
types, factors
occur that promote
unraveling
of
into
protofilament-like
intermediate
filaments
threads and organization
of intermediate
filament
proteins
into distinct granules
that form large aggregate bodies. Some cells, at least certain epithelial and carcinoma
cells, may contain factors effective in structural
modulation
and reorganization
of
intermediate
filaments.
Introduction
Intermediate-sized
filaments
(“intermediate
filaments”) are a class of compositionally
different but
structurally
similar, long, unbranched
cytoplasmic
filaments with a diameter of 7-l 1 nm that belong to the
most insoluble structures found in cells of vertebrates
and are remarkably
resistant to extractions
with low
and high salt buffers and nondenaturing
detergents
(for reviews see Lazarides, 1980; Anderton, 1981). At
least five different classes of intermediate
filaments
can be distinguished
by biochemical
and immunolog-

ical criteria. First, epithelial cells are characterized
by
filaments containing
proteins related to epidermal keratins (“cytokeratins;”
Franke et al., 1978b, 1978c;
Sun and Green, 1978; Schmid et al., 1979; Sun et
al., 1979). Second,
mesenchymal
cells and many
cultured cells, those derived from epithelia included,
contain filaments of the vimentin type (Bennett et al.,
1978; Franke et al., 1978b;
Hynes and Destree,
1978). Third, various muscle cells form filaments containing a different protein, desmin (Lazarides and Hubbard, 1976; Small and Sobieszek,
1977). Fourth,
astrocytes contain glial filaments, usually in addition
to vimentin filaments. Fifth, in many neuronal cells a
different
type of filaments,
neurofilaments,
is expressed (for references see Anderton,
1981). These
filaments are frequently fasciated into bundles, which
form extended arrays characteristic
of the specific cell
type and can undergo
dynamic changes
such as
during mitosis (Hynes and Destree,
1978; Blase,
1979; Aubin et al., 1980) and cell locomotion,
as well
as in pathologic
processes and after certain experimental treatments. For example, trypsinization
of cells
or treatment
with certain cytostatic
drugs such as
colchicine, colcemid and vinca alkaloids results in the
formation of juxtanuclear
aggregates
of vimentin and
desmin type filament bundles as well as of glial filaments (see for example lshikawa et al., 1968; Goldman, 1971; Osborn et al., 1977; Gordon et al., 1978;
Lazarides, 1978; Starger et al., 1978).
Formation of juxtanuclear
aggregates
of intermediate filaments has also been observed upon treatment
with vanadate (Wang and Choppin, 1981) and upon
injection of antibodies
to intermediate
filament proteins or proteins associated with such filaments (Eckert and Daley,
1981;
Gawlitta
et al., 1981;
Klymkowsky,
1981; Lin and Feramisco,
1981). Various forms of constitutive aggregates
of intermediate
filament bundles in the nuclear vicinity have also been
described
for vimentin filaments in endothelial
cells
(Blose and Chacko, 1976) and for mixtures of vimentin
and cytokeratin
filaments in a rat hepatoma cell line
(Borenfreund
et al., 1980); in both cell types, these
aggregates
can be dispersed
in the cytoplasm upon
treatment of the cells with sodium butyrate (Hormia
et al., 1982). Induction
of paradesmosomal
aggregate bodies of tonofilament
material-that
is, cytokeratin-upon
cold treatment in epidermal
cells of
scales of various
fish species
is described
by
Schliwa and Euteneuer (1979). Cytokeratin
inclusion
also contributes to the formation of spheroidal
aggregates of a special form of short filamentous structures
termed “Mallory
bodies,” which are characteristic
of
a form of toxically damaged
hepatocyte
in chronic
hepatitis in mouse and human alcoholics (Denk et al.,
1979) and often disperse and disappear
upon withdrawal of the drug (Denk and Franke, 1981). A special
constitutive paracrystalline
body staining with keratin
antibodies has been described in a murine embryonic
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cell culture (Keski-Oja
et al., 1981). Agents effective
in disrupting intermediate
filament arrays into irregular
fragment structures have been found, including diphtheria toxin and exotoxin A (Sharpe et al., 1980).
Changes of the intermediate
filament cytoskeleton
during mitosis have been studied in particular detail in
cultured
cells containing
only vimentin
filaments
(Blose, 1979; Zieve et al., 1980) and in an epithelial
cell, PtK2, which contains both cytokeratin
and vimentin filaments (Aubin et al., 1980). These studies
emphasize the continual presence of intermediate
filaments through all stages of mitosis, but also demonstrate
extensive
rearrangements
of such fibrillar
arrays, especially of the vimentin filaments. Recently,
however, it has been noted, by using immunofluorescence microscopy,
that in certain cultured epithelial
cells more radical shape changes can occur in midmitosis: cytokeratin
fibrils are no longer detected, but
instead, distinct spheroidal
cytoplasmic
bodies appear that are intensely stained with cytokeratin
antibodies (Horwitz et al., 1981). These observations
have
been puzzling, since they can be made in some epithelial cells (Horwitz et al., 1981) but not in others
such as PtK2 (Franke et al., 1978a, 1978c; Aubin et
al., 1980; Horwitz et al., 1981)
and the nature of
spheroidal
bodies seen in mitosis has remained unclear. Therefore, we have studied this phenomenon
in
some detail by using two different epithelial cell lines:
first, the bovine kidney epithelial
cell line (MDBK)
growing
in epithelium-like
cell sheets and showing
polarized architecture,
and second, the human adenocarcinoma-derived
HeLa line, which rounds off during mitosis and exhibits little epithelial differentiation.
Results
lmmunofluorescence
Microscopy
The major intermediate
filament components
of HeLa
cells have been described
by immunofluorescence
and electron microscopy
as well as by gel electrophoretie analysis (see for example Franke et al., 1979a,
1981~). Monolayer
cultures of MDBK cells display
cobblestone
growth patterns of epithelial cell colonies
characterized
by the apical sequence of all four types
of intercellular
junctions. The cytoplasm of these cells
contains extended arrays of cytokeratin filaments bundles, many of which are associated with, and terminate
at, desmosomal
junctions (Franke et al., 1981 d). Like
many other epithelial
cell cultures (see for example
Franke et al., 1978b, 1979b; Osborn et al., 1980;
Summerhayes
et al., 1981) MDBK cells also contain
intermediate
filaments of the vimentin type that often
appear to be concentrated
in one or two polar clusters
at the cell periphery.
In mitotic stages of many MDBK cells, a grossly
altered pattern of fluorescent structures decorated by
cytokeratin antibodies is observed (Figure 1). In some
cells, especially in early prophases
of flattened cells

or in less commonly
seen rounded off mitotic cells,
the cytokeratin
material appears in intensely stained
conspicuous
meshwork arrays (see for example Figure 1 a, inset. Moreover, in many metaphase and early
anaphase cells, all of the cytokeratin staining is localized in cytoplasmic globules of sizes ranging from 1.5
pm down to the level of resolution
of light microscopy (Figures 1 a-l d). We have also used antibodies
raised against determinants
of bovine epidermal
keratin that do not react with the cytokeratin
filament
bundles present in interphase MDBK cells (Figures 1 c
and Id), probably owing to the different polypeptide
patterns of epidermal
prekeratin
and the cytokeratin
present in MDBK cells (see below). Such antibodies,
however, strongly stain the globular bodies present in
mitotic cells (Figure lc), indicating
the exposure
of
different
cytokeratin
determinants
in the two structures. Cytoplasmic
bodies fluorescently
stained with
cytokeratin
antibodies
have also been detected
in
later stages of mitosis (see for example Figures le
and If), but their number seems to decrease rapidly
in telophase,
concomitant
with the reappearance
of
fibrillar fluorescence
extending through the cytoplasm
of the daughter
cells. This transient appearance
of
cytokeratin
fluorescence
in “dots”
can be seen in
both forms of mitotic cells-those
remaining flattened
and interconnected
by numerous desmosomes
to the
adjacent interphase
cells and those which round off
and partly detach from the neighboring
cells.
The number of cells containing
spheroidal
bodies
stained by cytokeratin
antibodies is greatly increased
after mitotic arrest with colcemid (Figures 2a and 2b).
The fluorescent
arrays in the colcemid-arrested
mitotic cells, however, also show differences
from one
cell to another: cells containing
predominantly
fibrils
are seen next to cells containing
both fibrils and
“dots”
or cells showing fluorescence
exclusively
in
spheroidal
bodies (Figure 2a). Detailed inspection by
differential
focusing of cells that contain both fibrils
and spheroidal
bodies gives the impression that many
of these globular bodies are attached to the fibrils (see
for example Figure 2b). Frequently,
cells are seen in
which cytokeratin-positive
granules
prevail in one
hemisphere or in the central region, whereas the other
cell regions still show fibrils, indicating that the fibrilto-globule
transformation
process is inhomogeneous
and often starts in central cell regions.
Punctate cytokeratin staining in normal or colcemidarrested mitotic stages has been observed with all the
different guinea pig antibody
(IgG) preparations
to
cytokeratins
described
in Experimental
Procedures,
including
affinity-purified
antibodies
and monoclonal
mouse antibodies.
Moreover,
the abnormal
fibril
meshworks
and the spheroidal
bodies observed
in
many mitotic MDBK cells react not only with antibodies to cytokeratins
but also with antibodies
to
vimentin, and certain cells show all detectable vimentin staining in the form of such “dots” (Figure 2~).
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(a) lmmunofluorescent
microscopy
using affinity-purified
guinea antibodies
to bovine hoof prekeratin
shows fibrillar staining in interphase
cells,
punctate staining in a flat mitotic cell (center) and cage-like
meshworks
in rounded off cells in mitotic prophase (inset).
(b) Phase-contrast
micrograph
corresponding
to (a).
(c) lmmunofluorescence
microscopy
using a cytokeratin
antibody preparation
that does not stain cytokeratin
fibrils in interphase,
but strongly
reacts with spheroidal
bodies present in mitotic cells.
(d) Phase-contrast
micrograph
corresponding
to (CL
(e) lmmunofluorescence
micrograph
showing, in early telophase cells stained with antibodies to cytokeratin
(same as in [a]), the reappearance
of
cytoplasmic
fibrillar staining: spheroidal
bodies are still identifiable in the central part ( 9).
(f) Mitotic stage more advanced than in (e), showing already extended cytokeratin
fibrils in one daughter cell (to the right) and only few and small
residual fluorescent
dots in the region of the postmitotic
bridge ($1.
Bars = 20 pm.

The intense staining of the abnormal
fibril meshworks and the granular bodies occurring
in mitotic
MDBK cells is specific. It has not been found with
preimmune sera and other “nonimmune”
IgG controls
(not shown). In addition, various other antibodies (IgG)
from diverse mammals and from man have been examined. This pattern of punctate fluorescence
is not
seen when these cells are reacted with nucleolar
antibodies,
antibodies
to histones, actin antibodies
and antibodies to tubulin and clathrin (not shown).
Similar punctate staining structures during mitosis,
with the use of antibodies
to cytokeratins
and to
vimentin, can also be observed in cultures of HeLa
cells (Figure 3) and some other cultured epithelial
cells, in agreement
with the report of Horwitz et al.
(1981). While many mitotic HeLa cells, which have a
marked tendency
to round off during mitosis, show
such “dots,”
other HeLa cell mitoses present both
fibrils and dots at the same time (for example, the cell
in the left of Figure 3) or do not reveal any dots at all.
As in MDBK cells, the granular
bodies present in
mitotic HeLa cells are positively stained with vimentin
antibodies.
No punctate staining has been noted when

various other epithelial cell lines (for example, murine
HEL, bovine BMGE and rat kangaroo PtK2) have been
examined
with the use of the same antibodies
(not
shown).
Electron Microscopy
The cytoplasm of MDBK cells contains numerous intermediate filaments, many of which are fasciated into
conspicuous
bundle arrays (compare with Franke et
al., 1981 d). Usually, vimentin filaments and cytokeratin filaments
cannot be distinguished,
except for
those bundles
associated
with desmosomes
and
therefore considered
to be of the cytokeratin
type. In
some cells, including
many cells of mitotic prophase
stages, unusual arrays of intermediate
filaments of the
type shown in Figure 4a are observed.
Analysis of
serial sections shows that these are relatively short
bundles
of intermediate
filaments
separated
by
spaces containing
no or only sparse and loosely arranged individual filaments.
In normal mitotic stages as well as in mitotic cells
obtained
after colcemid
arrest, the organization
of
intermediate
filaments is altered. In many of these
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Figure 3. lmmunofluorescence
Microscopy
of HeLa Cells in Mitotic
Stages Showing Spheroidal Bodies Stained by Cytokeratin
Antibodies
Interphase
(upper right) and early prophase (lower left) cells still flat
and attached
to substratum
are stained with rabbit antibodies
to
bovine hoof prekeratin.
Note fibrillar arrays of interphase
cells and
appearance
of some spheroidal
bodies in mitotic stages.
Inset:
rounded off metaphase cell with punctate staining. Bars = 20 pm and
10 gm (inset).

Figure 2. lmmunofluorescence
Microscopy
of Bovine
lial Cells Treated with 1 Om5 M Colcemid for 4 Hr

Kidney

Epithe-

(a) Arrested
mitotic cells showing
spheroidal
cytokeratin
bodies
(“dots”)
as well as various degrees of fibril-dot
transition and association of positively stained spheroidal
bodies with fibrillar structures
(cytokeratin
fibrils of interphase ceils are not significantly
stained with
this specific antibody).
(b) Higher magnification
of cell showing both
fibrils and dots (same antibody as in [a]). (c) Cell stained with antibodies against vimentin. Note some formation of perinuclear
whorl
aggregates
of vimentin filaments in interphase
cells. Bars = 20 pm.

cells, especially
in prometaphase
stages, bundles or
short tufts of intermediate
filaments show regions in
which the individual constituent filaments seem to fray
out and are associated with very thin (2-4 nm) threads
and small granules of diameter 5-I 6 nm (Figures 4b
and 4~1, suggestive
of local transformation
of intermediate filaments into different fibrillogranular
structures. Those metaphase
or colcemid-arrested
cells
that contain the spheroidal cytoplasmic bodies stained
with antibodies
to intermediate
filament proteins are
recognized
by their high frequency of globular aggregates dispersed
through the cytoplasm (Figure 5a).
The diameters of these aggregates
are variable, ranging from 0.1 to 0.5 pm. Other mitotic cells simultaneously contain spheroidal
bodies and relatively short
bundle arrays of fasciated intermediate
filaments as
well as some isolated individual filaments (Figure 5b).
The ultrastructural
organization
of the spheroidal
aggregate
bodies appears
relatively
homogeneousdensely stained granular 5-I 6 nm particles are often
discerned
within these bodies, besides occasional
finely interwoven
webs of thin (2-4 nm) thread-like
structures and rod-like fragments of intermediate
diameter filaments (Figure 5b). Close associations
of
intermediate
filaments with the surface of these globular bodies are also often noted and give the impression that the filaments immerse into these dense aggregates (Figure 5b). Sometimes individual
intermediate filaments can be traced for a certain distance
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(a) Short tufts of loosely arranged
intermediate
filaments
c-r). Bar = 0.25 pm. (b) Survey micrograph
showing
bundles of densely packed
intermediate
filaments c-b), many of which show localized structural
alterations.
M: mitochondria.
Bar = 1 pm. (c) Higher magnification
of part of
(b), showing transition of intermediate
filaments into a mass of granular particles as typical of the mitotic spheroidal
bodies. Bar = 0.2 pm.
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Figure 5. Electron
Filament Proteins

Microscopy

of Sections

of Mitotic

Bovine

Kidney

Epithelial

Cells Showing

the Spheroidal

Bodies

Containing

Intermediate

(a) Survey micrograph
of a section through the cell center, showing mitotic chromosomes
(some are denoted “C”) surrounded
by dense spheroidal
bodies (4) of various sizes in a cell in which intermediate
filament structures
are no longer detected. A: apical cell surface with numerous microvilli.
Bar = 2 pm.
(b) Spheroidal aggregate body intimately associated
with residual intermediate
filaments (for example, 4). Bar = 0.25 pm. Inset: margin of such
a body revealing composition
by 2-4 nmthreads
(*).
Bar = 50 nm.
(c) Cell periphery
showing spheroidal
aggregate
(+I, absence of tonofilaments
at the desmosomal
(D) plaque facing the mitotic cell (.)
and
dense fuzzy meshwork
of 3-6 nm filaments associated
with this plaque. By contrast,
the side of this desmosome
facing the interphase
cell is
associated
with a typical intermediate
filament bundle (#f ). Bar = 0.5 pm.
(d) Similar situation as in (c) showing an asymmetric
desmosomal
complex in oblique section. The left hand side of the desmosome,
belonging to
an interphase cell, is associated
with a tonofilament
bundle. The right hand side of the desmosome,
which is part of a cell in arrested mitotic stage,
is not associated
with intermediate
filaments, but is only covered by a loose web of thin (3-6 nm) filaments (FL
Bar = 0.5 pm.
(e) Survey showing specific reaction of antibodies to cytokeratin
with mitotic cell spheroidal
bodies by using an immunoperoxidase
technique.
Bar
= 2gm.

Disaggregation
109

of Intermediate

Filaments

into the dense granular
material of the aggregate
bodies. In mitotic cells containing
spheroidal
bodies,
the desmosome-attached
tonofilament
bundles often
have disappeared,
leaving asymmetric
desmosome
structures in which only small irregular heaps of thin
2-6 nm filaments
are located at the desmosomal
plaque of the mitotic cell side, probably residues of
the tonofilament
anchorage
in interphase
cells (Figures 5c and 5d).
When mitotic MDBK cells grown on coverslips
or
collected in pellets are frozen and processed for immunological
examination
by electron microscopy
of
thin sections by using immunoperoxidase
techniques,
the characteristic
globular
bodies
are intensely
stained by antibodies
to cytokeratin
(Figure 5e) and
vimentin (not shown).
Intermediate
filament-rich
cytoskeletons
prepared
from normal confluent cultures of interphase
MDBK
cells by extraction in high salt buffer and Triton X-l 00
have been compared
with similar preparations
from
cells treated with colcemid-that
is, cell populations
in which a large proportion
of the cells are in mitotic
arrest and contain the typical spheroidal bodies. As is
seen in Figure 6a, such cytoskeletal
preparations
contain, besides variable proportions
of normal intermediate filaments, two other major structures. These
are tangles of intermediate
filaments partly disintegrated into irregularly
distributed
threads of protofilament-like diameter (for higher magnification
see Figure 6b) and the spheroidal
aggregate
bodies, which
(at higher magnification)
reveal a granular composition
(Figure 6a). Many of these isolated spheroidal
bodies
also show close associations
with residual intermediate filaments. This demonstrates
that the spheroidal
bodies of mitotic cells are as resistant to the extractions in the high and low salt buffers and Triton X-l 00
as the intermediate
filaments of normal interphase
cells. Connections
of normal intermediate
filament
structures with regions indicative of local unraveling
into tangles of protofilament-like
threads of 2-4 nm
diameter and the occurrence
of 5-l 6 nm large knotlike granular
particles in the spheroidal
bodies are
more clearly seen when cytoskeletal
preparations
are
visualized by negative staining (Figure 6~).
Similar structures
as in mitotic MDBK cells have
also been observed
in electron microscopic
examination of whole fixed mitotic HeLa cells and cytoskeletal preparations
from cell preparations
enriched
in
colcemid-arrested
mitotic states (not shown).
Gel Electrophoresis
Proteins
of cytoskeletal
preparations
from normal
near-confluent
MDBK cell cultures and from cultures
highly enriched in mitotic stages after treatment with
colcemid have been compared by gel electrophoresis
(Figure 7). No significant
difference
is found in the
pattern of major cytoskeletal
polypeptides
in both
stages of MDBK cells. The degree of Ca”+-protease-

mediated degradation
of vimentin as identified by the
appearance
of the typical “diagonal
series”
of the
proteolytic
breakdown
products (Figure 7b; Granger
and Lazarides,
1979) is also similar in both preparations.
Discussion
We describe
a novel type of structure
formed by
intermediate
filament proteins in the living cell. Our
immunofluorescence
observations
confirm and extend the findings by Horwitz et al. (1981). who have
shown that, in mitoses of three different lines of epithelial cells, the cytokeratin
filament
cytoskeleton
goes through a transient change of shape and threedimensional
organization,
resulting in the formation of
spheroidal
bodies at metaphase.
As we show, this
mitotic protein rearrangement
is a change of the assembly form of the constituent
proteins from filamentous organization
to aggregates
of densely packed
granular particles with a diameter of 5-16 nm. Our
findings that this change not only involves the cytokeratin filaments but also the vimentin filaments present in these cells and that the mitotic spheroidal
bodies
react with antibodies
to both types of intermediate
filament protein, cytokeratins
and vimentin, also emphasize
the structural
similarities
between
both
classes of cytoskeletal
proteins (compare with Franke
et al., 1978b; Starger et al., 1978; Steinert et al.,
1978, 1980; Geisler and Weber, 1981; Pruss et al.,
1981; Renner et al., 1981).
This transient structural change of intermediate
filament proteins observed during mitosis of MDBK and
HeLa cells seems to involve a series of different phenomena and processes. First, reduction of the length
of intermediate
filament bundles into shorter tufts of
intermediate
filaments,
indicative
of “breaking”
of
individual intermediate
filaments, is commonly found
in mitotic cells, even in early prophase stages. Severing of filament bundles may also provide the explanation for previous observations,
in PtK2 cells, of
short
intermediate
filament
bundles
relatively
(“fragments”
of fibrils) of both the cytokeratin and the
vimentin type during spreading
after mitosis or trypsinization (Aubin et al., 1980; Osborn et al., 1980) as
well as by electron microscopy
of normal mitosis and
colcemid-arrested
stages (Franke et al., 1978a). A
special and most conspicuous
example of fibril breaking is the separation
of cytokeratin
fibrils from their
anchorage
at the desmosomal
plaques. Second, unraveling of intermediate
filaments into thinner threads
of protofilament-like
diameter (2-4 nm) is frequently
seen at the ends of intermediate
filaments and in the
periphery
of the spheroidal
bodies. Whether these
thin filaments are identical to the protofilament
structures observed
upon isolated disintegration
of intermediate filaments by treatment with l-4 M urea or
low salt buffers (Krishnan
et al., 1979; Zackroff and
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Figure 6. Electron
and Triton X-l 00

Microscopy

of Pellets

of Intermediate

Filament

Cytoskeletons

from Bovine

Kidney

Epithelial

Cells Isolated

in High Salt Buffer

(a and b) Sections through pellets. (a) Cytoskeletal
material from cells in mitotic arrest contains
isolated spheroidal
aggregate
body revealing
granular composition
and association
with residual intermediate
filaments and thin protofilament-like
threads (b).
(b) Intermediate-sized
(7-11
nm) filaments from which thin threads with a protofilament-like
diameter (approximately
2 nm) unravel (some are denoted F). Both bars = 0.5
pm.
(c) Negatively stained cytoskeletal
preparation
showing flattened material of dense spheroidal
body (center) and associated
filaments of various
sizes, including a few Of intermediate
size (7-l 1 nm) and many with protofilament-like
diameters
(2-4 nm; some 2 nm filaments are denoted by
arrows in the upper right). Note granular composition
of the material of the spheroidal
body. Bar = 0.2 urn.
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IEF

SDS

b
Figure 7. Gel Electrophoresis
from Normal Near Confluent
Cultures Enriched in Mitotic

of Proteins of Cytoskeletons
Isolated
Bovine Kidney Epithelial Cells and Cell
Stages after Arrest with Colcemid

(a) Coomassie
blue-staining
of SDS-polyacrylamide
gel electrophoresis (from left to right) showing major cytoskeletal
proteins of normal
cell culture (lane 1) and cells enriched
in mitotic stages (lane 2).
including vimentin (V), two major cytokeratin
polypeptides
(1 and 2)
and residual actin (A).
(b) Two-dimensional
gel electrophoresis
of cytoskeletal
proteins from
35S-methionine-labeled
MDBK cells (for conditions
of labeling see
Franke et al., 1981 b). IEF: direction
of isoelectric
focusing.
SDS:
second dimension electrophoresis
in the presence
of sodium dodecylsulfate.
Brackets
1 and 2: major cytokeratins.
V: vimentin. A: p
and y actin. (u) Minor cytoskeletal
polypeptide
of molecular weight
53,000.
( 4 J J J) Characteristic
series of proteolytic
breakdown
products of vimentin.

Goldman,
1979; Renner et al., 1981; Stromer et al.,
1981) remains to be examined.
Third, inclusion
of
intermediate
filament proteins
into knot-like,
dense
granules with a diameter of 5-16 nm, which appear
to be the major components
of the spheroidal
aggregate bodies characteristic
of these mitotic cells, results in the appearance
of a different and novel type
of assembly of intermediate
filament proteins. However, this form of assembly is also characterized
by
high resistance to high salt buffers and detergents.
These spheroidal aggregates
are structurally
different
from all other so far described cytoplasmic aggregates
stainable with antibodies to intermediate
filament proteins. Finally, reversions of the phenomena
described
above appear to occur during anaphase to telophase
stages of mitosis.
We do not know whether the individual phenomena
of disorganization
and rearrangement
of intermediate
filaments are regulated differently or are triggered by
a single event or factor. Our observations,
however,
that in a given cell sample a certain number of mitotic
cells can almost always be found in which the only
change observed (if any) is the reduction of sizes of
fibrils, may suggest differential
regulation of the individual processes.

Although changes of shape and fibril display of the
intermediate
filament cytoskeleton
have been found in
other cultured
cells, including
mesenchymal
ones
containing
only filaments of the vimentin type (Franke
et al., 1978a; 1978c; Blose, 1979; Aubin et al., 1980;
Zieve et al., 19801, radical disorganization
and rearrangement into small 5-l 6 nm granular particles has
not been described.
It may be that the structural
changes, which are so extensive in the epithelial cell
cultures studied by Horwitz et al. (1981) and in the
present study, are much less pronounced
in other
cells. It is also possible that only certain cell types
contain the factors promoting this rapid and transient
change
of organization
of intermediate
filaments.
Clearly, reorganization
of cytokeratin filament proteins
into spheroidal aggregates during mitosis is not limited
to cultured epithelial cells, as these structures have
also been observed in some solid human carcinomas
(R. Mall, D. B. von Bassewitz
and W. W. Franke,
unpublished
observations).
At any rate, our findings
indicate that living cells contain factors that promote,
in a rapid and regulated reversible process, unraveling
and disintegration
of intermediate
filaments as well as
the reorganization
of their constituent
proteins into a
completely
different,
nonfilamentous
structure
of
granular appearance.
Studies on the nature of such
factors are underway in our laboratories.
Our study further shows that the proteins characteristically
found to be organized
in the typical intermediate filaments can occur in alternative,
nonfilamentous structures. Therefore, one should be open to
finding situations in which intermediate
filament proteins of one or the other type may exist in a certain
cell but are not exclusively
integrated into the typical
7-l 1 nm filaments. Intermediate filament proteins may
be partly or exclusively
incorporated
into other cell
structures, such as the protofilament-like
threads and
the granular particles we describe. In this connection,
it is also worth mentioning
that in many cells of invertebrates examined,
no intermediate
filaments have
been found, but that recently, in Drosophila, a protein
immunologically
related to vimentin has been detected
in indistinct fibrillogranular
meshworks
or dense cytoplasmic aggregates
(Falkner et al., 1981).
Experimental

Procedures

Cells
Growth conditions
of PtKP, HEL, HeLa and BMGE cells have been
described
by Franke et al. (1978c,
1979a, 1979b). MDBK cells, an
epithelial cell line derived from the kidney of an adult steer (Madin
and Darby, 1958), were obtained from Flow Laboratories
(Bonn) and
grown in Eagle’s minimal essential medium supplemented
with 10%
fetal calf serum. Treatment
with 1 Om5 M colcemid was in the case of
BMGE, PtKP, HEL and HeLa cell cultures
for 45-90
min and was
extended in the case of MDBK cells for 3-4 hr.
lmmunofluorescence
Microscopy
The following different antibodies
were used. First, antibodies
(IgG)
against prekeratin from desmosome-attached
tonofilaments
of bovine
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muzzle raised in different guinea pigs (Franke et al., 1981 a, 1981 c).
Second, guinea pig antibodies
(IgG) against electrophoretically
separated and excised polypeptide
bands I-VII of desmosome-attached
tonofilaments
from bovine muzzle (Franke
et al., 1980; 1981a.
1981 c). Third, antibodies
raised in guinea pigs (Franke et al., 1978b.
1978c) or rabbits (Horwitz et al., 1981) against hoof prekeratin,
which
had been obtained as IgG fraction and purified by affinity chromatography on prekeratin
covalently
bound to CNBr-activated
Sepharose
48 (compare
with Franke et al., 1980; Osborn et al., 1980) or to
glutaraldehyde-activated
AcA22 (Horwitz
et al., 1981). Guinea pig
antibodies
to cytokeratin
polypeptide
D isolated from cytoskeletons
of mouse hepatocytes
(Franke
et al., 198la).
Fourth, monoclonal
murine antibodies to prekeratin
as described
by Horwitz et al. (1981).
Fifth, various
preparations
of guinea pig antibodies
(antisera
and
purified IgG) against human and murine vimentin (Franke
et al.,
1979b).
For comparison,
we also used rabbit antibodies
raised
against actin (compare
Franke et al., 1980) and tubulin (Geiger and
Singer, 1980) and guinea pig antibodies
against porcine clathrin
(Kartenbeck
et al., 1981). In addition, we used human lupus erythematosus autoantibodies
against histone H2B and human scleroderma
autoantibodies
against an unidentified
nucleolar antigen.
For negative controls we used IgG fraction from nonimmune sera
from rabbits, guinea pigs and human volunteers
at concentrations
of
0.1 mg/ml, 0.2 mg/ml and 0.5 mg/ml. For control, ceils were also
routinely incubated with the FITC-labeled
second antibody alone.
For visualization
of the first antibodies, fluorescein-isothiocyanatecoupled rabbit antiguinea-pig
IgG, goat antirabbit IgG, rabbit antihuman IgG and rabbit antimouse
IgM (all from diles-Yeda,
Rehovot,
Israel) were used. To examine the specificity
of the diYsrent preparations of antibodies to intermediate
filament proteins, several preabsorption experiments
were performed:
vimentin antibodies
were incubated with epidermal prekeratin
or with cytoskeletal
preparations
from Wi-38 cells, which contain vimentin as the only intermediate
filament protein present.
In some experiments,
antibodies
against
bovine prekeratin were preabsorbed
either on reconstituted
filaments
from bovine muzzle prekeratin
(compare
Renner et al., 1981) or on
cytoskeletal
preparations
from MDBK cells.
Cells grown on coverslips
either were directly fixed in -2O’C
methanol followed by six brief immersions
in -2O’C
acetone or were
pretreated
for 2 min in 100 mM 2-[N-morpholino]
ethanesulfonic
acid
(pH 6.0) buffer containing 5 mM MgC12, 3 mM EGTA and 0.5% Triton
X-100. The procedure
for antibody
labeling was as described
by
Franke et al. (1979b).
Electron Microscopy
Celk grown
on coverslips
or cytoskeletal
pellets were fixed and
processed
for sectioning
and negative staining
as described
by
Franke et al. (1981 b) and Renner et al. (1981). For immunoperoxidase localization,
colcemid-treated
cells were scraped off and centrifuged, and the pellet was frozen at - 15O’C in isopentane cooled with
liquid nitrogen. Sections (4 am) obtained therefrom
were processed
as described
(for references
see Franke et al., 1981 e).
Preparation
of Cytoskeletons
and Gel Electrophoresis
Confluent cell cultures were extracted
with Triton X-l 00 and high salt
buffers, and cytoskeletons
enriched
in intermediate
filaments were
obtained (Franke et al., 1978c. 1981 b).
Cytoskeletal
proteins were separated
by SDS-polyacrylamide
gel
electrophoresis
or by two-dimensional
gel electrophoresis
according
to the method of O’Farrell
(1975).
Samples were either directly
solubilized
in lysis buffer or were first dissolved
in lysis buffer and
precipitated
by the addition of 9 vol of cold acetone as described
by
Franke et al. 1981 c).
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