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ABSTRACT L

Lymphocytes offer several advantages as a mode! system for the
analysis of dynamics and interactions of cytoskeletal components that can be
related to the differentiation and function of these cellg in the immune respunse,
‘Upon interaction of ligands with their surface receptors, resting lyﬁxphocytus can
be induced in vitro to undergo different processes such us—r—e-a_disu'ibution ot vell
surface recep;tors {patching and capping) or stimulation, whic.h mimicks the
normal differentiation of lymphocytes and involves the activation of resting cells

to enter the cell cycle and to progress through blastogenesis, DNA synthesis and

mitosis.

Using immunofluorescence and electron microscopy, 1 have examined
the organizational fate of vimentin and its relatiﬁnship to the microtubule system
in mouse splenic lymphocytes : a) during mitogenic stimulation by
concan‘avalin A b) during;nti;Ig-induced redistribution of surface receptors; and

‘¢) In response to treatments that alter microtubule organization such as cold,
microtubule-depolymerizing drugs (colchicine, colcemid-and nocodazole) and the
microtubule assgmbly-promoting drug taxol. The ;:rpose of this approach was to
characteri}_ei:he cellular dynamics of the vimentin system in lymphocyées.

Resting lymphocytes display a complex network of vimentin filaments

" which is partially coincident with the radial rpattern pfmiggtubules and appears

to extend from the centrosomal region. Accompanying the increase in cellular

volume that occurs during blastogenesis in response to con A, there are

progressive changes in centrosome organization and up to a 5-fold increase in the
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numbers of microtubules assembled from the centrosome (Schweitzer and Brown,
1984). In fully stimulated cells, a vimentin network is not observed, but rather
vimentin is detected as a diffuse aggregate 10cﬁted near the ceqtrosohle. This -
vimentin-reorganization does not temporally parallel the ﬁrogres’sive changes in
tubulin expression but rather occurs as a late event during blastogenesis.

When stimulated lymphocytes enter mitosis. the cvtoplasmic pattern
of microtubules is disfnantled and a mitotic spindle develops. Vimentin
reappears as filamentous arrays extending from the polar centrosomes during
prophase and then forms a cage-like structure th'at transiently encloses the
chromosomes and the mitotic spindle. During cytokinesis, the polar centrosomes
relocalize to a position adjacent to the midboldy and vimenfin is observed as an
aggregate, similar to that seen prior to mitosis, close to the centrosome in eéch
daughter cell. These observations and the data obtained from exposure of resting
and stimulated lymphocytes.to treatments that alter microtubule organization
support the view that vimentin arrangements may be spatially dependent on the
microtubule organization. They further indicate that the structural integrity of
the centrosome may be a critical factor in the cellular dynamics of the vimentin ‘

system.

In the continued presence of colcemid during mitogenic stimulation.
the entry of lymphocytes into S phase is markedly inhibited. In these cells, the
centrosome/Golgi complex is disrupted upon removal of microtubules and
vimentin is present in filamentous arrays through the stimulation process. In
contrast, in the continued presence of taxol, stimulation of lymphocytes proceeds
normally up to mitosis. Structural integrity of the centrosome/Golgi complex is

not altered by taxol-induced reorganization of microtubules and vimentin shows



- - xvi

a sequence of rearrangements during progr.ession in the cell cycle that resembles
that observed during normal stimulation. These results support the importancé
of the structural integrity of the centrosome for the cellular dynamics of vimentin
during mitogenicstimulation. They furthermore strongly suggest that vimentin
rearrangeménts may be more important than changes in microtubule
organization for the progression of lymphocytes thréugh the cell cvele in I'es;')nnr;v

to mitogen.

Extensive reaz'rangemen.ts of the vimentin system also oceurs during
slg cap formation on the surface of B lymphocytes‘. During that prociss, the
microtubule pattern remains ulmitered while thé vimentin network is rapidly
accumulated in a diffuse aggregate underneath the cap close to the position of the
centrosome. Further observati®ug on the cytoplasmic distribution of vimentin
duringslg cap formation in cel'ls. that were treated with coleemid or taxol prior to
induction of slg redistribution indicate that : 1) accumulation of vimentin is not
due to a passive trapping but represents a dynamic rearrangement of the
vimentin system. and 2) vimentin filaments, like microtubules, are not directly
involved in the translocation of ligand-receptor complexes but may contribute in
providing directionalit;‘y to the microfilament-dependent movement of such
complexes. Based on the organizational fate of vimentin during slg
redistribution in normal and drug-treated cells. it is proposed that vimentin may
playsa role in transmitting spatial informations from the microtubule system tn

the microfilament contractile machinery during slg ligand-receptor transiocation

to form a cap.

As the concomittant aggregation of the vimentin system and

relocalization of the polar centrosomes close to the midbody observed during
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cyt:)kinesis of lymphoecytes had not been previously reported in other cells, a
comparative study on the organizational fate of vimentin and tubulin during
division of several attached and suspension cell lines has been performed to
determine- if such features were peculiar to lymphocytes or of more general
occurrence. This study has indicated that : 1) relocalization of the centrosomes
near the midbody during cytokinesis is not peculiar to lymphoceytes but may
represent a more general feature of cells that grow in sﬁspension; 2) aggregation
of the vimentin system, which occurs concomittant with the relocalization of the
centrosomes in lymphocytes and lynrphoid cell lines. is not required for
centrosome relocalization of other suspension cells. Observations on the
organizational fate of vimentin during mitosis of attached and suspension cells
also support a functional involvement of this filamentous system in mitotic

events.
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RESUME

Les lymphocytes constituent un modéle éellulaire qui offre de
nombreux avantages pour procéder 4 l'analyse des interactions ¢t de la
dynamique des composantes du cytosquelette pouvant étre impliquées dans I
différenciation et la fonctio.n de ces ceIlu.les lors de la réponse immunitaire. On
peut in vitro, par l'addition de certains ligands qui- se fixent aux récep'tcurs
membrar;aires des lymphocytes au repos, induire dans ces cellules divers
processﬁs tels que la redistribution des récepteurs {patching et capping) ou la
stimulation. qui simule la différenciation normale des lymphocytes provoquant
I'activation di cycle cellulaire et la progression a travers_la blastogénese, la
synthése de I'ADN et la mitose. |

) : :

Par immunoflucrescence et microscopie électroniquey nous avons
étudié les changements organisationnels de la vimentine et ses relations avec le
réseau des microtubules dans les lymphocytes isolés a partir de la rate de souris.
durant : a) la stimulation mitogénique par la concanavaline A; b) la
redistribution des récepteurs membranaires induite par anti-Ig; et ¢) la
modification de I'organisati‘on des microtubules sous l'action du froid. et de
drogues . dépolymérisantes (colchicine, colcémide et nocodazole) ou polymé-
risantes (taxol). L'objectif sous-jacent a cette démarche était de caractériser la

dynamique cellulaire du réseau de vimentine dans les lymphocytes.

Les lymphocytes au repos montrent un réseau complexe de filaments
de vimentine qui coincide partiellement avec l'arrangement radial des

microtubules et qui semble se déplbyer a partir de la région centrosomique. En
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méme temps qu'un accroissement du volume cellulaire se produit sous 'effet de la
concanavaline A lors de la blastogénése, on note des changements progressifs
dans l'organisation du centrosome et une importante augmentation (5%) du
nombre des microtubules assemblés depuis le centrosome (Schweitzer et Brown,
1984). Dans les cellules totalement stirnnulées, on ne dét‘ecte plus un réseau de
vir%entine mais plutét une agrégation diffuse située\prés. du centrosome. Cette
réorganisation de la vimentine ne se produit pas de facon concomitante aux
changements progressifs dans 'expression de la tubuline, mais elle s'effectue tard
au cours de la blastogénése.
7

Lorsque les lymphocytes entrent en mitose, l'arrangement cyto-
plasmique des microtubules est démantelé et un fuseau mitotique s'établit. La
vimentine apparait en minces faisceaux de filaments déployés a partir des
centrosomes pélaires au cours de la prophase et forme ensuite, de facon
transitoire, une structure semblable 4 une cage entourant les chromosomes et le
fuseau mitotique. Dufant la cytokinése, les centrosomes polaires migrent pres du
midbody et la vimentine, accumulée prés du centrosome dans chaque cellule fille,
présente une organisation similaire 4 celle que 1'on observe Aa_vant la mitose. Ces
observations et celles obtenues en soumettant les lymphocytes au repos ou
stimulés & des traitements capables de modifier 'organisation des microtubules
appuient I'hypothése selon laquelle I'arrangement de la vimentine pourrait étre
. spatialement dépendant de l'organisation des microtubules. De plus. elles
indiquent que l'intégrité structurale du centrosome puisse étre un facteur

déterminant dans la dynamique cellulaire du réseau de vimentine.

-

En présence continue de colcémide durant la stimulation mitogénique,

l'entrée des lymphocytes en phase S est inhibée de facon marquée. Dans ces
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cellules, le complexe centrosome/Golgi est altéré a la suite de la dépolymérisation
des microtubules, et la vimentine est présente sous forme d'afrangements
ﬁlarﬁenteux tout au long du processus de stimulation. Par contre, en préscnce
continue de taxol, la stimulation des lymphocytes se dérouleﬁgm'mnlomt.‘nt
jusqu'a la mitose, L'intégrité structurale du complexe centrosomegpﬂc;lgi n'est pas
modifiée par la réorganisation des microtubules induite par le taxol tt durant Iy
progression a travers le cycle cellulaire, la vimentine suit une séquence de
réarrangements semblable a celle que I'on observe en conditions normales. Ces
résultats viennent appuyer la suggestion selon laquelle I'intégrité structurale <
centrosome jouerait un role impoftant dans la dynamique de la vimentine au
cours de la stimulation mitogénique. Ils suggérent aussi fortement que les
réarrangements de la vimentine puissent étre plus importants que les
modifications de l'organisation des microtubules pour la progression des
lymphocytes 4 travers le cycle cellulaire engendré par le mitogéne.

.Des réarrangenients importants du réseau de vimentine se produisent
également durant la formation du cap des [g a la surface des lvmphacytes B. Au
cours de ce processus, l'arrangement des microtubules ne varie pas alors que le
réseau de vimentine se réorgeniseraprdement en une agrégation diffuse, située
sous le cap, prés du centrosome. Des observations additionnelles effectuées sur la
distribution cytoplasmique de la vimentine durant la formation du cap sur des
cellules traitées a la colcémide ou au taxol, préalablement a I'induction de la
redistribution des Ig, montrent : a) que 1'agrégation de vimentine n'est pas le
résultat d'une accumulation passive mais qu'elle représente une réorganisation
dynamique du réseau; et b) que, comme les microtubules, les filaments de
vimentine ne sont pas directement impliqués dans la migration des com_plexes

ligands-récepteurs, mais qu'ils pourraient contribuer a orienter leur déplacement
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par les microfilaments. En nous fondant sur les changements organisationnels
de la vimentine au cours de la redistribution de Ig dans les cellules normales et
dans les cellules traitées avec drogues, nous proposons ici que la vimentine puisse
jouer un rc‘;le dans la transmission d'informations spatiales éntre le réseau de
microtubules et la machinerie contractile des microfilaments au cours de la

migration des complexes ligands-récepteurs menant & la formation d'un cap.

Comme l'accumulation de la vimentine et la migration concomitante
des centrosomes polaires prés du midbody n'avait pas encore été observées dans
d'autres cellules, une étude comparétive a été menée sur les changements
organisationnels de la vimentine et de la tubuline au cours de la division de
diverses lignées de cellules cultivées en suspension ou attachées. Cette étude
visait & déterminer si ces réarrangements simultanés étaient typiques aux-
Ilymphocytes ou communs & plusieurs types de cellules. Cette étude a montré
que: a) la migration des centrosomes prés du midbody durant la cytokinése n'est
pas unique aux lymphocytes mais qu'elle peut représenter un trait plus général
des cellules cultivées en suspension; b) I'accumulation de la vimentine qui se
produit simultanément a la migration des centrosomes dans les lymphocytes et
les lignées de cellules lymphoides, n'est pas nécessaire pour la migration des
centrosomes dans d'autres cellules qui croissent eI;-s'uspension. Les observations
effectuées sur les changements organisationnels de la vimentine pendant la

i .
mitose de cellules cultivées en suspension ou attachées appuient l'hypothése

d'une implication fonctionnelle de ce réseau de filaments durant la mitose.
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“Between the idea
And the reality
Between the motion
And the act

Falls the Shadow.”

T.S. Elliott The Hollow M.
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In almost atl eucaryotmells. the cytoplasm contains a complex lattice

‘of actin Tll.'lmcnté.'.microtubules and intermediate filaments. With: their

:1550ci:1tcd proteins, these three filamentous systems constitute a major -
proportion of total cell proteins and have collectively been termed “the
c_\"LAoskuluLon". Numerous studies support the general concept that the different ‘,
components of the cytosk‘eleton may be spatially and temporally integrated to |
assure sﬁbh:;{erse cellular fux1ctio_r_1_s_3_s_ development and maintenance of cell
morp@fdlog}'. structural organiza:tiim of the cytoplasm, intracellular movement of
molecules or organélles. cell l(;cc:motion, transmission of signals, mitosis. etc.
(Cohen, 1979; Marx, 1983). Furthermore, séveral pathological disorders have
been related to alterations of cytoskeletal components (for reviews, see :
Weatherbee 1981; Run;ger-Bréndle and Gabbiani, 1983). Therefore, it is of
fundamental interest and of crucial importance to understand how the cells

construct their architecture and to determine the functions of the cytoskeletal

components in the coordination of cell activities.

- — ’ y
In spite of the great interest shown in the cyteskeleton during the past .

two deéades, the characterization of its components is far from complete. For
iﬁsfance. little is still known about the cellular dynamics (sites of nucleation,
interactions with other cellular structures, fate during the cell cycle) and
cytoplasmic roles of intermediate filaments. Due to morphological criteria
suitable for immunofluorescence, studies on intermediate filaments have been
pprformed almost exclljsively in well flattened cells that grow permanently in

culture. [t has been recently demonstrated that, in these cells, microinjection of
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antibodies speciﬁéally d.irected agzlii'ngt intermediate filament proteins can leﬁd
to the collapse of intermediate filaments networks without affecting cellular
activities previously proposed to be mediated.by cytoplasmicﬁlly extended
intermediate ﬁla?‘r’férnts. Considering this experimental fact, some investigators
have suggested that the-cellular dynamies and cytoplasmic roles of intermediate
ﬁlaments, whose subunits are remarkably tissue-specifically expressed, may be
readily observable only in cells which still perform differentiated functions

(Klymkowsky, 1982).

Lymphocytes have been extensively used as a cellular system -to

investigate the molecular mechanisms of differentiaticn. Upon interaction nf

———

ligands with their cell surface receptors, isolated lymphocytes can be induced tn
vitro to ﬁnde_rgo different processes such as redistribution of cell surface receptors
(patching and capping) or stimulation, which mimicks normal differentiation of
lymphocytes into competent immune cells, and involves the activation of

quiescent cells to enter the cell cycle and to progress through blastogenesis, DNA

-

* synthesis and mitosis. This cellular system has been proven very useful to study

the functional involvement of actin filaments and microtubules in cellular

responses triggered by signals generated on the plasma membrane. It appeared,

therefore, of particular relevance as the basis for this thesis to investigate the
. *

cellular dynamics and cytoplasmic roles of intermediate ﬁlaments,i-r{/'this cellular
system.

To present a comprehensive view of my research,,] will attempt in the
following introduction to impart a brief survey of the literature conterning the
cellular dynamics and cytoplasmic roles of the three major components of the

cytoskeleton. I will also stress the particular interest of lymphocytes as a
o



-

bio{o"gieal system in the study of the cytoske

rationale of my experimental approach.

leton. Finally, I will define the



INTRODUCTION

ACTIN FILAMENTS \

Best known as the major componenft of the thin filaments in muscle
cells, actin filaments are also basic elements of the eytoskeleton in virtuaily all
eucaryotic cells. They essentially coﬁsist of globular monomers of actin (G-actiny,

‘with an apparent molecular weight (MW) of 42 000, assembled in a double
stranded helix approximately 7nm in diameter. In all species, except in t}u'- muost
primitive ones such as yeast, multigene families encode’slightly different actins
whose expression is differentially regulated, both spatially and temporally,
during develépment (Korn, 1982). Through analysis of actin proteins from a
ﬁ'ariety of tissues in several organisms by high-resolution two-dimensional ye!
electrophoresis, three isoelectric forms have been di.stinguished: B- and \;-l:\ct.ins.
two cytoplasmic forms found in all cell types: and a-actin, a more acidic form
present exclusively in muscle cells (Firtel, 1981). Amino acid sequences of actins
from different sources have been determined (Collins and Elzinga. 1975;
Vanderkerck_hove and Weber,1978; Vanderkerckhove and Weber.1979) and the
actin genes from a number of cells have been isolated (Firtel, 1981). These
studies have reves..led that actins are among the most conserved proteins in
evolution. For example. the sequence h;m_ology between actins from sources as
evolutionarily distant as the acellular slime mold Physarum polycephalum and
- the rabbit skeletal muscle has been estimated to 92% (Korn, 1982). Furthermaore,
considerable biochemical data halve shown that actins from widely divergent
species are remarkably similar to each other and to skeletal muscle actin in their

structural properties. .
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Assembly

Readily soluble in water, the monomeric G-actin is associated with one
tightly bound Ca2+ (calcium), which stabilizes its globular conformation, and one
noncovale'ntly bound ATP (adenosine triphosphate), which may play a
determinant role during filament assembly. Aqueous solutions of G-actin can be
induced to polymerize into filaments (F-actin) by simply raising the salt
concentration of the solution to a level closer to that found in the cells. Although
the process does not require energy, the bound ATP is hydrolyzed during
pol'ymerization {Cooke, 1975; Woddrﬁm et al,, 1975). Considering the.po\lar
growth of actin filaments, Wegner (1976) has first suggested that nucleotide
_cleavage would, under ste_ady-‘state conditions, allow a net polymerization at one
end (plus end) of a filament and a correqund’ing. debolymerizatioh at the other
end (minus en-d), while the average_"polynier lengtﬁ would not change. ISuch a
steady-state flux or treadmilling ot; subunits along actin filaments h.als been
clearly demonstrated i.n vitro ('Woodrum-et al., 1975; Konldo and Ishiwata, 1976).
" The fuhctional-signiﬁcance of this behavior in vivo, however, is still. questioned.
As it has beeq stressed by Kirschner (1980), the theory of treadmilling predicts
thﬁt, under steédy-state conditiqns. filaments anchored at their minus end would
elongate while filaments capped at their plus end would be disassembleci.
Determinations of actin polarity in the cells using heavy meromyosin decoration
have indicated that actin filaments are usually attached on cellular membranes
by their plus end (Mooseker and Tilney, 1975; Small and Celis, 1978). This
observation has therefore argued against the appli;cability of the treadmilling
thi_;ory to living cells. "Howevef. as it is not ﬁt all clear whether cellular

membranes are nucleation or insertion sites for actin filAments, a better

+

!



understanding of actin dynamic behavior in vivo awaits further characterization

of actin nucleation sites. &

Cellular Dynamics and Cytoplasmic Functions '
In vertebrate skeletal muscle. actin filaments constitute with
_tropomyosin and troponin (a complex of three polypeptides: troponins T, 1, C) the
highly stable thin filaments of the sarcomere. These filaments are anchored at
their plus end on the Z discs by the structural proteiq (1-:1ctiniin. (Masaki er ol |
1967; Schoenberg and Needham, 1976). The interaction of actin filaments with
myosin stimulates the ‘ATPase activity of this protein and generates the
muscular contraction as the chemical energy is converted into mechanical work
by a sliding filament mec_llaniém (Huxley, 1969; Huxley, 1973; Huxley, 1980).
. Cellular integration of that specialized contractile machinSry is thought to be
| mediated by the attachment of Z discs to the. plasma membrane via the
interaction of spectrin, an anchoring protein first described in erythrocytes (for a
revie_w see: Br:anton et al., 1981), with actin filaments and/or desmin filaments

(Gré@g}er and Lazarides, 19

Unlike the case in striated muscie cells, where the contractile
machinery is arranged in a fixed paracrystalline array, the organization of actin
in most nonmuscle cells is Highly variablé and dynamic. Actin filaments are not
stable but in equilibrium with a cytoplasmic pool of monomers. Cycles of
assembly-disassembly of filaments and reversible rearrangements of filaments
into subcellular structures such as networks or bundies can take place Qery
rapidly at specific stages of the cell cycle o‘r in response to external signals. In

flattened , well-anchored cells, actin filaments are observed in highly organized



bundles or stress fibers that span the entire length of the cell. When these cells

- enter mitosis, importar}t shape changses occur and the actin stress fibers are
dissociated into a diffuse network of individual actin filaments which will form
the contractile ring during cytokinesis. Conversely, the actin stress fibers are
reestablished at the end of mitosis in early G| daughter cells. Many investigators
have taken advantage of such a dynamic behavior of cytoplasmic actins to
elucidate their cellular functions. Hence, treatment c,)f cellé with different drugs
that specifically displace the cytoplasmic equilibrium between G-actin.and
F-actin has been extensively used and still constitutes a classical approach to
investigate the funétional involvement of actin in different cellular processes.
Among these drugs, the most familiar are certainly cytochalasins, a family of
metabolites excreted by various species of molds, which induce the disassembly of
actin filaments (Brenner and Korn, 1979; Lin et al., 1980.; Schliwa, 1982) and
phalloidin, a highly poisonous alkaloid -produced by the toadstool Amanita
phalloides, which stabilizes filamentous actin and favors the polymerization of
actin monomers (W'iﬁand, 1977; Wehland et al., 1978; Paulin-Levasseur and
Gicquaud, 192?]:) It is now clear from such a pharmacological approach that, in
nonmuscle cells, actin filaments fulfill both coﬁtractile and structural functions,
related to cellular motil.ity and cytoarchitecture. They have beeﬁ impficated in
differenlécellular activities including;‘amoeboid movement (Paulin-Levasseur and
Gicquaud, 1981), intracellular transport (Lasek, 1981), determination and
alteration of cellular shape (Toma?ek and Hay, 1984), endocytosis (Salisbur;} et
al., 1980), exocytosis (Williams and Wolff, 1971) and cell-surface mobility
(Gabbianietal., 1977).

The dynamic behavior of cytoplasmic actins, on the other hand, has

made difficult the study of the mechanisms modulating their assembly and



organization in the cells. For instance, little is known about the mechanisms
- implicated in the nucleation of actin filaments in vivo. It has been suggested that
anchoring proteins such as nonmuscle a-actinins (Moosekér and Tilney, 1975),
spectrin/ankyrin proteins (Bennett, 1982; Blikstad et Lazarides, 1983) and their
non-erythrocyte analoglues (Burridge et al., 1982; Glenney and Glenney, 1983;
Nelson et al., 1983) may serve:in'the nucleation of actin filaments on
membranous structures such as ;ﬂasma membrane, endoplasmic reticulum,
mitochondria and nuclear membrane (Cohen and Foley, 1980; Bennett, 1982;
Glenney and G!enney, 1983) but as mentioned above, membranes might weli he
insertion sites for actin filaments. Nonetheless, numerous studies have indicated
that the organization and functions of cytoplasmic actins may, like i‘n muscle
cells, be dependent on interaction with other proteins. It has been established
that cytoplasmic myosins possess actin-stimulated ATPase activity and it is
believed thata sliding‘ﬁlament meghanism. analogous to that of muscle, operates
nonmuscle motility (Cohen, 1979); —Ijifférent accessory proteins have been shown
to inﬂuence both the polymeric state of actin and the interaction of actin
f:i!laments with other cellular structures (for reviews see : Schliwa, 1981; Korn,
1982; Stossel, 1984). Those include preteins which bir‘1d-mon0mers of actin and |
prevent filament formation (Lazarides and Lindberg, 1974; Reichstein and Korn,
- 1979). Other proteins‘can induce fragmentation of actin filaments into G-actin or
short oligomers (Hasegawa et al.. 1980; Yin et al., 1980). Some may also favor the
;')ar_allel aggregation of actin filaments into bundles or their cross-linking into
networks (Otto et al., 1979; Cohen and Foley, 1980; Jockush and Isenberg, 1981).
'Association of actin filaments with microtubul€s or intermediate filaments via
spectrin/ankyrin protéins has been suggested (Mangeat and Burridge, 1984). As
cycles of polymerization-depolymerization and reversible reorganization‘ of actin

. filaments into networks or bundles have been correlated to contraction-



relaxation of cytoplasmic actomyosins (Isenberg and Wohlfarth-Bottermann,
- 1976; Condeelis and Taylor, 1977; Hellewell and Taylor, 1979) and‘ to'changes in
cellular morphology (_Kane, 1979; Owaribe et al., 1979), these accéésory proteins
may be critical in the expression of the functional properties of actin in

nonmuscle cells. -
Regulation

Regulation of the contractile and structural functions of actin is
complex and certainly .involves more than one mechanism. The role of Ca2~,
however, is by far the best documented. In vertebrate skeletal muscle, the
intera;ction of actin with myosin (i.e. contraction) is modulated by Ca2+ via its
binding to troponin C (Murray and Weber, 1974; Taylor and Amos, 1981). In
vertebrate smooth muscle and nonmuscle cells, Ca2+ also controls motility
through actin- and/or myosin-linked mechanisms generally mediated b-y _
calmodulin, a Ca2+ -binding protein structurally and functionally very similar to
troponin C (Adelstein and Eisenberg, 1980; Hartshorne, 1982: Kakiuchi and
Sobue, 1983). Fur!;hermore, CaZ2+ has been shown to influence the polymeric
state ;af actiﬁ in nonmuscle cells via the Ca2+-dependent activity of some
accessory proteins (Yin and Stossel, 1979; Hasegawa et al., 1980; Yin et al., 1980:
Glenney and Weber, i98l). For instance, recent studies have indicated that
spectrin and spectrin-like proteins which are Ca2+-dependent calmodulin-
binding pr.oteins may confer CaZ2+-sensitivity to the submembranous
organization of actin and to the interaction of actin filaments with other cellular
structures such as plasma membrane, microtubules and intermediate filaments
(Glenney et al., 1982a; Glenney et al., 1982b; Lazarides and Nelson, 1982: Carlin
etal., 1983; Tsukita et al., 1983; Mangeat and Burridge, 1984). These results are
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of particular interest considering that interactions of actin filaments with
microtubules and intermediate filaments may be essential to the functional

integration of the cytoskeleton.

Many accessory proteins and actin st”ructures. however, arc
insensitive to Ca2+ and must be regulated by alternative mechanisms. There is
evidence that cAMP (cvclic adenosine mondphosphate). which indirectly
contributes to the regulation by CaZ2 - through its effects on membrane and Ca? -
transport, may be directly involved in such alternativé mechanisms by causiny

‘the activation of a ¢cAMP-dependent protein kinase and the subsequent

phosphorylation of actin accessory proteins (Dedman et al., 1979).

MICROTUBULES

Microtubules are ubiguitous combonents of the cytoskeleton as well as
of specialized structures such as mitotic spindle, flagella and cilia (Parter. 1966).
In all cell types and spectes studied, they appear as hlollow cylinders 25 nm in
diameter and are primarily composed of a- and B-tubulin heterodimers. The two
»tyijes of tubulins are closely related globular proteins which differ only slightly in
their amino acid composition (Bryan and Wiison, 1971) and can be resolved as
two bands, 55 000 MW, -by' sodium dodecyl sulfate (SDS) polyacrylmﬁide gel
electrophoresis due.‘to élifferences in the charge on the molecules ( Feit et al., .
-1977). Numerous studies haye recently emphasized the microheterogeneity of
a-and B-tubulin subunits expressed in different cells and 'organis'ms. There is
abundant evidence that, in all but the simplest eucaryoteé (ye,a'st), multiple genes

code for different a- and B-tubulin polypeptides (Cleveland, 1983; Cleveland and
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Sullivan, 1985). Tissue-specific expression of different tubulin genes has been

demonstrated in Drosophila and in chicken (Havercroft and Cleveland, 1984;'

Raff, 1984). In other cases, heterogenexty has been shown to be generated by

post-translational modifications of tubulm protems subject to strict

developmental and morphogenetic controls (Nath et al., 1981; Kumar and Flavin,

1982; L'Hernault and Rosgnbaum, 1983). The functional significance of this .

diversity in tubulin subunits is unclear. It has been proposed that different
" tubulins may be used to build functionally different types of microtubules E_gut
there is still no definitive evidence to support this idea originally termed the
“multitubulin hypothesis” by Fulton and Simpson (1976). Moreover, like actins,
tubulins are most remarkable in the degree to which their properties have been
conserved, as judged both from the ‘hig‘h homology of primary sequen_ce;s and from
virtually identical structural characteristics of micr'otubule's in wr‘idel-y divergent

species (Kirschner, 1978),

Assembly

In solution, the tubulin dimer is stabilized by its binding to one
molecule of Mg2+ (magnesium) and two molecules .of GTP (guanosine
triphosphate). Under approprlate conditions, tubulm dimers can be induced to
spontaneously assemble’in vitro mto threadlike sttuctures or protofilaments
composed of a- and fB-subunits alternately aligned on a row. Microtubule walls
are usually formed by ;hg staggereci arrangement of 13 such protofilaments side
by side around a central core. Asin the assembly of actin, nucleotide binding and
:hydrolysis appear to be of crucial importan(;e during polymerization of tubulin.
The tubulin dimer has two nucleotide binding sites, one of which is non-

exchangeable and invariably contains GTP in some structural role (Weisenberg
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. et al., 1968; Spiegelmén et al., 1‘97’?;). The exchangeablé site can bind both GTP
and GDP (guanosine diphosphate), But the dimer will only polymerize readily
into microtubules if liganded with GTP (Weisenberg, 1972). When the tubulin
dimer volymerizes, the GTP is hycirolyzed to GDP although the energy released
by this hydrolysis is not necessax;y for assembly (Penningroth et al., 1976).
Experimental ‘and theoretical studies have first suggested that nucleotide
hydrolysis would allow the treadmilling of microtubules under steady state
conditiorf; in vitro {Margolis and Wilso‘n, 1978). Most recently, GTP hydrolysis
has been related to an alternative form of dynamics in vitro called “dynamic
instability” where g'rowing‘and shrinking populations of microtubules co-exist at
stéady state (Carlier et af., 1984). Accordin_g to this model, a GTP cap is necessary
to stabilize a microtubule and its loss leads to depo \erization. The
applicak;ility of such in vitro models to living cells has beenrecently examined.
Based on kinetic data, Kirschner (1980) has proposed that treadmilling would
render free cytoplasmic microtubules highly unstable and could thé‘refore be used
by the cells to selectively favor the growth of microtubules attached al their
minus end. Evidence in favor of this proposal’has been obtained by several
~ laboratories (Heidemann et al., 1980; Euteneuer and McIntosh, 1981). Recent
observations on interphase and mitotic BSC1 cells, on the other hand, have
shown that behavior of individual microtubules in vivo can be Eoth rapid and
asynchronous as predicted by the dynamic instability theory (Schulze and
Kirschner, 1986; Wadsworth and Salmon, 1988). Further studies will he

necessary to elucidate the exact mechanisms of microtubule assembly in vivo.
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Cellular Dynamics and Cytoplasmic Functions
A

The dynamic nature of microtusules and the broad spectrumlof
cellular structures in which they are involved suggest that the celiular level of
tubulin as well as the growth of microtubules are controlled both ternporaily and
spatially in the éells. Cellular level of tubulin synthesis appears to be regulated
by an autoregulatory mechanism which measures the pool of unpolymerized
tubulin subunits and which adjusts tubulin mRNA (messenger ribonucleic acid)
levels in response to suboptimal levels of subunits (Ben-Ze'ev et al., 1979;
Cleveland et al., personal communication; Rosenbaum et al., personal
communication). The contro! of microtubule growth is believed to be exerted by
specialized foci termed MTOCs (microtubule organizing centers ) {Pickett-Heaps,
1969), the most familiar are basal bodies and centrosomes (Bré;wn etal., 1983). In
flagella and cilia, axonemes are constituted of a sheafl of nine doublet
microtubules arranged in a ring around’ a pair of single microtubules. These
highly Qrdered arrays of microtubules are built using the ninefold symmetry of
basal bodies as a template and are further stabilized by various accessory
proteins, making them relatively permanent structures. In mos£ mammalian
cells, microtubules are arranged into a complex network extending from a

juxtanuclear focus to the cell periphery duririg the interphase (Weber et al.,

1975a; Weber et al.,, 1975b). When the cells enter mitosis, this cytoplasmic:

network is dismantled and replaced by another assemblage, the mitotic spindle,
w‘hich corresponds to a completely)different arrangement of microtubules
(Brinkley et al.,1975; Brinkley et al.,1981). Reciprocally, at the end of mitosis in
late telophase-early G, spindle microtubules are disgss,embled,and a cytoplasmic
microtubule network is reorganized in each daughter cell (Weber et al., 1975a:

Weber et al., 1975b). From e_lecti'on microscopic observations, it has been
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demonstrated that the interphase network and the mitotic spindle are usually
organized fram discrete structures such as centrosomes, spindle poles. and
kinetochores of metaphase chromosomes (Brinkley et al., 1981; Brenner and

Brinkley, 1982).

Bornens and Karsenti (1984) have ﬁ'ecently reviewed the
morphological changes observed in the centrosome as a‘ function of the cell evele,
Briefly, the centrosome which is most often closely associated with the nucleus
( : ﬁnsmts of a pair of centrioles surrodunded by an osmiophiliy pericentriolar
rf\aternl and fdense aggregates termed satellite bodies. 'I‘hrcc.mnjur cuens
characterize the centriole changes prior to mitosis : 1) ) aucleation of daughter
centrioles duning late Giearly S phase; 2) elongation of daughter centrioles
throughoutﬁSjénd G+ phases; and 3) separation of‘both pairs of centrioles with the

1 onset of miitosis. The pericentriolar material exhibits a parallel cyclic pattern: it
incrtases in size during Go .and separates as dense halos associated with the
centrioles duy prophase. Those cyclic coordinate changes occurring in the
centrosome therefore generate two functional mitotic centers which serve as
anchoring sités for microtubules that form the spindle apparatus. Through
mitosis, the%en_trosomes are equally segregated to daughter cells. In this way. a
template with the capapity for organizing microtubule arrays similar to those of
the parent cell is contributed to each daughter cell. From in vitro assembly of
microtubules on centrosomes, it is now clear that both cyvtoplasmic and spindle
microtubules are nucleated on the pericentriolar material (Gould and Borisy.
1977). The contribution of centrioles to the organizing capacity of the
centrosomes is thought to be both kinetic and informative (Pickett-Heaps, 1969)
but remains a subject ofcontroversy (Bornens and Karsenti, 1984).

)/‘ )
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Ultrastructural examination of the mMotic apparatus has also stressed .
the interaction of"spi_ndle microtubules with kinetochoxes of chromosomes. Based
on assembly assays in vitro {Snyder and Mclntogh, 1975; Geuld and Borisy, 1978)
and drug recovery in v‘u.'u (Witt et al., 1980; De Braban\d‘er et al., 1981a),
kinctochores h:wé. been suggested to function as second major microtubule
centres during mitosis. ;\lthﬁugll interesting, this pr‘éposal is quite problématic
from a theoretical viewpoint. Numerous studies have demonstrated that all the
microtubules of the half-spindle have the same intrinsic polarity, indicating that
microtubules are attached by their plus end on the kinetochores. Th‘i‘S)roblem

. z

has been recently overviewed by Pickett-Heaps et al. (1982) in a comprehensive

critique of models and concepts concerning kinetochore functions.

+%® In contrast to the static arrangement of microtubules in axonemes,
cytoplasmic o0y spindle microtubules are not stable but are in d\knqmlc
equilibrium with a cytoplasmic pool ofheterodxmers (Inoué and Sato, 196 r.‘Rubm
and Weiss, 1975). The only striking exception is the microtubule array of animal
midbodies which does not separate in half-spindle (Bvers and Abramsén. 1968)
and may nort unr.iergo a dynamic subunit flux (.Pickett-Heaps et al., 1982)..
Consequently, exposure of cells to different treatments that alter the dvnamic
equilihriufn of tubulin has become a classical approach in the investigation of the
ceilular functions of microtubules. Depolyrﬂerization can be obtained by
gxposure to low temperatures (Ostlund et al., 1980), Ca2~ (Schliwaetal., 1981) or
different drugs such as colchicine (Wilson et al., 19:1'4). colce‘xﬁnid (Osborn and
Weber, 1976) and nocodazole (De Brabander et.al., 1976). Increased
polymerization can be induced by D20 (heavy water) (Sato et al.. 1982) or the

drug taxol (Geuens et al., 1983; Herman et al., 1983). Based on such an approach.

microtubular structures have been impiicated in both structural and motile
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‘functions such as development and maintenance ‘of cell morphology (Tucker,
1979), positioning of organelles (Wehland et al., 1983), intracellular transport of
molecules and organelles (Hyams and Stebbings, 1979), ciliary movement
(W‘lrner 1979), and segregation OthFOIHObOHle during mitosis (Pickett-Heaps,

1969). Furthermore the mluotubule system has been shown to play an
important role in the organization and function of the Golgi cumplcx in different

mammalian cells (for a review see Thyberg and Moskalewski, 1983,

There is considerable evidence that different accessory proteins mav
contribute by their ass.l0ciation— ijith microtubules to the expression of such
diverse functions. ATPase activity of dynein in axanemes and of dynein-like
proteins in mitotic spindle (Warner and Mitchell. 1980) transduces the chemical |
energy of ATP into mechanical force for ciliary movement (Satir et al., 1981 and
pOSSib[_\‘f for pole-to-pole separation during anaphase (Cande and Waolniak, 1978},
The so-called high molecular-weight (or HMW) microtubule ass.oc:ia ted proteins,
fréquently referred to as MAP-1 and MAP-2, have been shown to co-purify with
microtubules from different sources and promote their assembly in Citro
{Bulinski and Borisy, 1980; Vallée et al.. 1984). These proteins co-localize
predominantly with microtubules in !ivihg cells (Scherson et al.. 1984} and are
believed to mediate the association of microtu}:ules with other cetlular structures

such as membranous organelles {Sherline ¢t ¢/.. 1977), actin filaments (Suttiluro

et al., 1981) and intermediate filaments (Bloom et al.. 1985).

Regulation

Among the different factors which alter the equilibrium hetween

polymerized microtubules and soluble tubulin dimers, Ca2- and MAPs ure the
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only ones that may play a physiological role on microtubule structures. Evidence
supporting 'Ca2+-dependency of mierotubule processes in vivo has s-0 far been
circumsta}ntial (Schliwa, 1980). Microinjection of Cal+ iﬁto dividing sea'urchin
egps has been shown to induce a transient reduction of spindle fiber birefringence
‘( Kiehart; 1981). Likewise, ionophore-médiated Ca2+ inf'lux. has been reporéed to
reversibly affect the microtubule system of cultured cells (Fuller and Brinkley, -
1976) and helizoan axopodia (Schliwa, 1976). Numerous studies have further
suggested that the effects of Ca2+ on microtubules are mediated 5}’ the Ca2+-
.bi.nding protein calmodulin (Cheung, 1980§'Sch-liwa,199‘:0: Burke and
De Lorenzo,1981; Schliwa ef al., 1981). The presence of calmodulin has been
described in basal bodies (Means and Dedman, 1980) and axonemes of cilia
(Jamieson et al., 1979).. Immunolocalization of calmodulin in mitotic cultured
cells has demonstrated the association of this protein with spindle poles,
chromosome-to-pole microtubules and midbody microtubules (De Mey et al.,-
1980; Means and Dedman, 1980; Willingham et.al., 1983). Phosphorylation of
tubulin by Ca2+-calfodulin kinase has been reported by several laboratories
(Burke and De Lorenzo. 1981; Wandosell et al., personal communication). These
observations suggest a ca]rnodulin—mediated"fe’g_ﬁl:ﬂ;ory role of CaZ+ on

microtubule functions.

: As mentioned above, MAPs can promote the assembly of microtubules
hro. The functions of these proteins in vivo is still unclear. Schliwa et ;zl.
(1981) have shown that MAPs could prevent the Ca+/calmodulin-induced
disassembly of microtubules in an tn vitro cell system and suggested that these
- proteins could act.as modulators in the regulation by Ca2+. The recent report
that MAP-2 is phosphorylated by a CaZ+/calmodulin-dependent protein kinase

(Schulman, 1984} has further raised the possibility that the cells may use such a
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.
mechanism to confer Ca2+-sensitivity to interaction of microtubules with other
cellular structures (Selden and Pollard. 1983).

Cyclic nucleotides may also influence the assembly of microtubules in
some cells. cAMP has been reported to promote microtubule polymerization in
Chinese hamster ovary (CHO) cells (Rubin and Weiss, 1973 and sume
transformed cell lines (Puck, 1977: Tash et al., 1980). In contrast, it has heen—_
‘shown that ¢AMP induces microtubule disassembly while ¢GMP (eyvelic
guanosine monophosphate) stabilizes microtubules in lung mastoeytes (Kaliner,
1977). These observations. have led to the sug.gestion that protein
phosphorylation by cAMP-dépendént kinase may play a role in the regulation of

~‘microtubule initiation and elongation (Jameson ¢t al., 1980: Tash et al., 1980),

INTERMEDIATE FILAMENTS

First obsérve& in the middle 1960s (Biberfeld et al.. 1965; Slez'nlieh.
1965:; Ishikawa et al., 1968), intermediate-sized filaments (10 nm i;1 diameter)
have been ‘considered as sub-products ofleither actin filaments (7 nm) or
microtubules (25 nm) for several years (Buckley ¢t al.. 1978; Buckley et al.. 1979:
Rubin et al., 1979). It is now well established that these filaments are compuosed
of a distinct class of proteins (for reviews see : Lazarides, 1980, and Lazarides,
1982).¢Unlike actin and tubulin which are highly conserved from cell to cell and
species to species, intermed‘iate filament proteins vary considerably in their
biochemical and immunological properties, showing a remarkable tissue

specificity (Bennett et al., 1878). They have been grouped into five subclasses :

1)a sirigle protein vimentin (58 000 MW) in mesenchymal cells and in cultured
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‘cells; 2) a single protein desmin (52 000 MW) in muscle célls; 3) a complex group
of'abeut‘ 30 ker‘_étins (40 OGO_ -_70 000 MW), sub_divided into acidic type I and
“neutral-basic type II; kerat‘ir;g,- in epithelial cells; 4) a single protein, glial
fibrillary acidic protein (55.000 I((IW) in astroglia; and 5) a triplet of
neurofilament proteins., NF,L (65 0-00 MW), NF-M (about 105 000 MW) and
NF-H (about 135 000 MW). i;l neuronal cells (Lazarides, 1980; Steinert,-1981;
Zackroff et al., 1981; Lazarides, 1982; Steinert et al.., 1984; Weber and Geisler,
11984). There is strong evidence that the developmental transitions observed
during differentiation are’ par'allelled by changes in the expression of
intermediate filament broteins (Osborn anci Weber, 1982; Biehl et al., 1985; Ngai
et al., 1985). In some instances, co*expressioﬁ of two different intermediate
filament proteins has been reported in the same cell, both in vitro and in vivo.
suggesting that the distinction of cell type-specific subunit proteins may not,be as
simple as generally assumed (Franke et al., 1979; Gard et al, 1979‘; Yen and
Fields, 1981). All intermediate filament genes studied to date appear to exist in
only one copy per haploid genome (Quax et al., 1983; Zehner and Paterson, 1983;
Lehnert et al., 1984; Lewis et al.,, 1984; Marchuk et al., 1‘984; Qi.lax et al., 1984;
: ‘Bloémendal et al., 1985; Krieg et al., 1985; Zehner and Paterson. 1983). t)ne
exception is the human 67 000 dalton (type II) keratin gene, xﬁhich may be
present in more than one copy (Johnson et al., 1985). Therefore, intermediate
filament diversity most probably originates within the germ line and is not
generated by somatic rearrangements. The reasons why cells manufacture such
a diversity of protei}ls to produce filaments of indistinguishable morphology

remains obscure.
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As the diversity of intermediate filament subunits became evident, the
question of how so many different proteins can form morphologically identical
filamentous structures appeared of grealt interest. Highly insoluble under
physiological c‘onditions, intermediate filaments are usually unraveled into
substructures using denat‘uring conditions or, in the case of non-epithelial
intermediate filaments. low ionic strength b‘uffers containing EDTA (ethyvlene
diamine tetra-acetic acid). These substructures spontaneously reassembie into
filaments when conditions are brought to physiological levels. Intermedinte
filaments have proved refractory to the conventional techniques used to solve the
structure of helical protein polymers such as low angle X-ray diffraction and
image analyi;,is of negatively stained or shadowed specimens observed by electron
microscopy (Anderton, 1981). Recently, however, biochemical characterization of
subdomains together with extensive sequence data obtained by protein chemistry
or DNA (deoxyribonucleic acid) technology have greatly contributed to our
understanding of structural properties of intermediate filaments (Quax-Jeuken
et al., 1983; Quax et al., 1983; Ip et al., 1985; Steinert et al.. 1985; Weber and

Geisler, 1985). (9

Hence, Weber and Geisler (1985) have proposed a general
topographical model of subunit structure that accomodates the morphological
uniformity offintermediate filaments. The unifyingétheme of this model is a
central a-helical rod domain of 311-314 amino acids which has a highly conserved
secondary structure and is flanked by two terminal non-a-helical domains
(head- and tail-pieces) of hypervariable sequence and length. The basis for the

-

morphological uniformity of intermediate filaments appears ‘to reside in the

-
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conserved structure of the rod domain (Steinert and Parry, 1985; Weber and
Geislef, 1985). The difference in the size and properties of intermediate filament
proteins would be due almost entirely to the variability of the terminal domains
{Steinert and Parry, 1985). These domains which are highly sepgtive to
proteolytic digestion are believed to protrude from the intermediate filament core
and to be intimately involved in specifying the functions of interme_diate.
filaments (Steinert et al., 1980; Steinert et al., 1983; Steinert and Parry, 1985;
Steinert et af., 1985). There is also s;qme evidence that at least part of the
terminal domains are requm?‘fér assembly in virrq, a feature lost by the isolated
rod domain (Geisler and Weber, 1982: Geisler et al., 1982; Sauk et al., 1984;
Geisler and Weber, 1986). |

Interestingly, a similar structure has been recently predicted for two
typical compdhents of the nuclear lamina of mammalian somatic cells, lamins A
and € (McKeon et al., 1986). Deduced from human ¢cDNA (complementary DNA)
clones, the amino-acid sequences of these proteins comprise a region of about 300
amino acids near their amino terminus that shares striking high homolog};' with
the rod domain characterizing the intergnediate filament proteiné. This region
would be flanked by a r;on-a-helical domain at the carboxy terminus of the

lamins. Together with the demonstration that the lamina of Xenopus ococytes

consists of filaments with a diameter of 8-10 nm (Aebi, personal communication),

these data suggest that the lamins may represer;t an unrecognized class of

intermediate filament proteins.

Different in vitro studies have recently indicated that the formation of
a tetrameric protofilament consisting of a pair of double-stranded coiled-coil

subunits may be a critical step in the assembly of intermediate filaments (Geisler
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and Weber, 1982: Weber and Geisler, 1984; Woods and Inglis, 1984; Ip et al.,
1985; Parry et al., 1985). The way in which these coiled-coil structures \\;'ould
align to form the tetramer is uncertain but is most pfobably based on structural
restrictions (Steinert et al., 1985).. Keratin intermediate filaments are obligate
heteropolymers and their assembly requires one type I and one type Il subunits
(Steinert et al., l1982a). In‘contrast, non-epithelial intermediate filaments are
homopolymers, but they can form facultative heteropolymers among themselves
(Hendersc;n and Weber, 1981; Steinert et al., 1981; Sh-arp et al., 1982; Granger
and Lazarides, 1983; Quihnlan and Franke, 1983: 'i’ol{uyﬁﬂl etal., 1985).

Cellular Dynamics and Cytoplasmic Functions

While the biochemical characterization of intermediate filaments is
progressing quite rapidly, little is known still about their cellular dynamies (i.e.
sites of nucleation, interactions with other cellular structures, fate during the cell
cycle) and their cytoplasmic functions. Resistant to extraction \\;ith nr;n-innic
detergents or high salt concentrations (Anderton, 1981), intermediate filaments
are the most stable components of the cytposkeleton (Lazarides, 1980; Lazarides,
1982). No equilibrium between polymerized and non-polymerized forms has vet
been reported in vivo. Itis llliely that 1nterm£¥.\te filarment proteins are entirely
assembled into filaments in the cytoplasm (Fulton \l\a[ 1980; Renner et al..
1981; Blikstad and Lazarides, 1983). Consequently, the‘}information obtained
from in vitro assembly-disassembly studies of different L/ypes of intermediate
filaments (Starger et al., 1978; Zackroff and Goldman, 1979; Renner et al., 1981;
Steinert et al., 1981; Stromer ef al., 1981) cannot be Feadily extrapolated to un

|

understanding of the cellular dynamics of these strugtures. Moreover, no drug

has been identified that exhibits a specific action on intermediate filaments. Itis
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therefore impossible to specifically investigate their function in vivo with
pharmacological tools as it has been done extensively for microtubules and actin

filamments.

Fortunately, irnmunofiluoréscence and electron microscopy have
allowed the observation of the ;:ytoplasmic distribution of intermediate filaments
in many cells, particularly in well flattened cells. Generally, they appear to
exte-nd as a complex filamentous network between the nucleus and the cell
surface. Based on these microscopic observations, it has been proposed that
intermediate filaments might primarily function as a structural framework for
the positioning of cellular organelles (Lehto et al., 1978; Virtanen et al. , 1979;
Woodcok, 1980; Staufenbiel and Deppert, 1982; Summerhayes et al., 1983) and
possibly for the transmission of signals from the cell surface to the nucleus
(Metuzals and Mushynski, 1974; Goldman et al., 1985; Jones et al., 1985; Traub,
1985). Although intermediate filaments may appear at f'u'ét as static structures,
it is clear that they are also dynamic elements which can undergo important

cytoplasmic rearrangements during different cellular processes. Weélch et al.

(1985) have shown that physidlogical stress causes a rapid aggregation of

vimentin filaments in rat embryo fibroblasts. Eckert and Caputi (1985) have
provided evidence of substantial reorganization of keratin filaments in PtK1 cells
during shape changes and locomotion. Extensive reorgénization of intermediate
filaments has been reported to occur during mitosis in different cultured cells and
appears to follow two basic scenarios. In both cases the interphase intermediate
filament network is altered, either to form a cage-like structure surrounding the
mitotic apparatus (Blose, 1979; Aubin et al., 1980; Zieve et al., 1980; Blose, 1981;
Blose and Bushnell, 1982; Capco et al., 1982; Celis et al., 1983; Franke et al., 1984:

Celis et al., 1985) or to transiently disintegrate into non-filamentous, electron-
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dense amorphous étructures (Horwitz et al., 1981; Franke et al., 1982; Jones et
al., 1985). Furtﬁermore. anti-microtubule drugs“have been demonstrated to
induce a strikiﬁg reorganization of intermediate filaments, parficularly of -
vimentin type (Ishikawa et al., 1968; Ben'rllett et al.,, 1978; Hynes and Destree,
1978; Stargeretal., 1978; Knapp et al., 1983; Celis et al., 1984)

\ ,

Cellular mechanisms responsible for such rea‘rangements remain
uncertain. The possible involvement of intermediate filh n1ent-asso:intcd‘
proteins in the establishment of organized filament networks is a current area of
research. There is now evidence that these proteins may function as linkers of
intermediate filaments. They have been broadly subdiu’ided.fnto two categories
.those bridging intermediate filaments with themselves and those associating
- intermediate filaments with surrounding cellular structures (Wang, 1985).
Proteins of the first category comprise filaggrins which are responsible for lateral
aggregation of filaments into bundles in epidermal cells (Dale et al., 1978),;
paranemin (280 000 MW) and synemin (230 000 MW) which interact with
intermecﬂéte ﬁlan.lents in muscle cells (Price and Lazarides, 1983), a protein of
66 000 MW found associated with all five classes of intermediate filaments in a .
variety of cells (Pruss et al., 1981), and a protein of 50 000 MW, p 50 or epinemin,
interacting with vimentin-type filaments only (Wang, 1985). " Proteins of the
second category include desmoplakin which links intermediate filaments to
desmosomes (Thornell et al., 1985), the actin-accessory protein spectrin which
may link intermediate filaments to membrane (Ma'n'geat and Burridge, 1984;
Thornell et al., 1985), and the microtgbule—associ;’ited protein MAP-2 which may
mediate tl;e interaction of intermediate fllaments with microtubules (Bloom

etal., 1983).
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However, the functional significance of cytoplasmic rearrangements of
intermediate filaments as well as their interaction with other cytoskeletal
proteins is not clear. It has been suggested that intermediate filaments may be

involved in locdmo_tion (Felix and Straili, 1976; Eckert et al., 1980; Dulbecco

etal., 1983), changes in cell shape (Goldman and Knipe, 1972; Horwitz et al.,

1981; Eckert et al., 1980;‘Eckert and Caputil, 1985), intracellular transport of

molecules and organelles (Wang et al., 1979), cell response to adverse gr'owth.

gonditions (Welch et al., 1985), adequate partitioniing of c