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SUMMARY

Heat shock proteins, first observed because they are pref-
erentially synthesized by organisms exposed to heat or
other physiological stress, are also synthesized constitu-
tively. These proteins are divided into several families,
namely, HSP100, 90, 70, 60 (chaperonin), and the small
heat shock/a-crystallin proteins. They enjoy a wide phylo-
genetic distribution and are important because they
function as molecular chaperones, able to mediate many
cellular processes through an influence on higher order
protein structure. For example, molecular chaperones
assist in the transport of proteins into mitochondria and
chloroplasts, as well as influencing clathrin lattice
dynamics, viral replication and transcriptional activation.
Under conditions of stress, some molecular chaperones
prevent denaturation of proteins while others may dissoci-
ate protein aggregates, refolding monomers derived
therefrom or directing their proteolytic destruction. We
present in thisreview an analysis of the emerging literature
on the relationship between molecular chaperones and the
cytoskeleton, a collection of polymeric structuresconsisting
of microtubules, microfilaments and intermediate

filaments. A recent development in this field is identifica-
tion of the TCP-1 complex as the eukaryotic cytoplasmic
chaperonin which directs folding of cytoskeletal proteins
such as a/fl/y-tubulin, actin and centractin. Moreover, the
TCP-1 complex is a centrosomal component, apparently
involved in the nucleation of microtubules. Other
molecular chaperones recognize one or more cytoskeletal
elements and in most cases they modulate the assembly of
and/or provide protection for their constituent proteins.
For example, HSP70 protects the centrosome and per haps
intermediate filaments during heat shock, and like HSP90,
it bindsto microtubules. Small heat shock proteinsinteract
with microfilaments and intermediate filaments, affect
their polymerization and guard them from heat shock by a
phosphorylation-dependent mechanism. We conclude that
molecular chaperones have different but cooperative roles
in the formation and function of the eukaryotic cell
cytoskeleton.
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INTRODUCTION

Tissieres et al. (1974) demonstrated a rapid and selective
increase in the synthesis of a specific group of proteins
following exposure of Drosophila larvae to temperatures
above those optimal for growth. These were referred to as
heat shock proteins (HSPs) due to the method of induction,
but subsequent studies revealed that metals, amino acid
analogs and anoxia cause a similar response. HSPs, also
called stress proteins (Morimoto et al., 1991; Parsell and
Lindquist, 1994), are divided into five major families,
HSP100, 90, 70, 60, and the small HSP (sHSP)/a-crystallins,
according to their size, structure and function (Craig et a.,
1994; Morimoto et al., 1991, 1994). HSPs exist in all
organisms from bacteria to humans and they are among the
most conserved proteins known (Schlesinger, 1990). As a
result of HSP synthesis, organisms gain tolerance to insult, a
phenomenon termed induced thermotolerance or stress
tolerance (Parsell and Lindquist, 1994). In addition to their
production in stressed cells, HSPs are present in and essential

for the well being of unstressed cells (Hendrick and Hartl,
1993, 1995).

Most proteins, after either trandation or denaturation, cannot
spontaneoudly attain their functional conformation, in part
because of extremely high intracellular protein concentrations
which favor misfolding or aggregation. Instead, they are
assisted in this process by molecular chaperones. A molecular
chaperone is‘aprotein that binds to and stabilizes an otherwise
unstable conformer of another protein and, by controlled
binding and rel ease of the substrate protein, facilitatesits correct
fate in vivo: be it folding, oligomeric assembly, transport to a
particular subcellular compartment, or controlled switching
between active/inactive conformations’ (Ellis and van der Vies,
1991). Molecular chaperone function is probably the major role
of the HSPs (Craig et al., 1994; Ellis, 1987; Ellis and van der
Vies, 1991; Georgopoulos and Welch, 1993; Hendrick and
Hartl, 1995; Martin et al., 1992). As one example, HSP70 is a
family of stress-inducible and constitutive proteins, the latter
usualy termed HSC70, approximately 70 kDa in molecular
mass and found in diverse cellular compartments of many
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organisms. HSP70 binds to nascent polypeptide chains on
ribosomes, maintains the membrane trans ocation-competent
state of precursor proteins, assists protein transport into mito-
chondria and the endoplasmic reticulum, and protects proteins
under stress. A unifying theme behind these actions is ATP-
dependent binding of HSP70 to short hydrophobic regions of
6-9 amino acid residues on target proteins in extended or
unfolded conformation, but the peptide-peptide binding may
have little influence on the specificity of HSP70 function (Craig
et al., 1994; Georgopoulos and Welch, 1993; Hartl and Martin,
1992; Hendrick and Hartl, 1995; James et al., 1997).

The HSP60 or chaperonin family, including GroEL from
bacteria, rubisco-binding protein from chloroplasts, HSP60
from mitochondria, and the t-complex polypeptide 1 (TCP-1
complex) from eukaryotic cytosol, is a group of proteins with
distinct ring-shaped, or toroid (double donut) quaternary
structure (Ellis and van der Vies, 1991). One important activity
of chaperonin is apparently to mediate the native folding of
proteins in an ATP-dependent manner, and a model to describe
this process through cooperation of HSP70 and HSP60 is
available (Frydman and Hartl, 1996; Hendrick and Hartl, 1995;
Martin et al., 1992; Martin and Hartl, 1994; Morimoto et al.,
1991). It is proposed, although agreement isincomplete (Bukau
et a; 1996), that HSP70 and its cofactor HSPA40 interact with
nascent polypeptide chains and prevent (mis)folding until a
domain able to form a stable structure is synthesized. Mature
proteins are then produced in the central cavity of the chaper-
onin toroid complex by ATP-dependent cycles of release and
rebinding. Of additional interest, the TCP-1 complex may
function outside its influence on protein folding per se, as
suggested by its interaction with actin in growth cones, a cell
compartment devoid of ribosomes (Roobol et a., 1995).

HSP90 is an abundant, essential, cytosolic protein under
normal conditions, and it increases markedly during stress
(Criag et a., 1994; Georgopoulos and Welch, 1993; Morimoto
et al., 1991, 1994). Studies in vitro suggest that HSP90 sup-
presses aggregation or denaturation of citrate synthase and
casein kinase l1, whilein vivo it not only has general chaperone
activity, but it targets specific proteins with maturational and
regulatory capacities (Craig et al., 1994; Rutherford and Zuker,
1994; Bose et a., 1996; Redmond et al., 1989). In one example,
HSP90 in acomplex with several other proteins engages steroid
receptors, perhaps maintaining them in an inert, folded state,
able to bind with and react to the correct steroid signa
(Redmond et al., 1989; Rutherford and Zuker, 1994; Freeman
etal., 1996; Kimuraet al., 1995; Bose et a., 1996). HSP100/Clp
proteins protect organisms under extreme stress conditions, and
in the absence of HSP104 for example, the survival of heat
shocked yeast is reduced several orders of magnitude. The
HSP100/Clp proteins function as chaperones, solubilizing
protein aggregates in an ATP-dependent fashion and leading
either to the renaturation of individual proteins or to their pro-
teolytic degradation (Craig et a., 1994; Parsell and Lindquist,
1994; Horwich, 1995; Schirmer et a., 1996). Small heat
shock/a-crystallins, with molecular masses of 15 to 30 kDa, are
characterized by a conserved region of primary structure termed
the a-crystallin domain (de Jong et a., 1993). The sHSP/a-
crystallins exhibit chaperone activity in vitro and thermopro-
tection in vivo (Arrigo and Landry, 1994; Horwitz, 1992;
Landry et al., 1989; Lavoie et al., 1993a; Parsell and Lindquist,
1994; Muchowski et d., 1997). Most sHSP/a-crystallins are

heat inducible, but some are synthesized in unstressed con-
ditions, usualy in atissue-specific manner as cells develop. By
illustration, the four Drosophila sHSP/a-crystallin genes are
differentially expressed during development, although they are
coordinately activated by heat shock (Pauli et al., 1989). Addi-
tionally, a sHSP/a-crystallin from Artemia is produced only in
embryos undergoing encystment and it disappears quickly once
larvae develop (Liang et d., 1997).

Molecular chaperones influence several cell components one
of which is the cytoskeleton, an assortment of filamentous and
tubular polymers composed of microtubules, microfilaments
and intermediate filaments. Microtubules are hollow cylinders
constructed of tubulin, a heterodimeric protein comprised of a-
and B-tubulin (Sackett, 1995; Amos, 1995; Luduefia et a.,
1992; MacRae and Langdon, 1989). Microtubules often
emanate from discrete regions of variable structure known as
microtubule-organizing centers (MTOCs). The centrosome,
consisting of centrioles and pericentriolar material, is the most
common organizer of microtubulesin mammalian cells (Archer
and Solomon, 1994; Schatten, 1994), while yeast exhibit afunc-
tionally analogous but structurally different structure termed the
spindle pole body (Marschall et a., 1996). A third tubulin
isotype, y-tubulin, isinvolved in the nucleation of microtubules
a MTOCs and is aso found as cytosolic complexes within
eukaryotic cells (Moudjou et al., 1996; Joshi and Palevitz, 1996;
Raff, 1996; Joshi, 1994). In concert with microtubule-associ-
ated proteins (MAPs) that bind to the microtubule surface
(Hirokawa, 1994; MacRae 1992ab; Chapin and Bulinski,
1992), the MTOC determines the intracellular distribution of
microtubules, and thus their function. The microfilaments,
sometimes called actin filaments or F-actin, are formed from a
small family of closely related, monomeric actin isoforms
(Mitchison, 1992; Carlier, 1991; Rubenstein, 1990). The spatial
arrangement and function of microfilaments are regulated by
many different accessory proteins (Pollard et a., 1994;
Bretscher, 1991). Intermediate filaments assemble from fibrous
proteins supercoiled into rope-like cables, but unlike tubulin and
actin, there are at least five mgor classes of intermediate
filament proteins, each characteristic of specific tissues or cell
types (Fuchs and Weber, 1994).

Although varied in molecular composition, the activities of
cytoskeletal elements overlap with and are influenced by one
another. Functions of the cytoskel eton, modulated by polymer-
ization dynamics and spatial organization, include determina-
tion of cell shape, partitioning of organelles and molecules by
intracellular transport mechanisms mediated by mechanochem-
ical accessory proteins, division and motility. Clearly, proper
synthesis and assembly of cytoskeletal elements are vital to the
cell, and disruption of these macromolecular complexesis often
disastrous. It is our purpose in this review to anayze the
emerging evidence in support of the proposal that molecular
chaperones facilitate formation of the cytoskeletal elements,
influence their function and protect the cytoskeleton during
stress, thus providing an indispensable service to the cell.

THE FOLDING OF CYTOSKELETON PROTEINS BY
THE TCP-1 COMPLEX

HSP60 chaperonins in bacteria, mitochondria and chloroplasts
are well studied, but their equivalent in the eukaryotic cytosol,



a heteromeric assembly of several polypeptides uninducible by
stress and termed the TCP-1 complex (also called TriC, CCT,
C-cpn) was discovered more recently (Frydman et al., 1992;
Gupta, 1990; Lewis et al., 1992; Trent et al., 1991; Willison
and Kubota, 1994; Lewiset a., 1996; Melki and Cowan, 1994;
Kim et d., 1994; Tian et al., 1995, 1996; Melki et a., 1996).
The complex, composed of TCP-1 and related proteins in the
range of 50 to 65 kDa (Kubota et al., 1994) has a double-ring
guaternary structure resembling that of GroEL. TCP-1 has
distant but significant sequence homology to the HSP60 chap-
eronins (Gupta, 1990, 1995), suggesting an evolutionary rela-
tionship between these proteins. This possibility was strength-
ened by the discovery of an archaebacteria heat shock protein,
TF55, with quaternary structure the same as GroEL but a
greater sequence similarity to TCP-1 (Gupta, 1990, 1995; Trent
et al., 1991). An early indication that tubulin is a target of the
TCP-1 complex was the observation of abnormal cytoskeleton
structures in a cold-sensitive TCP-1 yeast mutant (Ursic and
Culbertson, 1991). The number of genes now know to be in
the TCP-1 family has risen to eight and at least four of these
genes, TCP1, BIN2, BIN3 and ACN2, or CCT1-CCT4, are
necessary for the normal function of tubulin and actin (Stoldt
et a., 1996; Chen et a., 1994; Vinh and Drubin, 1994; Ursic
et a., 1994; Miklos et a., 1994). Both in vitro (Yaffe et al.,
1992) and in vivo (Sternlicht et al., 1993), nascent tubulin and
actin enter a 900 kDa TCP-1-containing complex from which
assembly-competent forms of the proteins emerge. Folding of
o- and [B-tubulin, but not actin, requires protein cofactors in
addition to TCP-1 (Gao et a., 1992, 1993). Two of these,
termed D and E, are homologues of yeast proteins that, when
mutated, affect microtubule function (Tian et a., 1996). A third
protein, cofactor A, or pl4, is highly conserved in vertebrates
and has a structural/functional homologue in yeast termed
Rb12p (Archer et al., 1995). Recent work indicates cofactor A
is a chaperone that interacts in a nucleotide-independent
manner with a B-tubulin folding intermediate liberated from
TCP-1 and that it not only has arole in the folding process but
may sequester B-tubulin when it is present in excess (Melki et
al., 1996; Llosa et a., 1996). The isolated mouse TCP-1
complex also catalyzes the ATP-dendent conversion of urea
denatured actin into its native state in vitro (Gao et al., 1992).
Besides a/B-tubulin and actin, the centrosome-related proteins
y- tubulin and centractin are folded by the TCP-1 complex
(Melki et a., 1993).

Tubulin and actin are consistently found in the TCP-1
complex favoring the idea that they are its major substrates
(Sternlicht et al., 1993; Yaffe et a., 1992); correspondingly, the
quantity of TCP-1in cellsis estimated to be only slightly more
than required for the folding of actin and tubulin. However, this
does not mean that they are the only important TCP-1 sub-
strates; rather it may reflect the intracellular abundance of these
proteins. Assuming that the TCP-1 complex recognizes
specific proteins, why does it favor actin and tubulin? As one
possibility, a B-tubulin peptide enriched in hydrophobic
residues and proline, may provide aregion for binding of this
protein to the TCP-1 complex (Dobrzynski et al., 1996). The
domain, termed the ‘interactive core’, encompasses residues
from about position 150 to 350. Other regions located toward
the carboxy terminus may be required for removal of B-tubulin
from the TCP-1 complex (Dobrzynski et al., 1996). Interest-
ingly, of the cytoskeletal components that interact, with the
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TCP-1 complex, each contains a carboxy-terminal peptide
RK(A,C,T)F/IKRAF, a sequence with a TCP-1 homologue
(Burns and Surridge, 1994), and these sequences may mediate
separation of substrate and chaperone. This is apparently
followed, at least for tubulin, by transfer to a second chaper-
onin, for which residues 137-152 are important, perhaps for
binding and/or hydrolysis of GTP (Zabala et ., 1996).

In other reactions possibly not directly related to folding, the
TCP-1 complex associates with tubulin during its transport
along neurites (Carden and Roobol, 1995; Roobol et al., 1995),
as shown upon differentiation of ND7/23 cells to a neuronal
phenotype. Chaperonins containing TCP-1 (TCPa) enter
neuritic processes and they are enriched at the leading edge of
growth cone-like structures where they co-localize with G-
actin. On the other hand, chaperonins with the components
(TCPB, € and y) remain largely in the perikaryal cytoplasm
demonstrating specificity in the transport function of these
proteins. Another interesting observation concerning chaper-
onin function is its cosynthesis with tubulin during cilia
recovery in Tetrahymena (Soares et al., 1994). The results
suggest that the chaperonin assists folding of newly synthe-
sized tubulin and/or other components of the cilia. Finally, the
TCP-1 complex, identified as chromobindin A, reacts with the
membrane of chromaffin granules and it may have a role in
vesicle transport and/or fusion (Creutz et al., 1994). Thus, in
eukaryotic cells chaperonin function exemplified by the TCP-
1 complex is undoubtedly wider than indicated by its associa-
tion with cytoskeletal elements.

ARE MOLECULAR CHAPERONES REQUIRED FOR
MICROTUBULE FUNCTION?

Several HSP70s were characterized as microtubul e-associated
proteins (MAPs) before they were identified as molecular
chaperones. A 70 kDa MAP from NIL8 cells, co-localizing
with microtubules during interphase and mitosis, belongsto the
HSP70 family (Weller, 1988). Similarly, a 68 kDa protein from
HelLa cells, while unable to stimulate tubulin assembly, co-
purifies with this protein through two cycles of polymerization
and depolymerization (Weatherbee et al., 1980). The 68 kDa
protein is a homologue of the mammalian HSC70-related
protein, thermin, found in the cytoskeletal fractions of rat
spina cord, porcine brain and various cell lines (Wang et al.,
1980). B-Internexin, arat brain MAP extracted from taxol-sta-
bilized microtubules, is identical to HSC70 (Green and Liem,
1989). A 70 kDa HSP in the green alga Chlamydomonas binds
to the microtubul e-containing axoneme and concentrates at the
distal ends of flagella where axoneme assembly occurs (Bloch
and Johnson, 1995). Incubation of axonemes with ATP, but not
AMP or AMP-PNP, a non-hydrolyzable ATP analog, releases
the HSP70. Extraction under ionic conditions, known to free
capping structures that link microtubule distal ends to the
flagellar membrane, liberates axonemal-bound HSP70. The
authors propose that HSP70 directs tubulin and other proteins
to the flagellar tip where the chaperone participates in con-
struction of the axoneme. Additionally, because tubulin and
HSP70 are well conserved across species boundaries the
studies support a widespread role for this chaperone in
cytoskeleton formation.

HSP70 attaches to polymerized tubulin at the carboxy-
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terminal residues, 431- 444, which are included in the site that
is recognized by MAPs (Sanchez et a., 1994). Moreover,
HSP70 and MAP1B contain tubulin binding motifs of similar
sequence and a 65 kDa HSP70 from beet yellow virusinteracts
with purified microtubules, exhibiting an association constant
similar to that determined for MAPland MAP2. Removal of a
short C-terminal domain from a- and B-tubulin by subtilisin
digestion abolishes its reaction with the 65 kDa HSP (Karasev
et al., 1992). It seems that members of the HSP70 family
combine with microtubules through a MAP-like motif. In line
with thisidea, the identification of mutants resistant to tubulin-
reactive drugs and possessing a modified form of hsc70
(Ahmad et al., 1990), implies that this heat shock protein
regulates tubulin polymerization. HSP70 may prevent micro-
tubule formation by acting as an antagonist of MAPswhich are
able to promote tubulin assembly and stabilize microtubules
(Vallee, 1990). Inhibition of tubulin polymerization could be
necessary for cell division and differentiation, times when a
highly dynamic cytoskeleton is favoured. These effects of
HSP70 on microtubules can be examined further by assem-
bling purified tubulin in vitro in the presence and absence of
the protein, and by either expressing exogenous or disrupting
intrinsic HSP70 genes within cells.

Besides a direct interaction with tubulin, HSP70 apparently
affects microtubules through association with tau, a micro-
tubule-associated protein (Kirby et al., 1994; Wallace et a.,
1993). Heat shocked neuronal PC12 cells produce hyperphos-
phorylated tau, leading to structures similar to the neurofibril-
lary tanglesfound in the brains of individuals with Alzheimer’s
disease. Tangles form because the hyperphosphorylated tau
does not bind to HSP70 (hsp72 in PC12 cells) and is available
for interaction with microtubules, whereas normal tau is
sequestered in a stable complex with HSP70 (Wallace et al.,
1993). It was proposed that newly synthesized tau associates
with HSP70 and is protected from phosphorylation, whereas
mature tau does not complex with this chaperone and is
available for modification. This conclusion is strengthened by
comparing normal cells to those with acquired thermotoler-
ance. Production of HSP70 in the former occurs much later
than in the latter upon heat shock, and in each case the period
of maximal HSP70 concentration correlates with the time at
which tau is protected from phosphorylation. Moreover, when
HSP70 action is inhibited by L-azetidyl 2-carboxylic acid, tau
is phosphorylated suggesting that HSP70 shields tau from
enhanced phosphorylation during heat shock. Because
abnormal phosphorylation of tau disrupts its ability to promote
tubulin assembly, HSP70 may, through its effect on tau,
promote tubulin assembly, an outcome opposite to that
proposed earlier in this review for binding of HSP70 to micro-
tubules.

Antibodies against tubulin and HSP90 immunoadsorb
HSP90 and tubulin, respectively, from L cell cytosol prepara-
tions. Use of these antibodies also demonstrated the colocal-
ization of HSP90 and microtubules in cultured cells (Sanchez
et a., 1988). Immunofluorescence experiments with Ishikawa
(Fostiniset a., 1992) and rat pulmonary endothelial cells (Czar
et a., 1996) confirmed the association of HSP90 with micro-
tubules, and possibly with cytokeratin intermediate filaments,
but not with microfilaments (Redmond et al., 1989). HSP20
may be involved in microtubule-based movement because the
protein binds to cytosolic steroid receptors which undergo

intracellular trandocation as a prerequisite for carrying out
their function (Craig et a., 1994). Moreover, because it is
dispersed amongst the cytoskeletal elements, the possibility
exists that different HSP90 isoforms interact with each type of
polymer (Czar et al., 1996).

Exposure in vitro to a temperature of 50°C disassembles
microtubles and inactivates tubulin (Coss et a., 1982). Incu-
bation of dividing CHO cells at 45.5°C destroys the spindle
and undermines the contractile ring and the midbody-cyto-
plasmic bridge complex to varying degrees, depending on the
length of treatment. Division is prevented and tetraploid cells
arise. Inmouse T lymphocytes, hyperthermia damages micro-
tubule organization and impairs cytolytic activity (Knox et a.,
1991). However, protection of microtubules by HSPs has not
been reported, although HSP70 and HSPO0 associate with
these structures. If future study excludes thermoprotection,
then it is likely that HSP70 regulates tubulin assembly/disas-
sembly rather than serving as a chaperone for this protein.

Although evidence links the TCP-1 complex, HSP70 and
HSP90 with tubulin/microtubules, much less is known about
their relationship with the small heat shock/a-crystallins.
Atomi and Arai (1996) reported, in abstract form, that aB-crys-
tallin may influence tubulin polymerization. In other work it
was shown that exposure of C6 glioma cells to drugs that cause
depolymerization of microtubules, increases their content of
aB-crystallin, but not HSP27 and HSP70 (Kato et al., 1996).
The amplification of aB-crystallin is preceded by enhanced
production of mRNA for this protein. However, induced tran-
scription and trandation are inhibited if cells are incubated
with taxol, a drug that stabilizes microtubules, suggesting that
disassembly is required for promotion of aB-crystalin
synthesis. Moreover, the induction of aB-crystallin is sup-
pressed by staurosporine, an inhibitor of protein kinases.
Immunostaining reveals that soluble tubulin and aB-crystallin
colocalize to the periphery of cells subjected to microtubule
depolymerization, but interaction of the two proteins has not
been demonstrated. No role is proposed for aB-crystallin in
treated cells, but it is tempting to speculate that it associates
with tubulin preserving the latter for assembly upon removal
of the drug. Whether an equivalent physiological situation
occurs in cells not exposed to drugs is unknown.

MOLECULAR CHAPERONES ARE CENTROSOMAL
COMPONENTS

The centrosome, an important MTOC, nucleates microtubules
and determines their polarity (Joshi, 1994; Joshi and Palevitz,
1996; Raff, 1996). Heat shock can alter the pericentriolar
material of the centrosome leading to mitotic dysfunction
(Vidair et al., 1993). Centrosomal labelling by anti-pericentrin
antibody, for example, decreases immediately after heating
tolerant and nontolerant CHO cells at 45°C for 4-18 minutes.
When returned to 37°C, pericentrin staining reappears
gradually in both types of cells, but distribution in nonthermo-
tolerant cells is abnormal. Heat reduces the extent of micro-
tubule nucleation, but centriole number is not perturbed, indi-
cating that the pericentrolar material is affected. Such findings
imply that thermotolerant cells have an enhanced capacity to
repair damage to centrosomes, signifying a contribution by
molecular chaperones to this process.



Molecular chaperones have been identified at the centro-
some. A 72 kDa HSP associates with centrosomes in various
species, including dinoflagellates and humans (Perret et al.,
1995), while Brown et al. (1996a,b) have shown that a 73 kDa
HSP and TCP-1 exist in centrosomes throughout the cell cycle.
There is a strong correlation between increased centrosome
staining by anti-HSP73 antibody and the appearance of micro-
tubules during recovery from heat shock. Moreover, microin-
jection of anti-HSP73 antibody blocks centrosome assembly
following heat treatment. In contrast, microinjection of HSP73
prior to heating accelerates recovery of centrosome function in
a manner similar to that observed in themotolerant cells.
Although details are lacking, HSP73 appears to have arole in
centrosome repair, which in turn affects the intracellular organ-
ization of microtubules. Incubation in vitro with an antibody
to TCP-1, but not to HSP73, blocks microtubule growth from
centrosomes. Similarly, injection of antibody to TCP-1 inhibits
establishment of microtubule networks in cells after removal
of nocodazole, while antibody to HSP73 has no effect. Coupled
with the observation that yeast TCP-1 mutants have several
microtubule abnormalities (Ursic and Culbertson, 1991), the
results indicate that TCP-1 assists in microtubule nucleation, a
fundamental activity of centrosomes.

MOLECULAR CHAPERONES MODULATE ACTIN
ASSEMBLY

There is evidence that HSP90 and HSP100 cross-link micro-
filaments (Koyasu et a., 1986). HSP70 may stabilize actin
filaments in cultured cells (Macgjak and Luftig, 1991), it has
been proposed to coaggregate with actin in ATP-deprived cells
(Kabakov and Gabai, 1994), and an HSP70-related actin
capping protein, aginactin, has been found in Dictyostelium
amoebae (Weeds and Maciver, 1993). Aginactin could link cell
movement to cytoskeletal reorganization via its response to
external stimuli. Also, HSP70, through its association with the
TCP-1 complex (Kubota et al., 1994; Lewis et a., 1992), has
the potential to modulate actin formation and dynamics in an
indirect way. However, members of the sHSP/a-crystallin
family probably exert a greater influence on actin filaments
than do other molecular chaperones. Miron et al. (1988, 1991)
showed that a protein termed 25 kDa | AP from turkey smooth
muscle inhibits actin polymerization in vitro, perhaps because
it attaches to the barbed-end of microfilaments and is devoid
of nucleating activity. IAP has 80% similarity to human small
heat shock-like protein (HSPL27) from heart, speculated to
stabilize actin filaments in myocytes (Lam et d., 1996), and in
cultured chicken fibroblasts it increases up to 15-fold during
heat shock at 45°C. A transient but prominent reduction in
microfilament number occurs in turkey smooth muscle cells,
but a direct correlation between increased 1AP synthesis and
actin disassembly could not be made because deterioration of
actin filaments is apparent before an appreciable amount of
IAP accumulates. Moreover, the change in microfilaments is
transient while |AP persists upon continued exposure of cells
to heat. Indeed, it could be argued, based on more recent
studies of HSP27 (discussed later), that IAP assists in the
recovery of actin filament networks in these cells.

HSP26 from yeast disrupts microfilaments, and mixing
equimolar amounts with G-actin decreases F-actin fivefold
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under standard polymerization conditions (Rahman et d.,
1995). Inhibition of actin assembly, at least for murine HSP25,
is greatest when the protein occurs as a nonphosphorylated
monomer, whereas multimeric nonphosphorylated complexes
of HSP25, and phosphorylated monomers, fail to inhibit actin
assembly (Benndorf et al., 1994). Interestingly, the motif G-
[V/]-L-T-[X]3-P, shared by sHSP/a-crystallins and thought to
have arolein the formation of chaperone multimers (Kaukinen
et al., 1996), appearsin a conserved domain of actin important
for polymerization. Similar secondly structures may exist in
these regions of actin and HSP26. Thus, it is possible that some
sHSP/a-crystallins inhibit assembly by competing with G-
actin for incorporation into the F-actin polymer, thereby
capping microfilaments at their elongating ends. However,
other studies show a dlight stimulation of actin assembly by a-
crystallin, suggesting it does not cap microfilaments (Wang and
Spector, 1996).

Thereisarapid, reversible loss of stress fibersin CHO cdlls
exposed to hyperthermia (Glass et a., 1985). The appearance
of intranuclear actin-containing inclusion bodies is part of the
morphological change in heat-shocked rat fibroblast cells and
similar rod-like structures are found in the nucleus of other
cells experiencing different types of stress (Welch and Suhan,
1985; lida et a., 1986). In alied studies, immunofluorescence
staining reveals that HSP27 is enriched in a cytoplasmic region
of highly motile fibroblasts characterized by actin polymeriza-
tion, and that overexpression of HSP27 in CHO fibroblasts
partially suppresses cytochalasin D-induced microfilament dis-
ruption (Lavoie et a., 1993a,b). Modulation of microfilament
stability by HSP27 is phosphorylation-dependent and HU27
Chinese hamster cells that overexpress wild-type HSP27
exhibit increased F-actin at the cortex, elevated pinocytotic
activity and enhanced survival after heating (Lavoie et al.,
19933, 1995). In contrast, mutant HU27pm3 cells induced to
synthesize high levels of nonphosphorylatable HSP27 have
less cortical F-actin, decreased pinocytotic activity and low
survival after thermal shock. Greater amounts of HSP27, but
not its nonphosphorylatable form, accel erate the reappearance
of microfilaments after treatment with the drug, cytochalasin
D. Also, phosphorylatable HSP27 protects against oxidative
stress, preventing actin fragmentation and cell death, proper-
ties not shared by the nonphosphorylatable pm3 HSP27 (Huot
et al., 1996). The authors propose that early during stress, phos-
phorylation regulates the effect of HSP27 on actin dynamics,
resulting in greater microfilament stability, accelerated
recovery of filament number, and higher overall cell survival.

That phosphorylation of sHSP/a-crystallins influences their
interaction with actin is indirectly supported by two reports.
Loktionova et al. (1996) demonstrated the redistribution of
HSP27 in human endothelial cells to stress fibers within 15-30
minutes of heat shock, concurrent with increased HSP27 phos-
phorylation and before the stress-induced disruption of the
microfilaments. Additionally, when the human promyel ocytic
leukemic cell line, HL-66, is induced by exposure to phorbol
ester myristate to differentiate into a macrophage-like cell, the
amount of phosphorylated HSP28 increases, and there is colo-
calization of HSP28 and actin, probably at the leading edge of
the cell (Minowada and Welch, 1995). However, the specific
association of the phosphorylated chaperones with microfila-
ments and their enhanced stability as a result of interaction
were not demonstrated in either case. On the other hand, recent
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data on a-crystallin contradict the findings obtained through
study of Chinese hamster cells, and suggest more than one
mechanism whereby phosphorylation affects the sHSP/a-crys-
tallins (Wang and Spector, 1996). In this case, a-crystallin and
either of its aA or aB-isoforms, prevent depolymerization of
microfilaments by cytochalasin D, but this protective effect is
decreased by phosphorylation. In the absence of drug, phos-
phorylation has little effect on the ability of a-crystallin to
either stabilize microfilaments or prevent heat-induced aggre-
gation of microfilaments. Thus, not only does a-crystallin
appear to function differently from HSP27, it may exhibit
alternate activites in the presence and absence of cytochalasin.
Because phosphorylation of sHSP/a-crystallins is dependent
on MAPKAP kinase 2, it is possible that HSP27 is part of a
pathway for signal transduction that ultimately regulates the
organization of microfilaments (Kaukinen et a., 1996; Knauf
et d., 1994).

MOLECULAR CHAPERONES AND INTERMEDIATE
FILAMENTS

Members of the HSP70 (Liao et al., 1995), HSP90 (Fostinis et
a., 1992; Czar et al., 1996) and sHSP/a-crystallin (Leicht et
al., 1986; Nicholl and Quinlan, 1994; Quinlan et al., 1996)
families interact with intermediate filaments. HSP70 immuno-
precipitates with keratins 8 and 18 (K8/18), a pair of inter-
mediate filament proteins preferentially synthesized in
glandular epithelia. The K8/18-HSP70 complex isdisrupted in
a Mg-ATP-dependent manner and reconstituted in vitro using
purified HSP70 and K8/18. The association of HSP70 is
stronger with soluble than with polymerized K8/18 and this

Folding

Assembly/

Disassembly complex

Fig. 1. Schematic representation of the relationship
between molecular chaperones and the cytoskeleton
during protein folding, assembly/disassembly and
heat shock. When a molecular chaperone is known
to affect a process, it is noted beside the arrow(s)
representing the process. A question mark beside
the name of a protein means that the proposed
function is tentative. A question mark in the absence
of aprotein designation means that no chaperone
has been shown to affect the process indicated by
the arrow(s). Heat shock, HS.

Heat Shock/
Protection

property increases with heat stress, but the protein has little
effect on intermediate filament protein assembly in vitro. The
nature of the relationship between HSP70 and K8/18 remains
uncertain (Liao et al., 1995).

The in vitro polymerization of glial fibrillary acidic protein
(GFAP) and vimentin is repressed in an ATP-independent
fashion by a-crystallin (Nicholl and Quinlan, 1994), a major
lens structural protein in vertebrate eye. a-Crystallin is
expressed in non-lenticular tissues as well where it functions
as a sHSP (Arrigo and Landry, 1994; Horwitz, 1992). Inhi-
bition of intermediate filament protein assembly is unrelated to
a-crystallin phosphorylation and the a-crystallin polypeptides
0A1l, cA2, aB1 and aB2 are equaly effective in this activity.
Nonfilamentous vimentin in extracts of lens precipitates with
a-crystallin upon reaction with anti-vimentin antibodies, and
the nonassembled pool of GFAP isincreased by adding a-crys-
tallin to preformed filaments, supporting the idea that a-crys-
tallin binds preferentialy to soluble forms of both intermedi-
ate filament proteins. A small portion of a-crystallin localizes
to intermediate filaments, and examination of negatively
stained samples with the electron microscope shows a regular
pattern, about one particle per GFAP molecule. In one unusua
case, a-crystallin coats intermediate filaments composed of
CP49 and filensin forming the beaded filament, a structure
unique to the vertebrate lens (Quinlan et al., 1996). There are
diverse reasons for the interaction of a-crystallins with inter-
mediate filament proteins (Nicholl and Quinlan, 1994). One
attractive hypothesis is that a-crystallin selectively removes
intermediate filaments at transition stages during cell differen-
tiation through binding preferentially to their soluble precursor
proteins. Because there are several major types of intermedi-
ate filament proteins it may be necessary to eliminate a pre-

Nascent Cytoskeletal Polypeptides

TCP-1 TCP-1 TCP-1

?
complex complex complex :
y-Tubulin, a/B-Tubulin Actin I ntermediate filament
Centractin proteins
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crystallin? HsP277| [25kD 1AP? a-Crystallin
Centrosomes Microtubules  Microfilaments Intermediate
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HS HSP70 HS ? HS HSP27  HS HSP70?
sHSPs?
Dysfunctional Cytoskeleton
Centrosome Microtubule Microfilament Intermediate
dispersion disassembly disassembly and filament
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vioudy synthesized protein which in the new phenotype is
detrimental. Support for this proposal arises from the observa-
tion that desmin, an intermediate filament protein not usualy
found in lenses, upsets normal function of thistissue and leads
to cataract formation (Bloemendal, 1991). In cardiac muscle,
on the other hand, a-crystallin may organize desmin at the Z-
band as part of its normal function (Ganote and Armstrong,
1993).

Heat shock causes the spatial arrangement of intermediate
filaments to change from a fine thread-like network to alarge,
perinuclear aggregate (Weatherbee et al., 1980; Falkner et al.,
1981; Parsell and Lindquist, 1994). In thermotolerant cells,
integrity of the intermediate filament network is enhanced, and
maintenance of this organization is required for establishment
of increased heat resistance (Lee and Lai, 1995). For example,
when 9L brain tumor cells are treated before heat-shock with
withangulatin A (WA), a drug that disrupts vimentin interme-
diate filaments, they do not acquire thermotolerance, while
those treated after receiving a heat shock gain protection. The
vimentin intermediate filaments in cells exposed to WA prior
to heating are arranged in tight perinuclear aggregates unable
to return to their normal distribution upon recovery. In contrast,
intermediate filaments in cells treated with WA subsequent to
thermal stress resume a dispersed organization. HSC70 co-
localizes with vimentin during these spatial changes but
whether it has arole in stabilization of intermediate filaments
remains unsettled (Lee and Lai, 1995). In heat shocked
Drosophila, on the other hand, SHSPs (HSP28, 26, 23, and 22)
have the same distribution as vimentin-like intermediate
filament proteinsin Kc cells and salivary glands (Leicht et al.,
1986). Although no purpose has been proposed, the sHSPs
may, as for microfilaments, protect intermediate filaments upon
exposure to elevated temperatures.

CONCLUSIONS

Interpretation of data related to the role of molecular chaper-
ones in the formation and protection of cytoskeletal elements
can be difficult (Bukau et al., 1996; Rutherford and Zucker,
1994). Within cells, the protein synthesis and folding take place
concurrently at the ribosome surface. Both processes are rapid,
they occur in aprotein-rich mileau and they are subject to many
different influences. Asacasein point, it isnot always possible
to differentiate in vivo theindividual effects of molecular chap-
erones that act cooperatively and/or sequentially on nascent
proteins. The problemis partially overcome by analysis of cells
with mutated chaperones, but this approach is limited to those
organisms for which genetic manipulation is possible. Studies
in vitro, while alowing defined conditions, suffer from limita-
tions imposed by an artificial environment. Protein concentra-
tion and diversity in vitro are often much lower than in the
cytoplasm and only one of many cooperative reactions influ-
encing protein folding may be under study. Thus, a molecular
chaperone might seem unrelated to a particular cytoskeletal
component only because a cochaperoneis missing. Conversely,
molecular chaperones tend to recognize hydrophaobic regions
exposed to the agueous environment, a generalized mechanism
providing ample opportunity for false interactions. This
concern is especialy pertinent in an in vitro situation, where
relatively high levels of alimited number of proteins dissolved
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in low salt nonphysiologica buffers may drive inappropriate
reactions. Artifactual protein-protein associations are also
encountered when searching cellsfor MAPs (MacRage, 1992b),
an example which provides a strong cautionary message to the
study of chaperone-substrate interactions.

In spite of the problems associated with their study available
evidence proves that molecular chaperones assist in the
formation of cytoskeletal proteins, while influencing the organ-
ization and function of microtubules, microfilaments and inter-
mediate filaments (Fig. 1) For example, the TCP-1 complex
folds a-, 3-, and y-tubulin, actin, and centractin; additionally,
it affects microtubule nucleation by the centrosome. Members
of the HSP70 family facilitate repair of the centrosome and
perhaps intermediate filaments during heat shock, and they
bind to microtubules, but the consequence of this latter re-
lationship is unresolved. The sHSP/a-crystallins interact with
microfilaments and intermediate filaments, regulate their
dynamics and protect microfilaments from heat, while HSP90
associates with microtubules and possibly intermediate
filaments. Clearly, molecular chaperones perform different but
cooperating rolesin the regulation of cytoskel eton function, but
many questions concerning the interplay of molecular chaper-
ones and the cytoskeleton remain. Clarification of these issues
requires a better understanding of both molecular chaperones
and the cytoskel etal elements, aswell as continued study of the
interaction between these two groups of proteins. Such work
is ongoing in several laboratories and these efforts are certain
to yield interesting results.
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