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studies the machantsms of (nleraclions between
cytaskelstal polymers and mitochondria, isolated from
the cenmal nervous yystems, with the aim of
undersianding the biclogical role of the long sidearm
projeciions specific of newroral microsubule-associated
profeins and of the major newon-speciic mtermediate
Slames, ncurofflaments. Bovh 1ypes of sorucames ars
assumed 1o mediate the reversible bundling of
oytaskeletal clements in axons and dendrites and 1o
. immobilize mitochondria through phosphorylation-
" dependent weak binding sites, in competition with the
g octive mransiocation of polymers and organelles
achieved by molecular mofors.

Abstract - The diffusion of mtracellular fluid and solutes is mainly limited by the density and the geometry of crossbridges between
cytoskeletal polymers mediating the formation of an integrated cytoplasmic scaffold. Evidence for specific relationships between water
and cytoskeletal polymers arises from the effect of heavy water on their polymerization process in vitro and on the cytoskeleton of living
cells. The hydrarion of cytoskeletal subunits is modified through polymerization, 2 mechanism which may be involved in the direct
contriburion of the cytoskeleton 1o the osmotic properties of cells together with changes of hydration of polyrers within networks. The
dynamic properties of the hydration layer of cytoskeletal polymers may reflect the repetitive distribution of the surface charges of
subunits within the polymer lattice, thus inducing a local and long range ordering of the diffusion flows of water and solutes insid¢
polymer netwarks. The interactions between subunits in protofilaments and between protofilaments determine the specific viscoelastic
properties of each type of polymer, regulated by associared proteins, and the mechanical properties of the cell through the formation of
bundles and gels. Individual polymers are interconnected into dynamic networks through crossbridging by structural associated proteins
and molecular motors, the activity of which involves cooperalive inwractions with the polymer lattice and likely the occurence of
coordinated modifications of the bydration layer of the polymer surface. The cytoskeletal polymers are polyelectrolytes which constitute
a large ‘ixm'acc‘llulat surfacc of condensed anionic charges and form a buffering structure far the scquestration of cations involved in the
regulation of intracellular events. This property allows slso the association of cytoplasmic enzymes and multimolecular complexes with
the cytoskeleton, facilitating metabolic channelling and the localization of these complexcs in specific subdomains of the cytoplasm.
The consequences of interactions between membrancs and the cytoskeleton in all celfular compartments range from the local
immobulization and clustering of lipids and membrane proteins to the regulation of water and ion flows by the association of cytoskeletal
subunits or polymers with transmembrane channels. The possibility that the polyelectrolyte properties of the cytoskeletal polymers
contribute n:i the modulation of membrane potentials supparts the hypothesis of  difect involvement of the cytoskeleton in intercellular
cornmunications, :
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Note: This review uses a selection of articles from a huge literature on the many fields of rescarch related to the cytoskeleton and to the

mteractions of water with cellular gomtgzncns and compartments. Many of these references are from original reports and reviews published

In the last 5 years, in order to provide readar with an up to datc overview of this broad subject and an insight into the directions of future

investigations. However, this choice resulied in the arbitrarly rejection of alder papers of high value, of which the lack of citation docs not

mean that they are no mare valid. Thus, the reader is invited to find these funding articles from the last fow decades in the reference list of
more recent reviews and articles.
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INTRODUCTION

What is the difference between a random concentrated
mixture and the living milieu that is a cytoplasm? Dynamic
changes in molecular ordering is the answer

The cytoplasm of all cells appears as a heterogenous
viscous fluid, enclosed in the cytoplasmic membrane,
containing many types of subcellular structures that are
either in direct contact with the intracellular medium
(polysomes, centrioles, fibrous polymers of the
cytoskeleton) or delimited by lipid membranes (nucleus,
mitochondria, Golgi and reticulum membranes, secretion or
capture vesicles). In contrast with the random diffusion of
suspensions of particles in a fluid medium, the instantaneous
distribution and relative organization of all components of
the cytoplasm is precisely controlled, and this arganization is
constantly under active remodeling for adaptating the cell to
extracellular signals and contacts by coordinated
modifications of the molecular composition, the structure
and the dynamics of local cytoplasmic domains. This highly
plastic adaptability suggests an integrated coordination
between all cytoplasmic compartments for achieving the
physical modifications of the cell that are functionally
appropnate to a modified situation. A central contribution of
the cytoskeleton to this complex process mvolves the
mechanical and biochemical properties of individual
polymers forming three~dimensional dynamic networks
interacting together and with the other subcellular
compartments through specialized associated proteins. This
functional organization of the cytoskeleton as a scaffold
implies likely the existence of microdomains of the
cytoplasmic space in which the free diffusion of molecules
(ions, nucleotides, soluble proteins) is limited by physical
and chemical barriers. The very high protein density of the
cytoplasm, usually described as macromolecular crowding,
is thought to induce aqueous phase separation (315). In
particular, the association of water molecules to cytoskeleton
polymers may determine an unusual structure of the solvent
which could be part of some of the physicochemical
properties unique to the cytoplasm of living organisms.

Presentation of the ordering parmers. The cytoskeletal
polymer families and their associates

Three polymer species, microtubules (MTs),
intermediate filaments (IFs) and actin filaments or
microfilaments (F-actin or MFs) form the cytoskeleton in the
majority of eukaryotic cells with the exception of some cell
types'such as red blood cells. MTs are rigid hollow polymers
(diameter 25 nm) formed by the assembly of
o and B tubulins into 11 to 15 protofilaments associated

laterally to each other (average of 13 protofilaments) (67). F-
actin consists of two actin protofilaments associated together
in a helical fashion (7 to 10 nm diameter) (31,118,192),
However, recent models of F-actin involve motion domains
of actin molecules responsible for dynamic conformationa
changes of the filament between ribbon-like and helica
structures (154,237,272). IFs (11 nm diameter) are formex
by a complex family of subunits of which the cellula
expression is specific of differentiated tissues (77,243). The
building block of IF's is made of antiparallel homo- or hetero
dimers, which assemble longitudinally into protofilaments:
The association of two protofilaments forms a protofibril
and the final IF structure results from the coalignment of «
protofibrils, a structure that is responsible for the unique
mechanical resistence of IFs. All three types of polymers ars
at steady state in cells between freely soluble subunits and
polymers, following distinct mechanisms: in contrast to the
polarized MTs and MFs polymers in which a plus end favor:
the addition of subunits and a minus end favors th
depolymerization by loss of subunits, IFs are non-polar and
subunit exchange occurs along their whole length (113,308)

Structural proteins are associated to MTs, MFs and IF;
polymers, whose functions range from the catalytic
stabilization or the fragmentation of each type of labil
polymer (MTs et MFs) to the organization of polymers inf
netwarks and their anchorage to varnious membranow
compartments (46,53,59,112,200,254,313). A second grouy
of cytoskeleton-associated proteins is constitued b
molecular motors of the dynein (MT5), kinesin (MT5) an¢
myosin (MFs) superfamilies (115,218). These molecule:
share with the structural cytoskeleton-associated proteins ar
organization into distinct fanctional domains, but their maje:
characteristic is an energy-dependent conformational chang
of their secondary structure which gemerates their activ’
motion along cytoskeleton polymers.

The cellular distribution of MTs, IFs, and MFs reflect
their functions. MTs form the mitotic apparatus along whic:
the active segregation of chromosomes occurs by the actio:
of several molecular motors, the structure of centrioles an
that of ciha and flagella beating based on a dynein-depender
lateral ghding of adjacent MTs (146,202). In interphasii
differenciated cells, a MT network seeded in one or severz
MT organisation centers (MTOC: nuclear membrane ant
specialized domains undereath the plasmalemma in plants
penicentriolar region of animal cells) extends mn th
cytoplasm following a decreasing density gradient, the dists
MTs being rarely in direct contact with the plasmi
membrane  (146,202). MT-associated proteins allow th
anchorage of many organelles to MTs in a static (Structura
MT-associated proteins: MAPs) or a dynamic (moleculz
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motors) fashion. In addition to this function of MTs as a rigid
mechanical support for the dynamic distribution of
membranous  compartments, the polymerization-
depolymerization mechanism of MTs determines rapid
modifications of the cytoplasmic space. This phenomenon is
controlled both by the molecular motors and structural
stabilization factors of MTs (MAPs) (200,313). IF networks
are frequently organized 1n a cytoplasmic pattern similar to

that of M5 as a consequence of local interactions between

IFs and MTs via molecular motors and associated proteins,
but are also associated to the plasma membrane by
anchorage to intercellular junctions and to the nuclear
membrane of which the frame consists of a specific type of
IFs, the lamins (77,98,112,243). The interconnection
between these two cytoskeletal networks contributes in a
cooperative manner to the spatial organization of the
cytoplasm (MT5) and its mechanical stability (IFs). MFs
form a dense network in physical contact with the plasma
membrane where they participate directly into the
organization of transmembrane proteins (32,93). This
distibution of MFs reflects their role in cell motility
(ameboid motion) and in rapid changes of the plasma
membrane associated with ruffling, phagocytosis and
pinocytosis, which imply specific molecular motors
(26,93,333). Such movements occur also through gelation-
solation of actin filaments which is controlled by a large
family of actin-binding proteins, and by the anchorage sites
of MFs on the plasma membrane in contact with the
extracellular matrix (26,59). MFs are also present inside the
cytoplasm where they contribute to the motlity of
membranous organelles and multimolecular complexes in
cooperation with the MT~dependent traffic (93).

The three cytoskeletal networks are interconnected
through thetr associated proteins, thus inducing a functional
cooperation between MTs, MFs and IFs. This integrated
dynamic cytoskeleton forms a composite cellular structure in
physical continuity between the plasma membrane and the
extracellular matrix, and the nuclear membrane. A major
direct consequence of the dynamic properties and the
interdependance of the three cytoskeletal networks is that the
cytoplasm of living cells is a highly ordered plastic medium,
in which the local distribution of subcellular elements and

- macromolecules is in constant cooperation and control in

space and time.
WATER IN THE CYTOPLASM

. =» Does water in cells behave as an anonymous isotropic
solvent, as a tight tango dancing dress to macromolecules, or
as a composite set of dynamic but ordered states depending

yuUs
on its partners? All of this together, likely.

Viscosity of the cytoplasm

- One way to approach water intimity with proteins is
global rather than local. Another is to count molecules where
they are.

The apparent viscosity of the fluid phase of the
cytoplasm in between the supramolecular structures is
slightly higher than that of water (81,193,253,336).
Measurements of the diffusion coefficient of a variety of
inert molecules in the cytoplasm of living cells showed that
the diffusion of macromolecules of size up to 500 kDa is
nearly stmilar to that in water-based buffers (13,104,274).
However, observations of the limited diffusion of molecules
of size around or above 50 nm suggested that a meshwork of
macromolecular structures determines local obstruction to
passive diffusion (140,289). The probable contribution of the
cytoskeleton to percolation and sieving processes opposing
the diffusion of soluble molecules is suggested by evidence
that viscosity and diffusion of particles vary within distinct
cytoplasmic subdomains such as the leading and trailing
regions of a moving cell, in actin-rich domains undemeath
the plasma membrane or m the growing processes of
neurons, in which diffusion is affected by cytoskeleton drugs
(140,250,289,340). From experimental data and their
theoretical counterpart, the cytoplasm is generally described
ag a composite miben in which percolation of soluble
metabolites and proteins through the cytomatrix is the main
limit to diffusion (13,24,104,270, 274). However, since
many of these studies were performed using inert labelled
dextrans, the current values for diffusion constants do not
reflect the consequences of weak or strong interactions
between diffusing soluble molecules and immobilized
macromolecular structures of the cytoplasm.

Water in the cytoplasm is a free solvent, or, either mildly
or tightly bound to macromolecules. NMR studies ndicated
that the state of water in cells differs from that of bulk water,
and varies between subcellular compartments or during cell
cycle events (41,110,121,281,348). A relatively large portion
of cellular water 1s partially bound to membranes and
macromolecules as hydration water (42,105,128,131).
However, recent investigations in dilute protein solutions
suggest that with the exception of a few stably bound water
molecules, the average residence time of hydration water
molecules associated with the surface of proteins is small
(18,37,82,153,216). These indications support the
hypothesis that water-protein interactions are much more
dynamic than previously thought. Thus, the model of long-
living stable organizations of water surrounding the surface
of macromolecules proposed earlier (323) may be
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inconsistent with these data, although more experiments are
needed in living cells for understanding the dynamic
behavior of water molecules in cytoplasm crowded with
high concentrations of proteins and macromolecular
structures, limited by the plasma membrane. It is possible
that the high frequency of contacts of water molecules with
the surface of proteins imposed by the cytoplasmic crowding
results in the permanent modifications of water diffusion
parameters observed in whole cells, however including a
very dynamic component to the apparent siable hydration
layers of proteins (42,105,128,131). Furthermore, specific
~ aminoacid sequences of protems may induce an unusual
stucture of water molecules at their contact, such as with
antifreeze proteins that exhibit an ice-binding surface (190).
This indication opens room for the possible existence of
unexpected hydration properties of concentrated
solutions/suspensions of many types of cellular proteins with
2 large variety of specialized distribution of charged and
hydrophobic domains on their solvent-exposed surfaces
(217). The important contribution of the cytoskeleton
proteins to the total mass of cytoplasmic molecules and their
organization in a physical frame make this system a probable
target for privileged relationships with water molecules in
biving cells. :

Osmotic properties of the cytoskeleton

~» Water goes in and out of cells which swell or shrink
The cytoskeleton frame seems to capture water molecules
and control their release by changes of its structure.

An experimental approach to the contribution of the
cytoskeleton to the behavior of water and solutes in cells is
based on osmotic actions on cell structure and physiology
(257). The primary involvement of the F-actin network
undemeath the plasma membrane in the response of cells to
changes mn osmotic variations of the extracellular medium
has been established in several reports (43,69,103,168,176,
209,220), while other data suggest in addition the
coordinated contribution of MTs to this process
(49,189,221,278). A few indications suggest that the physical
and biochemnical properties of the cytoskeleton are directly
affected in the response of the cell to the osmotic shock: a
direct involvement of the polymenization-depolymenzation
- of actin in cell volume regulation has been evidenced
(68,349), while other reports pointed at the importance in
osmotic functions of the actin cytoskeleton of crossbridging
between actin filaments or/and the phosphorylation of actin-
associated proteins (43,150,168,220). In addition, some
types  of cells exhibit a strong resistence to swelling in
hypotonic conditions, which may be the consequence of an
extensive cytoskeleton-plasma membrane interaction

(1,228). Altogether, the available indications on the direc
contribution of the cytoskeleton to regulation of cell volum
and exchanges of water, metabolites and ions with th
extracellular medium led to the hypothesis that the wholl
actin network acts as an osmotic sensor, alone or i
cooperation with MTs (43,68,257,278).

The molecular basis of such a property of cytoskeleta
polymers is not well known. Indirect evidence was obtaine:
in model systems, suggesting that polymenzatio
mechanisms of macromolecules and their organization int
networks may be directly related to their osmotic propertie
(57,100,158,185,273), which raises the possibility thz
interactions between water molecules and protemn domair
of the cytoskeleton subunts are key factors in the propertie
of cytoskeleton toward the behavior of water compartment
in the cytoplasm. The changes of actin hydration during th
transition of G-actin to F-actin may be part of the majc
involvement of actin in osmotic properties of cell
(78,130,287). However, other mechanisms of interaction ¢
cytoskeletal polymers with water are likely required for the:
contribution to the osmotic balance of cells. A mare effectiv
component of this function of cytoskeleton in water contre
could be the hydration level of polymers and of crossbridge:
polymers in cytoskeletal networks of cells, as reflected b
the changes in compressibility associated wit
polymerization and network formation, comsecutive to
modification of the area of solvent exclusion of polyme:
(257,312). The shrinkage of F-actin under osmotic pressun
(273), the bundling of F-actin induced by osmotic stres
(288), and the inhibition of osmotically driven water flow
by actin filaments, regulated by the crossbndging prote:
ABP (129,130), suggest strongly that the immobilization ¢
cytoskeletal polymers into crossbridged networks affe:
directly the mobility of water in cells. The control of osmot:
pressure through the water release or adsorbtion by t-
cytoskeleton may depend primarly on the physic:
organization of cytoskeletal polymers together into dense «
loose networks, as suggested by the regulation of ce
volume by the reversible polymerization of F-actin (34%
Another element of the cell volume regulation by tk
cytoskeleton results from the direct control of ion chanpe:
by cytoskeletal proteins and polymers (3,124,209,221,257
The involvement of actin networks in the regulation «
stretch-activated channels (90,133,334) further showed th:
the dynamic organization of F-actin undemeath the plasu
membrane is a major effector of the exchange of ion
between the cell and the extracellular medium. In th
perspective, the hypothesis was recently raised that th
regulation of cell volume occurs through the modulation «
the life time of crossbridges between filaments, affectim
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consecutively the rigidity of the membrane (258).

CONTRIBUTION OF WATER
TO CYTOSKELETON PROPERTIES

«» The structure of water molecules in contact with long
cytoskeletal polymers 1s a crucial question, yet unsolved.
The options are: a large scale clathrate-like sheet of
immobilized water molecules covering the polymer; a layer
of rapidly jumping water molecules at the polymer surface
between bound and free states resulting in a constant flow
. oriented by the polymer propertes; no water molecules
bound to the surface of polymers but few ones buried inside
the polymer structure. Indications for selecting a cormrect
model are obtained from indirect evidence ranging from the
study of the polymerization mechanisms, of the effects of
D, 0 versus H,0 on the cytoskeleton in cells and in vitro, and
of the behavior of ions in the presence of cytoskeletal
polymers. All data point to the existence of specific
relatiopships between water and cytoskeletal structures in
addition to the interactions between water and polypeptides
during folding and conformational changes common to all
protems. Thus, an appropriate model of polymer hydration
would assume that there exists a particular water domain
surrounding polymers, the size and the properties of which
are determined by the average ionic density of the polymer
surface and the precise topography of hydrophobic domains
and positive/negative charges specific of the surface of each
type of cytoskeletal polymer. Whether water in such
domains 1s more or less stable or highly dynamic may vary
with the surface topography of the polymers. Then, the
repetiion of exposed motives of subunits within the polymer
lattice should create a similar repetitive although dynamic
structure of the surrounding water, which should be strongly
affected by the binding of cytoskeleton-associated proteins
as well as by post-translational modifications (i.e.
phosphorylation) of both subunits and associated proteins.

Direct involvement of water in the polymerization
mechanisms of cytoskeleton subunits

=) Less water associated with the polymer than w:th its
subunits may constitute an exquisite process to control cell
water flows and states, since the relative size and mass of all
cytoskeletal polymers together in the cytoplasmic space is
very large.

The understanding of the association of water molecules
to cytoskeleton monomers and during polymerization
remains incomplete. Hydrophobic interactions accompagned
by exclusion of hydration water are likely to contribute to
many mechanisms of interaction between biological

macromolecules (27,50,79). Similarly, the conformational
changes of proteins and enzymatic activities involve
modifications of the number of hydration water molecules
(244,256,304). The polymerization of tubulin, IF subunits
and actin seem to follow this principle: The direct
involvement of water in the polymerization processes of
actin has been demonstrated (78,287), and may contribute to
the formation of hydrophobic interactions between the two
actin strands (31). The polymerization of the vimentin IFs
occurs through the exclusion of hydrophobic domains from
exposure to water (66). The tubulin polymerization process
is likewise accompagnied by water release from monormers
(175,309), which is probably mvolved in the hydrophobic
contribution to lateral interactions between MT
protofilaments (227). The hydration of polymers, estimated
from arialysis of sound velocity in suspensions of increasing
protein concentrations, differs strongly between MTs and F-
actin with a much larger contribution of water to the paclang
density of F-actin than for MTs (312). These hydration
characteristics of cytoskeletal polymers contribute directly to
their elastic behavior (312).

Heavy water has spectacular influence on the cytoskeleton

=» Although clearly demonstrated, the effects of D,O on
the cytoskeleton remain largely mysterious: a key to new
findings throungh more investigations? Coordinated
hydration changes during muscle contraction may show the
way.

Indirect evidence for a strong influence of water on
cytoskeleton properties was obtained from observations of
the effects of heavy water (D,0) on polymerization and
stability of MTs and actin filaments in virro and in living
cells. D,O enhances the rate of polymerization of both actin
and tubulin in vito without affecting their polymerization
equilibnum (47,232,240). When added to cellular media,
D,,0 determines the abnormal stabilization and cytoplasmic
distribution of both actin- and tubulin-dependent structures
in vivo, resulting often in toxic situations (162,170,171,232,
347). These observations first support the general concept
that the equilibria between monomers and polymers are
cnitical for the function of the cytoskeleton. The stabilization
of MTs and F-actin by D,0 in cells occurs likely through
polymerization-independent mechanisms involving D,0-
enhanced stabilization of polymers by associated proteins.
Second, these findings suggest that the differences in the
physical properties of H,0 and D,0 molecules have direct
consequences on the association between tubulin or actin
monomers nto polymers. A hypothesis on the molecular
mechanisms of action of DO on MTs is that it may enhance
hydrophobic interactions between monomers through the
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stabilization of some cnitical conformational steps and/or
modify the strength of hydrogen bounds by substtution of
deuterium for hydrogen (47,240). Using in vitro gelation
assays of actin filaments in the presence of the actin-binding
protein ABP which crosslinks individual filaments, it was
shown that the presence of D,O allowed a denser gel than
that obtained in H,O buffers (232), suggesting that the
interaction between F-actin and associated proteins involves
also water-protein relationships. Similar conclusions were
reached by studies of interactions between actin and the S1
fragment of muscle myosin (22,286), leading to the
hypothesis that the controlled expulsion of water from the
hydration layers of actin and myosin is a major element n
myofibril contraction (234,300).

Cytoskeletal polymers as polyelectrolytes

< Ion clouds captured in a restricted volume self-
organization and bundling of cytoskeletal polymers, and
binding of wandering molecules are unexpected
consequences of monotonous polymerization of subunits.

A structure-dependent property of cytoskeleton polymers
resulting from the association between subunits is the
constitution of linear polyelectrolytes in the cytoplasm, the
total surface of which is estimated to be much larger than that
of all membranes of the cell (86,133). This situation offers
binding surfaces for soluble molecules, which can be
transiently or permanently bound to the polymers, thus
adding another degree of ordering of the cytoplasmme
medium to that of the limited diffusion of macromolecules
resulting from inert hindrance to Brownian motion by the
cytoskeleton scaffold The study of mixtures of polymers
and soluble globular proteins at concentrations close to that
of the cytoplasm has shown that the bundling and
segregation of polymers from soluble components occurs
spontaneously (164). This entropy-driven phenomenon has
been sugpested to be based on repulsion between anionic
polymers of persistence length much larger than that of
globular proteins, and a similar process drives the formation
of liquid crystals in a polymer length- and concentration-
dependent manner (80,116,152,283,285). Although this self-
organization of fibers in crowded solutions is thought to be a
component of the bundling mechanism of cytoskeletal
elements in cells, further regulated by associated proteins,
another distinct mechanism of bundling and interaction
between cytoskeletal polymers and soluble components
based on their linear polyelectrolyte nature bhas been
cxplorcd recently (292,293,335). These studies revealed that
the high density of anionic charges along all types of
cytoskeleton polymers allow their bundling by a large
variety of cationic molecules, and the bundles obtained are

characterized by properties distinct from those of liquid
crystals (292,293,335). Evidence for the bundling of
polymers by metallic cations, homopolymers of basic
aminoacids or cytoskeleton-associated proteins and thei
inhibition by phosphorylated . nucleotides
(96,133,292,293,294) which result from numerous weak
interactions along Jengthy polymers, suggests how suck:
electrostatic interactions may confribute to the organizatior;
and the regulation of the cytoskeletonin living cells by ions
and nucleotides. Altematively, the transient sequestration of
cations on the large intracellular surfaces formed by the
cytoskeletal polymers may limit or/and control thein
diffusion in the cytoplasm, thus providing a highly plastic
store for these ions mvolved in regulation of many
intracellular events (133). For example, the very importany
mass of cytoskeletal polymers in myofibrils of muscle cell:
constitutes a large anionic domain of the cytoplasm from
which anions are excluded in confrast to cations (210), the
bulk of K* ions being completely bound to the myofibrilla
structure (187,188). The implication of the polyelectrolyt:
nature of cytoskeletal polymers in binding soluble enzyme:
(133) and other macromolecular complexes of the
cytoplasm, will be analyzed later (page 911).

POLARIZATION AND COMPARTMENTATION
OF THE CYTOPLASM

= The large scale relationships between th
cytoskeleton, water and solutes in living cells occur n
space delimited by membranes, in which geometry i
important, and where no cytoplasmic subdomain i
equivalent to another. This is a major property of hiviny
matter, which depends on the existence of moleculz
processes that organize the cell space and impose in eac;
subdomain a particular polarity, viscosity, and mobility of th
crowded populations of macromolecules and organelle
The cytoskeleton is a main agent of this active segregatio»
process following simple rules: once polymenzec
cytoskeletal polymers form reversible three-dimensionz
networks which resists bulk solvent flow, thus maintainin
constant the concentration of soluble proteins and smal
molecules inside their web. The ways to form and dissociat
networks are numerous, as are their resulting structures an
physical properties. Due to the length and relative stiffness ¢
individual polymers, the resulting networks are more or les
elastic, i.e. they store mechanical and chemical energy I
global deformations which can be recovered by coordinate:
mechanical actions. In all steps of these molecular crosstalk
from which arise life, a local and long range order i
generated which is imposed to the water-based medium ¢
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the cell, and where water molecules seem to play a central
role.

The cytoskeleton polymers bind a very large variety of
proteins. Among these are the families of specific structural
MT-, F-actin- and IF-associated proteins, which were most
often identified by their physical linkage to polymers during
purification or their effect on polymerization equilibriumns
(46,53,59,112,200,254,313). The binding of these proteins to
polymers i3 based on sequence-specific domains of the
associated protemns in which the contribution of both
hydrophobic and ionic interactions are involved (160).
Three major types of structural changes in the networks
formed by cytoskeletal polymers affect the diffusion of
soluble molecules in the cytoplasm: 1/ increase in the
stifiness and the stability of polymers leading to bundling
(73,127); 2/ sevenng, fragmentation of polymers and
sequestration of monomers (53,313), and 3/ crossbridging
and reticulation between polymers of similar or different
types (9,10,112,147,148,254,263,326,342).

These modifications of the organization of the
cytoskeleton by interactions with their associated-proteins
induce important changes in the local viscosity of the
cytoplasm, and determine the mechanical properties of the
polymers and of the whole cell. '

Viscoelasticity of living cells

-» A number of elegant methods have recently emerged
that allow measurement of whole cell rheology. Why
rheology? Because it tells of mechanical behavior of cells in
action and motion, and shows how distinct cytoplasmic
subdomains collaborate in a global performance. This 1s like
ultrasound scanning of embryos i utero: life in action.

An integrative approach to the contribution of
cytoskeleton to cell mechanics has been made by rheological
studies of living cells under various experimental conditions.
The viscosity of the cytoplasm depends of F-actin and MTs
in distinct manners: upon addition of the F-actin
depolymerizing drug cytochalasin-D, a decrease of cell
viscosity was observed, while an opposite result was
obtained by the stabilisation of MTs with taxol; the effect of
the depolymerizing drugs .colcemid or nocodazole varies
with the cell type (151,317,332,337). Measurements of
viscoelastic parameters showed the stiffening of spreading
cells as compared to resting cells (56,298) This change in
cell mechanics during spreading is likely to result from
reorganization of the F-actin cytoskeleton in the cytoplasm
in association with myosin II in the anterior region of the
moving cell (246). The regulation of myosin light chain
Phosphorylation via small G-proteins affects directly the

stiffness of cells (40). In addition, mutant cells lacking IFs or -

the actin-associated protein vinculin involved with F-actin in
focal cell adhesions showed lower stiffness than wild type
cells, demonstrating the integrated' contribution of all
cytoskeleton systems in the cell mechanical properties
(91,318). Similarly, significant alteration of cell elasticity
was found in mutants lacking the F-actin crossbridging
protein a-actinin and/or the ABP 120 gelation factor (70).

Viscoelasticity of cytoskeletal networks in vitro

=» If the mechanisms of life were to be reproduced in
Vitro, one primary requirement would be to create order in a
soup of molecules and structures. In this aim, a beginning is
to form simple networks of cytoskeletal polymers, then
increase step by step the number of players, to reach
structures resembling dynamic polarized cellular networks.
At the present time, this approach has demonstrated several
unexpected properties of cytoskeletal networks which can
explain many of their cellular functions. More is to come in
future, with the use of new powerful tools neither invasive
nor destructive of the delicate scaffolding of the soft matter
that is based on cytoskeleton gels. In these systems, a direct
access for the control of the behavior of water molecules is |
possible, and shows prommng insights into the reality of the
living cytoplasm.

* The study of the wscoelasuc properties of networks
formed in vitro with pure cytoskeletal polymers is an indirect
but powerful approach to the understanding of the molecular
mechanisms underlying the physical properties of the
cytoskeleton and their consequences on the dynamic
orgamization of the living cells. The three types of
cytoskeletal polymers exhibit distinct intrinsic physical
properties: MTs are stiff rodlike structures, F-actin filaments
are semi-flexible and IFs are flexible polymers (152).

— Stiffness: =% the collective bebaviors of polymers
together 1s primarly based on the physical properties of the
polymer lattice, characterized by the filament size, the
number and amrangement of protofilaments, and the
mechanical articulation between subunits within a polymer.
Bending freedom detenmines stiffness level, which
determines elasticity of the network.

Stiffness of MTs is mcreased by the binding of associated
proteins, in paralle] with stabilization (73,165), and identical
conclusions were drawn from studies of F-actin stabilization
by tropomyosin (127). Simalarly, the absence of the two high
molecular weight neurofilament subunits NF-H and NF-M
in reassembled filaments from NF-L alone leads to
mechanical instability in the polymers (36). Furthermore, the
nvolvement in modulation of MTs and F-actin stiffness by
the bound nucleotides and their hydrolysis rate (GTP/GDP-P;
and ATP/ADP-P) suggest important conformational




changes in the subunits which could store energy as'

mechanical component in the protein lattice within the
polymer (127,219,303,306). The impact of hydration water
on these molecular processes has not been investigated
extensively, but nucleotide hydrolysis in cytoskeletal
proteins is coupled with hydration changes (286,309,330).

When analyzed by rheological methods, suspensions of
MTs, F-actin and IFs reveal different viscoelastic properties
(132,134,138). S ‘

~ Viscoelasticity of F-actin: < a very elastic, plastic and
dynamic type of network, but which breaks easily. Cells use
it to achieve rapid deformations of their cytoplasm. They
may be the muscle equivalent of the cell skeletorn.

F-actin gels, the most studied structure, are characterized
by a slow increase in elastic modulus after initiating
polymerization, related to the progressive increase in
filament length which ultimately dominates the rheologic
properties of F-actin (135,136,137). The elastic modulus of
F-actin at polymerization steady state is high, compared to
IFs and MTs, but exhibits little resistence to increasing
strains, which induce the breaking of the gel structure
(132,134,138). However, the elasticity of F-actin
suspensions decreases more than that of MT with increasing
protein concentration, as a result of different hydration of the
two types of polymers (312). The individual filaments inside
actin gels are not stably associated together and their
diffusion ocours in wormr-like tube domains delimited by the
neiphbouring filaments (135,152). Adding actin binding
proteins to pure F-actin gels result in strong modifications of
their viscoelastic response to deformations: the ABP
crosslinking protein forms a much more resistent gel to strain
which does not creep under sress in contrast with confrol F-actin
alone (136,310). Similar results were obtained studying the
effects of a-actinin and ABP120 from Dictyostelium
discoideum with pure F-actin, adding further informations
on the regulation by Ca ions of the crosslinking activity of o-
actinin using point mutations (142). Interestingly, cells
lacking these two proteins have reduced viscoelasticity (70),
which bring together with i vitro measurements the first
comparative study of the contribution of well identified
associated proteins to the physical charactenistics of F-actin
netwarks in model systems in vitro and in the living cells.
Furthermore, major differences were found in the
viscoelastic properties between F-actin made of the three
actn isotypes, which are consistent with their presumed
functions in cells (7). At the present time, the available data
on actin networks and their regulation by associated proteins
constitute the more advanced approach 1o the biophysical
mechanisms by which one type of cytoskeletal polymer
organizes the cytoplasmic space.

— Viscoelasticity of Ifv: = flexible, resistent, stable, the;
are the bones of the cytoskeleton, withstanding stron
stresses.

In contrast to F-actin, IFs are less elastic at low strain, by
exhibit a strain hardening under increasing strains, which j
consistent with their presumed role in stabilizing the ce}
integrity against strong deformations. Thus property is share:
by all types of the large IF family tested (134,138,180,19¢
with a particularly high resistence to large strains specific fc
the unusal NF polymers which are unique in havip,
numerous interfilament contacts through the laterz
projections of their HMW subunits that induce the formatior
of semi parallel aligments of these flexib]
IFs similar to that of NF bundles in neurons (180). Althougt
several [F-associated proteins have been identified whic)
were shown to mediate interactions between IFs and othe
cytoplasmic structures (112), no studies similar to those o
F-actin have been performed yet on their effect o
IF viscoelasticity, with the exception of preliminary evidenc
that small heat shock proteins interacting with type II IFs i
cells may strongly interfere with IF gelation in vitro (63
Nevertheless, the comparison between the physical strengt
of gels made of NFs and vimentin or desmin [Fs suggest
that the presence of NF sidearms is a major determinant @
the mechanical properties of NFs in axons, and raises th
possibility that simular effects may be achieved by IF
associated proteins in other cell types.

— Viscoelasticity of MT3: =3 lonely, stiff, however ofter
bundled. Are they the brain of the cytoskeleton, organizin,
without direct involvement in action? Their MAPs am
motors do the work.

Rheological studies of MTs are rare, and suggest thz
they exhibit little viscoelasticity under small strains whic:
does not increase with larger strains that induce further th
brealong of the sample (39,132,134,138,268,312). Thes
data are consistent with the fact that M'Ts are stiff polymen
pot mteracting with each others, and raise in addition th
hypothesis that their associated protemns (MAPs) do nc
mediate significant interactions between MTs. Howeve;
studies of viscosity changes in high concentrations of M1
punfied from brain with saturated amounts of MAP
showed that the weak viscosity of MT suspensions I
affected by nucleotides, and by cytoplasmic organelles suc:
as mitochondria which bind to MTs via MAPs sidearm
(179). Although preliminary, these indications support th
hypothesis that weak interactions between MAPs-bearin
MTs may occur, which remain to be analyzed in furthe
work, such as with non-destructive methods recently devise:
(239,312). No evidence of neuronal MAPs-mcdiates
crossbridging of MTs have been obtained i vitro, althoug!




~ stress or during the morphological adaptation#
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antiparallel dimers of MAPs form sponianeously (204 327).
Thus, the molecular mechanisms of MT g induced
naturally by MAPs in neurons and in non—neuronar cells by
transfection with various constructs of MAPS remains
elusive. Two non-exclusive hypotheses are cunvcntTy evoked,
which suggest either the contribution of weak intcracuons
between MAPs through their projection ‘domain
(38,147,148), or the possibility that bundling is the indirect
consequence of stabilization of MTs by MAPs following a
process analogous to the segregation of long polymers
which drives the formation of liquid crystals in concentrated
suspensions (74,194). In confrast, the crossbndgmg or
bundling of MTs in vitro for a variety of proteins’ mcludmg
the synaptic vesicle anchoring protein synapsin, ce.r’tam types
of MAPs, and molecular motors of the dynem and kinesin
families has been reported (9,21,122,126,149).

— Fate of water inside cytoskeletal gels: =p the presumed
role of crosshridging associated proteins in pack
and water retention. '

Analyses of viscoelasticity of networks formed b
IFs or MTs do not include studies of the behavi
during gelation, or following strain-induced def
creepmg, or hardemng of gels. A few data exisf

network and which decreases with increasing comentrahons
of the two constituents (34). Similarly, the dﬂusmn of water
decreases in K*/dextran gels as compared to that'in ‘non-
gelling solutions of dextran alone (321). From both stﬁdm
a common conclusion is that the diffusion
reduced in direct relationship with true gel fo
contrast to a constant diffusion coefficient
molecules, similar to that of bulk water, in highly
non-gelling solutions. This situation may resul -fro
direct. confribution of water molecules to the structure"of the
geling” polymers and the binding of crossbndgmg
molecules, as shown with the gellan gum in the presen
K" ions (48). Thus, similar structure-dependent:a
can be expected for the behavior of water molec
biological gels, which might have important conis
for the mobility of water molecules in cellsf
reorganization of cytokeletal networks under’ e

extracellular signals. Evidence that diffusion of'si
in ABP cross-linked F-actin gels is smaller tha:f;that in

PAY IS

control F-actin gels but is not modified by another cross-
linking agent (145) suggested further that the geometry of
the formation of interconmected networks of cytoskeletal
polymers has important consequences with regard to
diffusion properties of solutes inside the gel. In addition, the
ionic charges of the cytoskeleton-associated proteins,
involved or not in crossbridging, interfere with the
polyelectrolyte nature of the polymer surface, thus adding
another element of regulation of local interactions between
the network and molecules of water, ions and solutes. For
example, the phosphorylation level of NF sidearms involved
in regulating inter-NF interactions controls the structure of
sidearms as well as NF bundling (96,180). It is likely that
these effects are the consequence of interacthons between
water molecules and bivalent cations with the numerous
phosphate groups of repetitive phosphorylation sequences of
NF sidearms, resulting in a strong conformational change of
the lampbrush-like structure of NF lateral projection domain
(96). Similarly, intriguing alterations in the structure of
MAPs sidearms were identified from the increasing packing
density of sedimented MTs with aging (178), which strongly
suggest that the structural function of MAPs sidearms in
mediating the spacing between MT5 and adjacent structures
is a conformation-dependent mechanical property. These
structural aspects of the regulation of cytoskeleton -
crossbridging or -associated proteins remain to be analyzed
with regard to their interactons with water molecules m
order to appreciate their contribution to the osmotic and
hydration properties of the polymers and their effect in
regulating the diffusional properties of cytosolic components
inside interconnected networks.

Interactions among the three types of polymers and dynamic
organization of cytoskeletal elements

- Complexity is achieved by simple means. Self-
organization in various patterns depends on few partners, but
shows intriguing properties. Do MTs store information in
their structure? And what is the mysterious hollow core of
MTs: a spectal water stare?

In addition to specific mechanical properties of each type
of cytoskeletal polymer regulated by their associated
proteins, a cooperative dynamic organization of the

~ cytoskeleton in the cytoplasm is attained through functional

interactions between the F-actin, MT and IF networks. These
interactions are mediated by both conventional and new
types of associated proteins, and the molecular motors.
Interactions between MTs and F-actin are mediated by some
of the MAPs family members, which can crosslink MTs
with and bundle F-actin, while cell adhesion induces
interactions between the F-actin crosslinking protein fimbrin
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and the IFs vimenfin (55,61,245,269,299,339) and
crossbridges between MTs and the ﬂ’smmenun are
mcdxaved by kmesm (98, 184) Furﬂlezmoref “the ‘plakm

three polymers and their anchorage to cell-ccll or oellmatnx
junctions (112,342). The existence of inter-connections
among all three cytoskeleton systems and with focal
adhesion complexes of the plasma membrane, .involved
together in the intracellular propagation of extracellular
signals, have motivated the tensegrity hypothesxs, xn_whxch

cell response to applied forces is not global: actio
cell 1o a deformation of the plasma membrari€"indit

concept which emerged from intracellular't
showing that F-actin and MT-dependent' Y

altemate contribution of retrograde °
molecular motors (262,275,316). Salta

(4,161,163,236), thus suggesting the imp
molecular motors organized together i

cytoplasmic structures such as the spindle o
cells or the dendritic and axonal MTS an¢
and the MT-F-actin complex in the
elongating neurites (2,203,259,265,276,

This possibility has been adressed thh

J-F. Leternier

which both the presence of motors and the geometry of th
limiting compartment determine the morphology of th
cytoskeleton arrays (107,120,223). The self-organization ¢
cytoskeletal polymers in the presence of a limited number ¢
associated protens may thus be a major principle of th
pattern formation of cytoskeleton arrangements in livin
cells involved in morphogepesis or differentiated ce
specialization. Furthermore, evidence that pgravity
dependent reaction-diffusion limited MT patterns occur
suspensions # vitro (52,241,290291) and in vivo (242
showed that MTs are self-organizing dissipative structures
In addition, theoretical propositions for coherent mechanicz
orderng within the MT structure through interactions o
tubulin monomers with the water molecules of their hollov
core (143,211) bring support to a theory of informatio
processing in MT structure (248). The intmguing recer
finding that a motion of gold-coupled antibodies on the M
surface occurs in the absence of direct binding to the moto
kinesin or dynein but as a consequence of these moto
dependent motions of MTs, adds experimental support f¢
such hypotheses, since these data suggest that coherer
conformational changes of tubulin drive this lateral diffusio
of bound proteins, a process which could be also at the orig;
of the diffusion-dependent shiding of the STOP protein
MTs (201,311).

From these attractive hypotheses, the possibility is likell
that the physicochemical properties of cytoskeletal polyme:
determine several levels of molecular ordering of th
cytoplasm, from the controlled diffusion of 1ons and solub)
proteins resulting from their organization as an aniom
cytoplasmic scaffold, to sophisticated topographi
integration of signals inside their three-dimensiom
structures. This latter level may also involve the stron
cooperativity between monomers, inducing conformatiom
transitions during the polymerization mechapism, or insi
polymers following the binding of associated proteii
(72,252). Similarly, the binding of associated proteins or t
activity of cytoskeleton-associated motors exhill
cooperativity, which may result in a discontinuous (patchi
distribution of associated proteins along the ,polynr
(45,101,197,314,320) or induce long range conformation
changes of the polymer subunits such as in actomyosin.
which a change in the twist of F-actin is thought to produ
the contraction force (177,272).

Molecular motors

-» Molecules that move on their own, provided son
fuel: a great discovery of the last 20 years. But the rail seex
to do as much wark as the engine. How water molecul
covering the MTs or F-actin cytoskeletal rail escape or he
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the moving machine remains to be found. Are a]I motors
worang as water-jets?

The MT5s or F-actin-dependent motion of the: molecular
motors of the myosin, dynein, and kinesin families ate
spectacular illustrations of directional active trarisl "ﬁon of
macromolecules, a behavier in strong contrast fo randor
diffusion. This result is achieved by the precxse’fcmporal
coordination between several cooperative events which Have
been explored in detail with kinesin molecules: The binding
and hydrolysis of ATP within one of the motor domains
bound to the MT wall results in its strong conformiational
change which affects the binding to tubulin and is
transmitted to the neck region outside the motor domain
pointing toward the direction of motion. The neck ‘acts'as’a
force amplifier through another conformational mod:ﬁcauon
and transfers it to the unbound motor domain,’ bnngmg,,,lt

closer to the next tubulin dimer. Once both motor heads are

forward motor head brings the neck back to
conformation thus allowing the detachment of
head (266). Depending on the structure of ne
speczﬁc for inesin subtypes, mouon occurs tow

—».,,H

and the neck domains of myosms have beetfﬂ }Qshe¢
although with a different finction of the neck of lever 4
regulating myosin velocity than with lane

orientation seems also to detenmne duecnon'é‘f

nucleotide-dependent interactions with the ‘
tubulin substrate, and can be regulated by specxﬁ%ﬁnomr-
assoc:ated proteins (155 214.279). Some da' 35

C-terminal region of tubulin in motor processivit
demonstrated (117,319,331). These elements’
hypothesis of a biased diffusional Brownian
mechanism of motion, in which both the mo
and the subunits of the polymer substrate are acti
of ATP-modulated interactions (14,16,261). Suck m‘
patticularly consistent for explaining the motmn of
monomenic motor molecules (214,230,341). Due. o the
stoichiometry of interaction with the polymer attice,

rwulung mouon driven by molecular motom

, '3
to be an universal characteristic of biological mp,' ,e“feven‘ts
(25,58,249,280,341). The contribution of water et

water of both motors and the F-actin or the MT
protofilaments take place during the coordinated
conformational modifications of interactions during the
motile quantal steps, and may be particularly involved in
processivity. From comparison between all types of motions
analyzed, including the FO-F1 ATPase, the bacterial flagellar
rotor, nucleic acid-dependent motors, the linear motars and
their induced F-actin and MT rotations (65,156,157,191,
272), the hypothesis was raised that a common mechanism
of motion for all molecular motors involve water jets
(15,235).

Functional assoctation of emzymes and mulli-enzymatric
machines with the cytoskeleton

=» The existence of a large intracellular surface offered
by the cytoskeleton allows nesting opportunities for many
birds: enzymes and multi-enzymatic complexes. Some are
permanent hosts, others bind transiently and go. All profit of
the reduced Brownian agitation compared to the bulk water
medium to accomplish their tasks.

The cytoskeletal frame established through interactions
between subunits, associated proteins and molecular motors
forms a three-dimensional dynamic scaffold on which
several macromolecular systemns are anchored. These
include signalling enzymes (29,30,133), glycolytic enzymes
(222,238), mRNA and polyribosomes (17,23,99,
141,199,231) and multiprotein complexes of the folding and
degradation machinenies (11,12,64,83,106,144,183). Of
parficular interest with regard to the role of water in the
efficiency of the activity of such cytoskeleton-bound
complexes is the situation of glycolytic enzymes which are
normally soluble molecules but, when bound to the
cytoskeleton, are thought to determine the metabolic
channelling of substrates passing from one enzyme to the
other, thus increasing the efficiency of the chain of reactions
and its regulation (5,95,159). The anchoring of macro-
molecular complexes to the cytoskeleton is expected to

~ result either in increasing their global enzymatic activity

(altering and changing the control mechanisms of glycolytic
enzymes), ot in the creation of an integrated reactive device
as suggested by the relation of the cytoskeleton to cellular
signalling, achieved by specific associations between many
ransduction enzymes (kinases, phosphatases) with their
cytoskeletal substrates (29,30,133). In this line, the
association between aggresomes and the proteasome core
with the cytoskeleton, are equally thought to produce
significant functional associations between enzymatc
machineries and the cytoskeletal proteins which they fold
and degrade, as well as to provide a dynamic distribution of
these multimolecular enzymatic particles for substrates other
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than cytoskeletal proteins present in different/r€gions of the
cytoplasm. The binding of subpopulations” ¢f* ml@NA and
polysomes to the cytoskeleton through specihic molecular
mechanisms s likely related to similar reqmmmenfs for the

subcellular targets, beside the obvious structifaladvantage
of the production of nascent polymer subum p;m close
. proximity to their incorporation site into -the ‘preexisting
cytoskeletal frame such as for f-actin (102,255)

Altogether, the increasing evidence for the existence of
integrated and dynamic complexes betwegn' cytoskeleton
networks and previously unrelated subcellular structures is a
strong indication for the generalisation of this ‘concept to the
organization of all cellular compartments (30) “Following
this line of reasoning, the possibility existsthat very few
molecules diffuse freely throughout the whole cytOplasrmc
medium, but instead, that diffusion is the.
uajectones of molecules from one binding*

=» At the limit of the intracellular world':'
guarded by a hydrophobic line. Exchangin

through non-specialized and through b
domains (59), and other specialized struch
intercellular contacts (226,229). Static o/
between the cytoskeleton and i.ntraoe]l

cytoskeleton—assocxatnd proteins, and inte
protemns which contribute together to
intracellular positioning and motility specifi
cytoplasmic membranous compartm
complex sorting process (94,115,260).

A common feature of these membran
multimolecular complexes is the preséncé of |

or to which partner proteins are embedded, bound or weak
associated. The bidimensional mobility of transmembra
proteins in lipid bilayers is directly or indirectly affected
the membrane skeleton and the cytoskeleton, as a result frc
the strength of interactions between proteins of the tv
structures (28,139,166,264,267,271,282 328). The physiologi
consequences of this topographic constraint are numeror
the tension-induced reinforcement of integrin-bas
adhesion sites is the result of clustering of integrin molecul
through the recruitment of integrin- and actin- bindi
protemns in the immediate submembranous cytoplasm
domain (59,133), and the cytoskeleton-dependent clusteri
of many plasma membrane proteins such as N-CAI
neuroreceptors, Na/K. ATPase and other ion channels is a k;
event in their physiological function at specific locations -
the cell surface (28,60,114,167,205,215,325,328). Simii
conclusions were reachéd when studying intracellul
membranous compartments such as tubulovesicul
reticulum membranes or mitochondna in which clusters

membrane proteins are induced by interactions with
cytoskeleton (6,181).

These functional ‘relationships between cytoskelet
elements and membranes might involve particul
interactions of the cytoskeletal polymers with wat
molecules at the vicinity of lipid bilayers, where Jipid-bour
water molecules contribute to dipole potentials
membranes (33,85). Model systems suggested that t
interaction between proteins and lipid membranes affé
both the organization of lipid molecules and the activity
the protein, and that the hydration water plays a key role
these interactions (85,87,284). Detailed indications for su
rearrangements were obtained from studies of the binding’
the protein kinase C (PKC) to membranes, which occu
through a higher hydration of the enzyme (88). The bindi
to membranes promotes the activity of PKC in dire
correlation with the phase of the lipids (89). Thus, t
activation of PKC in cell membranes by its activat
diacylgylcerol could be the consequence of the induction |
diacylglycerol of the transiion of the bilayer to hexagonal
cubic phases (92). Similar mechanisms might be at the he:
of interactions between cytoskeletal proteins ar
membranes. The binding of actin to lipid bilayers throug
tight interaction with few lipid molecules induc:
conformational change of the protein (87,329). The insertic
of tubulin into biological membranes involv:
postraductional modifications of the tubulin polypeptic
(acetylation, palmytoylation) and the interaction of tl
modified tubulin subunit with transmembrane protei
(8,346). The binding of the vimentin IF subunit to Lip
bilayers involves both electrostatic interactions of t
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N-terminal domain of the protein with acidic phosphohpxds
‘and hydrophobic interactions of the a helical rod domain of
the molecule with neutral lipids, 2 finding that is inr support
of priviledged associations between IFs and membranes in
most cell types (247). Actin-binding proteins;the *
associated proteins MAP1b and MAP2 and themolecular
motor dynein were shown also to bind d;r“éctly to
phospholipids through electrostatic interactions™ (75, 109,
139,169,338). The direct involvement of the surface
organization of phospholipids in driving the polymerization
of cortical actin filaments in interphase cells and'cytokinesis
of late telophase of dividing cells (302) and the dctin-
dependent organization of cell surface protein: oohpreXes
with lipid rafts (119) indicate further the -existence of
reciprocal interactions between the cytoskeletonafid specific
lipid components of the mosaic structure of the‘tiigimbrane.
Smoe the relauve organization of lipid specnes mn rgembxanes

layer (225). :
Numerous reports demonstrate the regulatxon of

transmembrane receptor proteins and ion - channels by

interaction with cytoskeletal proteins, and cytoskeleton

mediated membrane tension changes affect the. oper

jon channels (114,133,167,198,205). In additi

vitro: MTS orient m paraliel arrays under”

magnetic fields, from which the producti
currents in MT5 was suggested (301,305), and
electric currents following stimulation by el&
likely as a consequence of the displacem

polymers (44,186). These observations support the
suggestion that electric fields determine the ofiefitation of
MT and F-actin polymers in cells (19,51,195,213), and may
form a basis for the hypothesis that recxprocal*i

Na currents, through interactions with the Na channels
(206,207,208,297). The occurence of a rapid change in
birefringence in response to electric stimulation of axons has
been frequently assumed to result exclusively from a
coherent and transient reorientation of Na channel
polypeptides in the membrane associated with an increase in
axonal water (172,295,296). However, the possible
contribution of MT to this birefringent response cannot be
excluded, since it is reduced by colchicine, an observation
which is consistent with the effect of colchicine on Na
cunrents in isolated squid giant axons (173,208). Taken
together, these data suggest a highly cooperative interaction
between cytoskeleton and membrane in the generation of
action potentials, through electric and physical coupling
between MT and F-actin polyrers and membrane channels.
The direct change in water content in nerves correlated with
the transient birefringent changes in axonal membrane (and
cytoskeleton?) during electric stimulation is indicative of
such coordinated events between the two structures, in
which the polyelectrolyte and osmotic properties of the
cytoskeletal polymers are likely invalved. The possibility
has been suggested that the membrane channels may self-
organize in a dissipative structure (76,182). Thus, in the
perspective of integrated functional coordination between
membrane  channels and  membrane-associated
cytoskeleton, the dissipative structures of membrane
channels and MTs (52,241,242,290,291) could constitute
together a highly sensiive membrane-cytoskeletal
organization for the generation of subcellular patterns
involved in memory and plasticity of neurons. While most of
the investigations on interactions between cytoskeleton and
membrane potentials following the stimulation of axons
were made over 10 years ago, the recent findings on the
polyelectrolyte properties of cytoskeleton polymers might
bring new avenues for the exploration of this critical aspect
of cellular communication.

PROBLEMS AND PERSPECTIVES

The implication of water in interactions between
macromolecules of the cytoskeleton together and with their
subcellular partners is presently a puzzle of single pieces of
knowledge remaining to be assembled at the scale of cellular
vital functions. The indications far the involvement of water
molecules in biochemical and biophysical properties of
cytoskeletal polymers reviewed here point at several lines of
developing research areas which could drive to a much
deeper understanding of the cellular functions of water in
mediating communications between the thousands of
molecular species in the crowded, although higbly ordered



cytoplasm. Among the most obvious e\ndence?ib”r d'specific
role of water molecules in the properneshe}ﬁ'esﬁbumts and
polymers of the cytoskeletal proteins arises- ﬁmmthe effects
of heavy water on these structures i vivosant’

current practical experience of using D,0O-C5
with fragile structures such as MT5 ar

properties such as multiple cycles of mpmmdcpmdent
polymerization of MTs, the bundling of NFs in the presence
of Mg ions over cycles of gelation and dlsmpuon by
mechanical shearing (180), and the dynein--and kinesins-
mediated bidirectional motility of NF ﬁagmcnts ‘along MTs
(275), are preserved for days (even months for NF
properties) in buffers containing 50-80% D;G Thus 1t
‘'seems that D,O allows in vitro what H,0 d )
mystery is hkely at the heart of spec:ﬁc p&j_

subjective, these obsexvatlons could prep’jl
systematic analyses of the reversible:
dynamics of cytoskeletal subunits between
polymerized states which are likely under
of cytoskeletal structures in D,0 buffers.

Similarly, unraveling the controlle
water in the mechanisms of motion o
along their polymer substrates is likel
investigations of a possible unified princip
motion at the basis of intracellular traffi:
interest with respect to hydration as a sigr
property of proteins is the concept that the
results from coordinated conformational ‘modific

propagated by subunit cooperativity, is fo
cooperative binding of MAPs to MTs a

proteins bound to MT polymers in the a

cansequence of the disorder induced by the charge density
the vanable region of the last 10-18 aminoacids (¢
supports further the possibility that this domain (and
hydration state) plays a crucial role in the dialogue betwe
MTs and their numerous binding partners.

The supramolecular organization of subunits i
cytoskeletal polymers determines the emergence of n
phenomena, which are most clearly represented by
polyelectrolyte nature of all polymers and the se
organization of concentrated suspensions following dist;
processes such as liquid crystal arrays, motor-
crossbridging protein-dependent bundles, asters and ge
and dissipative energy structures. The probability for -
spontaneous organization of cytoskeletal polymers i
liquid crystal arrays in living cells is high: In cytoplasr
subdomains such as axons and dendrites of neurons, -
concentration of MTs is close to 200 uM (estimated fru
their density in electron microscopic sections compared
that of sedimented MTs); F-actin is concentrated in grov
cones of neurons, in the front lamella of moving cells on
muscle cells (were F-actin concentration is about 10 tirn
the concentration of 60 uM that is required for the nemz
phase shift). These properties of cytoskeletal structures hz
profound consequences on the structure of water and solu
in the cytoplasm. Whether a hydration Jayer of polymers i
stable, metastable or highly labile organization of wa
molecules on the surface of the polymer remains to
established. Nevertheless, evidence for the din
consequences of crossbridging between polymers on f
diffusional characteristics of water is emerging. If transpos
to the real situation of the cytoskeleton in cells, the
indications suggest that all cellular events involving chang
in the stability, the stiffness and the relative organization
cytoskeletal elements through associated and crossbridg
proteins, likely result in strong modifications of the los
diffusion of water and solutes. The numerous observatic
of the contribution of crossbridging and polymerization
the cytoskeleton to the osmotic properties of living cells
In direct support of this hypothesis. The importance of t
polyelectrolyte function of cytoskeletal polymers in th
spatial organization together and the ‘association of ma
cellular proteins, including non-cytoskeleton molecules,
the cytoskeleton scaffold, has been reviewed recently (13.
Moreover, another consequence of this property to considl
with respect to the presence of a cloud of counterio
surounding the polymer structure, is the channelling of i
transport along the cytoskeleton (44,186), possibly
relation with membrane potentials and electric fields. W
new developments of this approach in the next years, o
can expect that the studies of functional interactions betwe:



the plasma membrane and the cytoskeleton might-expand to
investigate the possibility of reciprocal modulatian‘processes
between the two systems. The importance of cytosknleton—
dependent clustering of transmémbrane protems:gn their
cellular functions has been established for years. However
the possibility that the same principle appli‘és 40 the
distribution of ion channels has not been yet: exp’lbreﬁ to'its
full development in terms of modulation: ’of,«h Electro-
physiological signals, although the local accumulation of
N2/K channels at the axon hillock through interactions with
the cytoskeleton is known to create a reirogxade potermal
barrier for the axonal depolarization wave (328), Thu:
possible that the cytoskeleton-dependent topog
channels on the surface of all membrane compartmen
neurons 1s mvolved in modulatmgg the\ ! f’“ ﬁy ﬁnd

experimental findings supporting such a hypotl
but the evidence that MTs are dissipativea_

the control of fluxes of ions and water by
polyelectrolyte properties of cytoskeletal polyir
by direct protein-protein interactions may
critical question. ;

The protein density in the cytoplasm is vé;
molecular crowding is thought to drive &
water between proteins and may be at the ¢

conditions usually adopted for experimentalapproaches of
biochemical and b:ophysxcal mteractlons betw“ nzymes

microscopy. From such situations, unsolved P
for the transposition of information obtaineds
relatively dilute suspensions to their pos&ble
hvmg celks. For example, packing NFs by =

companson of inter-NF spacing in semi-parallel array
formed in NF gels in vito (3-8 mg/ml) with that of axona
NF bundles suggests that NF concentration in axons i
higher than 15-20 mg/ml, a situation which cannot b
reached in vitro. Furthermore, NFs are transported alon
MTs through molecular motors in peurons (262,316), an
similar studies of MT-dependent motion of NFs i vitro car
be analyzed only in very dilute conditions, since higher N1
concentrations would result in gel formation and a tota
immobilization of all polymers together (275). In order &
study the behavior of cytoskeletal polymers and theu
regulation at the molecular and submolecular levels unde:
expenimental conditions close to that of cells, a complete
rethinking of the design of experiments i vitro is required
Such 2 line of investigations would be based on the use o]
concentrated solutions of proteins in buffers that remain to be
defined, following a deeper understanding of the structure o)
water-protein complexes in living cells, and possibly inside
membrane-limited compartments (97).
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