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Abstract

We propose two systems of ordinary differential equations modeling the assembly of intermediate filament networks. The
first one describes the in vitro intermediate filament assembly dynamics. The second one deals with the in vivo evolution of
cytokeratin, which is the intermediate filament protein expressed by epithelial cells. The in vitro model is then briefly analyzed
in a simplified caseTo cite thisarticle: S. Portet et al., C. R. Biologies 327 (2004).
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Résumé

Réseaux de filaments intermédiaires : modeles d’assemblage in vitro et in vividous proposons deux systémes d'équa-
tions différentielles modélisant I'assemblage de réseaux de filaments intermédiaires. Le premier décrit la dynamique de I'as-
semblage in vitro de filaments intermédiaires. Le second traite de I'évolution in vivo de la cytokératine, qui est la protéine des
filaments intermédiaires exprimée par les cellules épithéliales. Le modéle in vitro est ensuite brievement analysé dans un ca
simplifié. Pour citer cet article: S. Portet et al., C. R. Biologies 327 (2004).
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1. Introduction particularly during mitosis. Thus IFs are dynamically
reorganized; this reorganization is regulated by IF pro-
The cytoskeleton is a complex arrangement of pro- tein phosphorylation/dephosphorylation.
teins that are involved in many cell functions such as Recent research highlightse structural functions
cell signalling, maintenance of cell integrity and of of cytoskeletal IFs in maiaining cellular integrity
cell shape, and internal transport within the cell. These and the rheological properties of the cytoplasm; these
structural proteins are composed of three main types. functions are mediated through their mechanical as
The actin filaments, also called microfilamen#Hs), well as their dynamical propertid9]. Each IF type
are the contractile elements of the cell and are involved differs functionally and dynamically. Furthermore, IF
in the cell motility. The microtubuledTs), made up in vitro and in vivo assembly dynamics are different
of tubulin, contribute to internal transport, and move- in terms of stability and assembly velocity; in vivo,
ment of chromosomes during cell division. Finally, the occurrence of phosphorylation/dephosphorylation
intermediate filamentdfs), composed of a large het-  processes increases the dynamics of IF assembly. An-
erogeneous family of proteins expressed in a tissue- other significant difference, occurring during the nu-
dependent and developmentally regulated manner, arecleation step (the initiation of a filament), can be men-
involved in the cell architecture and provide stability tioned; in vitro, the initiation of filaments only re-
against mechanical stredg; IFs extend across the cy-  sults from an aggregation process, whereas in vivo this
toplasm, giving cells mechanical strength and rigidity. event also involves a structural process.

IFs also participate in cell signalling,2], and more In this paper, we propose two ordinary differen-
specifically act as mechanotransdudarg]. tial equation models for the assembly dynamics of IF
IFs generally constitute approximately 1% of the networks. The first model (Sectio?) describes the
total protein content of a cell. In some cells where IFs in vitro assembly kinetic of IFs from the three-step

are especially abundant and are the major structural process observed by Herrmann et[&8]10]: (i) lateral
proteins, the proportion rises up to 85% of the total aggregation of proteins in the so-called ‘unit-length-
proteins. The structure of all IF proteins, that are fi- filament’, ULF, (ii) flament elongation by longitu-
brous proteins, consist of a centralhelical domain dinal aggregation of ULF into its tips, andii) ra-
flanked by nonz-helical head and tail domains. The dial compaction of filaments. The second model (Sec-
central domain is interrupted by three nerhelical tion 3) describes an in vivo assembly kinetic of CKs
linker regiong5]. mainly based on the observations made by Windorffer
Epithelial cells express IF cytoplasmic proteins, andLeubd11]. In Sectiord, a preliminary analysis of
called cytokeratins GKs), which are divided into  the in vitro model is given.
acidic type | and basic type Il keratins. CK IFs are
heteropolymers made up in a ratiollof pairs of

type-l and type-1l monomers, called heterodim@is 2. Invitro assembly model of IFs
CK IFs span from one cell—cell junction to another to
maintain structural integrity in epithelial tissues. During the in vitro experiments, where the material

IF assembly is not an energy-dependent processis only composed of pure protein mixture, the first step
and does not necessitate associated proteins. In vitroof IF assembly is the formation of a dimer from two
IFs are relatively stable and most of IF proteins are monomers; this process is also called the dimerization.
in filamentous or insoluble state. In interphase cells, Secondly, two dimers associate, forming tetramers.
more than 95% of the total of IF proteins occurs in Then the IF in vitro assembly consists of rapid lateral
an insoluble or filamentous forf7]. However, once  association of eight tetramers in UL[8,10]. After a
assembled, IFs exhibit dynamic behavior; the occur- few seconds, ULFs anneal longitudinally to the fila-
rence of significant IF subunit exchange and dynamic ment tip. These filaments, called immature filaments,
assembly/disassembly of IFs has been sh{8ynlF are at first loosely packed; after a while, they begin
proteins are phosphorylated by a number of kinases, to radially compact to eveunally yield mature IFs.
and in many cases this phosphorylation attenuates orSimilar assembly pathways are followed by vimentin,
inhibits IF assembly and facilitates IF disassembly, desmin and the neurofilamerits2,13] Assembly of
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CKs can follow the same sequence of events, but at aTable 1

faster ratg12]. It has been proposed that the nucle- List of parameters involved in the in vitro modl) and in the in
ation of IFs necessitates the formation of an octameric Vo model(2)

intermediate as a nucleation cenfté.

Parameter

Signification

In order to model the above processes, we make
some assumptions. We suppose that the soluble sub+
unit of IFs takes the form of a tetram/@4,15]. Hence, "
the dimerization process is not taken into account in ;
our model. Also, the exchange of IF subunits between
the soluble pool and the filaments does not modify s
the number of subunits and filaments. Therefore, this

Specific to the in vitro model

Number of tetramers in a nucleation center
Number of tetramers in an ULF

Rate of nucleation of filaments

Rate of longitudinal annealing of an ULF at the end
of a filament

Rate of disassembly of an ULF from the tip

of a filament

process does not appear in our equations. The same
holds true of the maturation event, i.e. the compaction #

Common to both models
Rate of annealing between two filaments

of immature filaments described above. Lastly, as the
IFs are non-polar polymers, the two tips of a filament ¢
are equivalent. From the biological insights and our z
modeling assumptions, we describe the organization 511
process of IF networks by the series of events listed r,
below. 82
Nucleationis the filament initiation phase, whena ¥
given numbery, of tetramers aggregate laterally to

Specific to the in vivo model

Number of tetramers in an aggregate

Rate of aggregation of tetramers in an aggregate
Rate of assembly of a tetramer to an aggregate

Rate of disassembly of a tetramer from an aggregate
Rate of assembly of a tetramer to a filament

Rate of disassembly of a tetramer from a filament
Rate of condensation of a filament into an aggregate
Rate of elongation of an aggregate into a filament
Rate of breakage of a filament

form anucleation centerThis process occurs at a rate
v. The nucleation center takes the form of an octamer,

i.e. a two-tetramer aggregate. As in vitro the IFs have kinetics, we postulate the following reaction terms:

been shown to be insoluble under physiological condi-

tions, the nucleation center is considered to be stable; d_C - _

its elimination is not possible. The nucleation phase is 0t
an irreversible reaction. -

nC" — maC"T +  mdT (1a)
—— —_—— ——

nucleation polymerization depolymerization

Polymerizatioris the process in which filamentsas-  —— — 2,c* — ;72 (1b)
——

semble by longitudinal annealing of an ULF at their dr
tips; it occurs at a rate that can depend on the type
of IF and on the pH2]. An ULF is made up of the lat-
eral aggregation of a given number, of tetramers. It

~—

nucleation annealing

wheren represents the number of tetramers compos-
ing the nucleation center. The numieers the number

is assumed that this lateral assembly is instantaneous. of tetramers involved in the formation of an ULF. This

Depolymerizatioris the filament shrinking phase in

number can vary depending on the IF protein consid-

which filaments disassemble from their tips by releas- ered. Herev is the rate of nucleationy is the rate

ing an ULF; this process occurs at a rate 7.

of longitudinal annealing of an ULF to the tip of fila-

Annealing models the tendency of filaments to mentsg is the rate of disassembly of an ULF from the

anastomose (lengthen) arwdaterally aggregate (bun-

tip of filaments, andu represents the rate of filament

dle). The annealing process reflects the ability of IF annealing. The coefficient 2 appearing in the nucle-

polymers to self-interact. Ais event occurs at a rate  ation term of Eq. Ib) follows from the non-polarity

w that depends on the assembly conditions (e.g., saltproperty of IFs; the nucleation of one filament leads

concentration2]. to the creation of two filaments tips. All the numbers
For this model, we define two state variables, which and the rate constants are positive. Parameters of the

represent the density at timeof the two popula- model (1) are listed inTable 1 Model (1) is consid-

tions involved. The soluble podl(z) is made up of ered with the initial condition€ (0) = ¢g, T(0) = 10,

tetramers, the subunits of IFs. The filament tips are with cg, 7o > 0. A brief preliminary analysis of this

T (t). As motivated above by the underlying assembly system is given in Sectioh



S. Portet et al. / C. R. Biologies 327 (2004) 970-976 973

3. Invivo assembly model of CKs nucleation. In this model, this event occurs at a con-
stant ratex, but it could be hypothesized that this
Within cells (in vivo) IFs, and more specifically  coefficient incorporates some physical properties of
CKs, have a more dynamic behavior; reorganization filaments.
and reversible restructuring of the CK network take Fragmentationof filaments is the process during
place during mitosis, stress, and apopt¢s&17] IF which a filament breaks into smaller filaments; it oc-
assembly regulation has been supposed in the in vitro curs at a ratg. The restricted, localized phosphoryla-
model of the previous Section to occur intrinsically via tion of a filament by a kinase (at a given point along
self-interactions. We now propose an in vivo model its length) changes the configuration and the affinity of
where IF assembly is also regulated extrinsically by subunits inducing the breakage of filament.

phosphorylation, glyasylation, andibiquitination, or Annealingmodels the tendency of a filament to
associations with other cellular elemef#k Phospho- anastomose (lengthen) armdaterally aggregate (bun-
rylation is a dynamic process involved in regulating dle); this process occurs at a rgte Annealing ac-
CK solubility and filament reorganizatigqd]. Phos- counts for the self-bundling (as IF polymers can self-

phorylation of CKs favors the depolymerized state in interact), as well as the bundling by exogeneous cross-
the assembly equilibrium. This event can take place linking activities.
during mitosis and cell stress conditigi$,17] In the in vivo model, we only observe the dynam-
The in vivo model presented here is mainly inspired ics of different states of the IF material. The concen-
by the observations and the assumptions described bytrations of other molecule populations that could be
Windoffer and Leubg11]. As in the in vitro model, involved in the IF assembly are assumed to be con-
CKs can exist in a soluble tetrameric form or a fil- stant and taken into account implicitly in the rate co-
amentous form, but also in another non-filamentous efficients. Thus, for the in vivo model, we define the
intermediate form. The latter is formed from the aggre- following state variablesS(z) is the soluble pool den-
gation of a few soluble pool subunits (the tetramers). sity at timet, G(¢) is the aggregate density at time
Some non-filamentous intermediate forms have beenand F () is the filament density at time Using the
observed by Windoffer and Leubj@1], taking the above assumptions, we obtain the following system:
form of spheroid aggregates. Other authors observed

these non-filamentous intermediate forms; they ap- d_S =— aaS® — mSG + 8.G

peared as short fibrils, called squiggld$]. In our dr _ — ~—~

model, these non-filamentous intermediate forms are aggregation - polymerization solubilization

Calledaggregates aggregatesoluble pool exchange
Nucleationof CK filaments is assumed to be a two- —  mSF  +  8F (2a)

step process. First, some soluble pool subunits aggre- — —

gate; secondly, this aggregate elongates to form rod- polymerization _solubllization

like objects. The initiation of filaments then occurs filamentsoluble pool exchange

with the polymerization and the elongation of aggre-
Polymerization and solubilizatioprocesses repre- aggregation elongation condensation

sent the exchange between filaments and soluble pool, nucleation

and between aggregates and soluble pool. Phosphory-y - X

lation may induce filament shrinking; it is associated —-= €G- «F - pF° + iﬂﬁ (2c)

with solubilization, a reversible process that allows re- % ejongation condensation anmealing fragmentation

modeling of the network16,17] — My
Disassemblyof filaments is modeled as the re-

condensation of flaments into aggregates. This processThe constant represents the number of tetramers in-

describes the transition from the filamentous form to volved in an aggregate; it can likened to the in vitro

the non-filamentous form, and thus constitutes the re- parametern, the number of tetramers involved in the

verse reaction to the elongation phase occurring during nucleation center. The aggregation rate of tetramers to

network formation
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form aggregateg, can be likened to the in vitro nu-  tamer ¢ = 2) [7] and the ULF is a 32-mem{ = 8)
cleation ratev. The constante and« represent the  [8,10]
rates of elongation into filament and condensationinto ~ Under these assumptions, equilibria of the system
aggregate, respectively. The constamisand 7o are (1) are the originC =T = 0 and an interior equi-
involved in the polymerization process. The constants * ok * T S *
81 and §y are involved in the solubilization process. fbrium (C*, T%), whereC \/;T With T the
As in the in vitro model1), © represents the rate of
filament annealing. The constafitis the rate of fila- 4
ment fragmentation. As for the in vitro model, all the p(7)=8s — ”LTS T (3)
numbers and the rate constants are positive; they are 204
listed inTable 1 The in vivo model2) is considered |t js easy to see that fof > 0, (3) is monotone de-
with the initial conditionsS(0) = so, G(0) = go, and creasing; since? (0) = 854, it follows that the positive
F(0) = fo, with so>> go >0and £ > 0. equilibrium point(C*, T*) is unique. Note that both
equilibria always exist.

At the origin, the Jacobian matrix has two zero
eigenvalues, with 9o = 0, det/g = 0, and

Jo,00 # 0. Using the method in Andronov et &19],
As this paper is mainly concerned with the state- ;¢ put systenfl) in normal form:

ment of the models, we postpone to further work a

more thorough analysis. The in vitro systdt) is dc

quite complicated for generalandm. Indeed, the ex- o~ =7 (4a)
istence of nontrivial equilibria is governed by a quasi-

polynomial equation. In order to simplify this prelim- ar _ Yz Yooy <—LC>T + F(C,T)T?

positive zeros of the polynomial

4. Some analysis

. . . . . . 2
inary analysis, we consider the biologically motivated d 43 48 26
case where the nucleation center consists of an oc- (4b)
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Fig. 1. (a) Vector field of systertlL) in the vicinity of the origin, illustrating the topologal structure of cusp of the latter. (b) Vector field of
system(1) with the stable steady stat€'*, 7*).
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wheref(C,T) = mmw — sz)[lE’gS (48T quasi-polynomial (or transcendental) equations even
— vC?) — 27C7T]. From [19 (Th. 67, p. 362)}the for the determination of the nontrivial equilibria.

origin is a cusp; se€ig. 1a. As the set along which The dynamical assembly properties of IFs as well
solutions approach the origin lies entirelyfin. x R_ as their mechanical propersienediate their structural

and that a straightforwardalculation shows that the ~ role in the cell. In order to improve our description

positive quadranik? is positively invariant under the ~ Of the organization processes of IF networks, the in

flow of (1), it follows that the origin is repelling for ~ Vivo modelis going to be extended first to account for

solutions of systen(l) starting ianL \ {(0,0)}. the spatiality of the events, and secondly to depict the
At any point in the positive quadrant except the ori- Physical properties of the IFs.

gin, the Jacobian matriX has a negative trace. Thus,

from Bendixson’s criterion, there are no non-constant

periodic solutions in the positive quadrant. It can also References
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