Eugen Czeizler | Andrzej Mizera | Elena Czeizler | Ralph-
Johan Back | John E. Eriksson | lon Petre

Quantitative analysis/ of | the / self-
assembly strategies 'of Iintermediate
filaments from tetrameric vimentin

TurkuU CENTRE for COMPUTER SCIENCE

TUCS Technical Report
No 963, December 2009






1

Quantitative analysis of the self-
assembly strategies of intermediate
filaments from tetrameric vimentin

Eugen Czeizler
Department of Information Technologiefisbo Akademi University,
(eczei zl e@bo.fi)

Andrzej Mizera
Department of Information Technologiefisbo Akademi University,
(am zera@bo. fi)

Elena Czeizler .
Department of Information Technologiesho Akademi University,

(el ena. czei zl er @bo.fi)

Ralph-Johan Back
Department of Information Technologiefisbo Akademi University,
(backrj @bo. fi)

John E. Eriksson _ _
Turku Centre for Biotechnology and Department of Biochémjs

Abo Akademi University,
(john.eriksson@tk.fi)

lon Petre .
Department of Information Technologiesho Akademi University,

(i petre@bo.fi)

TUCS Technical Report
No 963, December 2009



Abstract

In vitro assembly of intermediate filaments from tetrameric vinrentinsists of

a very rapid phase of tetramers laterally associating imio-langth filaments

and a slow phase of filament elongation. We focus in this papea system-

atic quantitative investigation of two molecular modelsfitament assembly, re-
cently proposed in (Kirmse et dal Biol. Chem. 28252 (2007), 18563-18572),
through mathematical modeling, model fitting, and modedaion. We analyze

the quantitative contribution of each filament elongatitvategy: with tetramers,
with unit-length filaments, with longer filaments, or comdtiions thereof. In

each case, we discuss the numerical fitting of the model wipect to one set
of data, and its separate validation with respect to a seabfidrent set of data.
We introduce a high-resolution model for vimentin filameelf-@ssembly, able
to capture the detailed dynamics of filaments of arbitrangth. This provides

much more predictive power for the model, in comparison &vimus models

where only the mean length of all filaments in the solutionddne analyzed. We
show how kinetic observations on low-resolution models lsarextrapolated to
the high-resolution model and used for lowering its comipyex

Keywords: Mathematical modeling — Protein self-assembly — Quarnat
self-assembly strategies — Model resolution — Sensitigitglysis — Filament
length distribution.
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1 Introduction

The cytoskeleton of eukaryotic cells is an intricate netafr protein filaments
that extends throughout the cytoplasm. There are thres tyfparotein filaments:
intermediate filamentflFs), microtubules and actin filaments [24]. Together
with other proteins that attach to them, they form a systewiraers, ropes, and
motors that gives the cell its mechanical strength, cosittekshape, and drives and
guides its movements, see [17]. Compared with microtukanesactin filaments,
IFs are more stable, tough and durable; in particular, IEsta most insoluble
part of the cell, see [8]. IFs have an important structunatfion in reinforcing the
cells, organize cells into tissues, and most importantgridute the tensile forces
across the cells in a tissue, see [17]. Major degeneratseades of skin, muscle,
and neurons are caused by disruptions of the IF cytosketetid® connections to
other cell structures. Currently, arou@ldiseases have been associated with the
IF gene family, including various skin fragility disordees well asaminopathies

a family of afflictions caused by point mutations in the larAigenes, [4, 5, 26].
A thorough understanding of the assembling principles sfd&n provide new
insights on comprehending these abnormal conditions, #sage better basis
for diagnostic and possible treatment.

Contrary to the other protein filaments which are assemibted §lobular pro-
teins, see [11, 25, 22], IFs subunits aréelical rods that assemble into rope-like
filaments [8]. Their assembly proceeds through a seriestefrrediate struc-
tures, which associate by lateral and end-to-end intenagtiHowever, unlike in
the case of microtubules and actin filaments where richelitee is available, the
assembly principles of IFs are still poorly understood. \&uk in this paper on
the quantitative kinetic strategies for timevitro assembly of IFs from human vi-
mentin proteins (several other IF proteins exist, see [1D}) a first level of their
assembly, vimentin proteins rapidly associate parallaliy dimers and then form
anti-parallel, half-staggered tetramers, see [9] andreidgu(a)-(e). Tetramers
then rapidly associate laterally to yield short filamentgeceunit-length filaments
(ULFs) of the same length as the tetramers, see [8] and Fig(flfe On a second
level of the assembly, the ULFs and the emerging longer filamelongate lon-
gitudinally with tetramers, with ULFs, and with other filants, [8] and Figure 2.
On a third level, filaments undergo a radial compaction frontyaF diameter of
about15 nm to a filament diameter of aboilit nm, see [8] for details.

We investigate in this paper two molecular models (the sle@¢simpleand
extendednodels) introduced in [15] for thim vitro assembly of intermediate fi-
laments from tetrameric vimentin. We perform a quantitnalysis of the pre-
dictive capabilities of these models. We construct two naas®n-based mathe-
matical models corresponding to the two molecular modeds eBch of them we
consider several different knockdown mutant model vasiavitere various com-
binations of assembly mechanisms are analyzed separatelyse COPASI [12]
as a computational environment for the experimental datagitbased on data
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Figure 1: The first stage in the assembly of human vimentiteprs. Interme-
diate filament subunits are-helical rods, that associate parallelly into coiled-
coil dimers, which in turn form anti-parallel, half-staggd tetramers. Tetramers
rapidly associate laterally to yield the shortest filamesabed unit-length fila-
ments(ULFs) of the same length as the tetramers.o(delical rods, (b) coiled-
coil dimer, (c) another representation of a coiled-coil €infd) tetramer, (e) ULF.

of [15] and [14]), the model validation, and the sensitiatyalysis. Our approach
for the numerical analysis of the models differs markedgnfrthat of [15], see
Section 4 for a discussion.

Our study provides several conclusions regarding the iksieff thein vitro
assembly of human vimentin. On one hand, we show that thedithelongation
process requires the end-to-end annealing of filamentseasfais features, which
is in agreement with the results of [15]. Indeed, in all of madels where this re-
action was missing, either the model did not fit the experialetata or the model
was rejected in the validation round. Moreover, in almolstases where the re-
action modeling the end-to-end annealing of filaments isgnt its rate constant
is estimated to roughly the same value, although the otimetiki constants differ
from model to model. On the other hand, the quantitativerdaurtion of the fila-
ment elongation with tetramers depends on the turnoveofaetramers into unit
length filaments. If tetramers are quickly depleted fromdpstem, e.g., through
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Figure 2. The two molecular models of tirevitro assembly of vimentin IF te-
tramers. (a) In thesimple modefilaments undergo elongation either by (a.l1)
longitudinal association of tetramers or (a.2) by end+id-annealing of another
filament. (b) Theextended modeldds a distinction between minimal-length fila-
ments (ULFs) and longer filaments (consisting of at least &)L In this case,
there is one extra possibility for filament elongation: jb¥ tetramer, (b.2) by
the longitudinal association of a ULF, and (b.3) by anotHanfent.

a high tetramer-to-ULF turnover rate as documenteadhimitro experiments of
[15], then only one of eight possible assembly strategiesetades well with the
available experimental data, in agreement with conclisairj15]. If free tetra-
mers are however available throughout the assembly, theshaw that several
different assembly strategies correlate similarly wethwhe experimental data.

One of the modeling challenges identified in [15] was to iaseethe resolu-
tion of the model: instead of collecting all filaments intargde variable, regard-
less of their length, one should describe separately thardias of filaments of
various lengths, at least up to a certain fixed, but arbiyréigh length, that we
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call the resolution of the model. Indeed, the quantitati@eeimental data of [15]
captures the levels of filaments of various lengths, but #te & only used in [15]
to calculate the mean length of all filaments in the solutiée.provide in this pa-
per a generic solution to this problem, demonstrating hoanteance the existing
filament assembly models with the dynamics of the filamengtleidistribution.
Our enhanced model can have arbitrarily high resolutiomgoable to capture the
dynamics of filaments of arbitrarily high length. The sizettuk detailed model
is considerably higher than that of the basic model, botreims of molecular
species, as well as in terms of molecular reactions. Basednatic observa-
tions on the basic model, we show however how the size of tile-t@solution
model can be drastically reduced. Our approach towardsregdiution models
for protein self-assembly is independent of the particut#rvimentin filaments
and can be applied to other instances of protein-proteeractions and protein
assemblies.

2 Models and methodology

2.1 Two molecular models for the assembly of vimentin IFs

The in vitro assembly of vimentin IF proteins consists of three majorspba
see [10]: (i) formation of the unit-length filaments (ULF)sttures; (ii) longi-
tudinal annealing of ULFs and growing filaments; (iii) rddtampaction of im-
mature filaments into mature IFs. We consider here two médecuwodels for this
process, originally introduced in [15]. Both of them focustbe first two phases
of the assembly, ignoring the third.

Thesimple modebf [15] treats ULFs as ordinary filaments and describes the
assembly process through a sequence of molecular eventdl@sst see also
Figure 2 (a):

(i) two tetramers (denotedl) associate laterally into an octamer (denotgd

2T — O; (1)

(i) two octamers associate laterally to yield a hexadecgohenoted):

20 —» 1 )

(iif) two hexadecamers associate laterally to form a (ueritgth) filament (de-
notedF):
2H - F 3)

(iv) atetramer associates longitudinally to a filament ®d/ian elongated fila-
ment:
F+T — F; 4)
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(v) two filaments associate longitudinally to yield an elateg filament:

F+F > F. (5)

The extended modaedf [15] adds a distinction between minimal-length fila-
ments (ULFs, denoted) and longer filaments (consisting of at least two ULFs),
treating them as distinct species in the model, see Figurg 2n(terms of molec-
ular events, the extended model consists of the followiagtrens:

(i) two tetramers (denoted) associate laterally into an octamer (denctgd

2T — O; (6)

(i) two octamers associate laterally to yield a hexadeea(denoted]):

20 - H (7)

(iii")y two hexadecamers associate laterally to form a wmigth filament (denoted
U):
2H - U (8)

(iv’) two unit length filaments associate longitudinallyftom an elongated fila-
ment (denoted):
2U - F 9)

(v) afilament is elongated longitudinally with a tetramer:

F+T > F (10)

(vi’) afilament is elongated longitudinally with a unit letiigfilament:

F+U—F (11)

(vii") two filaments associate longitudinally to yield aroaated filament:

F+F > F (12)

2.2 Mathematical models

We consider a mathematical formulation of the simple andetttended models
for IF assembly based on the mass-action law, where eaclcutatespecies is
represented by a continuous non-negative real functiootdenits concentration
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in time. The system of differential equations correspogdmthe simple model
is the following:

d[T]/dt = —2k5[T]* — k;[T][F] (13)
d[O]/dt = k3[T]* — 2k3]O) (14)
d[H] /dt = k3[O]” — 2k3[H)* (15)
d[F]/dt = k3[H]* — k3[F]? (16)

whereks, k3, k3, k7, k7 are the kinetic rate constants of reactions (1)-(5), respec
tively.

The mathematical model corresponding to the extended noodeists of the
following system of differential equations:

d[T]/dt = —2k3[T)* — K [T][F] 17
d[O]/dt = k{[T]* — 2k5[O]* (18)
d[H]/dt = k5[O]” — 2ks[H]* (19)
d[U]/dt = E[HF—%e[ ] = k3 [U[F] (20)
d[F]/dt = k5[U]* — K§[F]* (21)

whereks, k5, ks, k¢, ki, ki, k7 are the kinetic rate constants of reactions (6)—(12),
respectlvely

An interesting aspect here is that the mass conservatiatiaelon the total
number of tetramers in the model is evident in the moleculedels (since there
is no synthesis and no degradation in the model), whereasitat be deduced
as a property of either of the two corresponding mathematicalels. This is
a consequence of how, for example, the longitudinal asgogiaf two filaments
is modeled: the information about the lengths of the two trfpaments is not
explicitly reproduced in a property of the two filaments. Quae however cal-
culate the number of tetramers integrated in the assemlidaaeints, as we do in
Section 2.3, and then use this quantity to reason abouttfeedependant dynam-
ics of the mean filament length (MFL). We relate MFL to the ekpental data
of [15] and discuss the numerical fit of the models in Section 3

2.3 Calculating the mean filament length

Relating the models proposed in the previous section fos#elbly to the quan-
titative data on the dynamics of the filament length is nanarbecause the two
models do not represent explicitly the information aboetldngth of the emerg-
ing filaments. Indeed, both models collect all filaments m&ingle variablek),
regardless of their length. We show however in this sectian the dynamics of
the mean filament length can in fact be deduced based on tiadhesr of the two
models.
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Figure 3: (a) The unit-length filament is approximatélyy nm long ([2]). (b)
However, each ULF associated longitudinally at the end @basting filament (or
ULF) elongates it by approximately 42 nm ([2]). This is duette interdigitation
by which two ULFs anneal longitudinally.

During the process of ULFs aggregation atomic force miapgc(AFM)
shows that each ULF associated longitudinally at the endha@hasting filament
adds to the length of that filament less than the stand-alemgth of a ULF,
see [2]. In the model for vimentin assembly of [2] this is dodrtterdigitation
of the ULF and the filament to each other, see Figure 3. Thelstbome unit-
length filament is approximatel§3 nm long ([2]), while each additional ULF
elongates a filament by approximately 42 nm ([2]).

We denote byL,,(t) the time-dependent expression for the mean filament
length (MFL) at timet. We also denote bytT'x(t) the total number of all tetra-
mers integrated in the assembled filaments at tinnce we consider two cate-
gories of filamentsyy andF, we obtain that

B lp(t) + Ly (t)
Lnlt) = ZFe + 500"

wherelr(t) andly(t) denote the total length of all filaments and the total-length
of all ULFs at timet, while #F'(t) and #U (t) denote the total number of all
filaments and that of all ULFs, respectively. Since in ea@nfiént the first ULF
accounts fof;;; » ~ 63 nm of the total length of that filament and all the additional
ULFs elongate the filament by, » ~ 42 nm, we have that

Ip(t) = (F#Up(t) = #F(t)) - lagavrr + #F(t) - lyrr
= #Up(t)  logavrr + #F () - (lurp — lagavrr),

where#Ur(t) denotes the the total number of all ULFs in all filaments, et
Since ULFs consist on average of eight tetramers, we hate tha

H#Tr(t
#Up(t) = 2P0,
8
where#Tr(t) is the number of tetramers already assembled into filaments.
We denote by, the initial molar concentration of all tetramers in the syst

(occurring in any of the molecular species of the model:ate&rs, octamers,

(22)
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hexadecamers, ULFs, or filaments). Then, in the case of tiem@xd model we
obtain

#1p(t) = (co — [T(t) — 2[O](t) — 4 [H](t)
—8[U](t)) - Na-V,

whereN 4 is the Avogadro constant andis the volume of the system. Thus, (22)

becomes
co—[T](t)—2[O](t) -4 [H](t) -8 [U](t
(F]@) + [U](1))
[F)(t) - (lurr — lagavrr) + lure - [U](2)

([F1(t) + [U)())

In the case of the simple model, we obtain that

—

)
“ladavrLr

[ed]

Lm@) =

—=

_|_

#1p(t) = (co — [T1(t) — 2[0)(t) — 4[H](t)) - Na- V.
Thus, (22) becomes

co=[T](t)—2 [80} (1) —4[H]®)

[F1(2)

+ (lurr — ladduLr)-

“ladavrLr

Lm(t) =

Since the volumé’ of the considered system does not change, the molar concen-
trations are expressed simply in terms of micromoles (withreciprocal of the
volume unit) in the continuation.

2.3.1 Experimental data and model fitting

For the parameter estimations and model validations we tiseéxperimental
data from [14] on thén vitro assembly process of recombinant vimentigatC.
The data consists of two sets, each containing the lengthixdisons of growing
filaments at distinct time points up @) min. The data sets were obtained by
adsorption of the filaments onto carbon-coated copper gndsmeasurements of
the filament lengths from images recorded with electron osicopy (EM) in two
cases: when the initial amount of tetramers wa$ M and0.9 M. For each set
the time-dependent mean filament length (MFL) was calcdlafbe MFL values
together with the).95 confidence intervals are presented in Table 1. For detailed
description of experimental procedures and discussioh@mtependence of the
measured MFLs from the support medium we refer to [15].

For fitting our mathematical models, we used the MFL datainbthfor an
initial tetramer concentration 0f45 M. For model validation, we then compared
the numerical prediction for the mean filament length with éxperimental data
in Table 1 for an initial tetramer concentration®$ ;M.

8



Table 1. Measurements on the mean filament length of vimentitein IFs, based
on EM data of [14] (data in [nm]); a preliminary version of thlata (containing
a few minor errors) is in [15].

Initial molar concentration of all tetramerg})

Time [s]

0.45uM 0.9 uM
10 65.11.4 62.8:2.1
20 68.2£2.0
30 76.5£2.1 84.12.0
60 112.9:4.0 131.4£5.2
180 172.6-8.4
300 233.@:10.0 289.115.8
600 320.418.5 418.624.7
900 544.1+34.8
1200 474.9%37.2 821.341.5

We set the initial molar concentrations of all moleculargeg other than
tetramers t®, based on the setup of the experimental assays. Thus, émeaéred
to be estimated five independent parameters (rate consdtarts k3, ki andk?)
for the simple model and seven of them (rate consteints;, ks, k¢, k7, k;, andk$)
for the extended model. Parameter estimations were peetbimCOPASI [12].

We also considered a qualitative property of the IF assemdgbprted in [15]:
very quickly (within approximatelyt0 seconds) after the initiation of the assem-
bly, ULF is the most predominant species in the system, wbilemers are de-
pleted. This observation only applied for thab initio in vitro assembly of inter-
mediate filaments. The dynamics could however be very éiffeif more free
tetramers were available for longer throughout the asse(eld., through an ad-
ditional tetramer synthesis mechanism). To test it, we icemed two different
strategies for fitting our models: one where the tetrameyité turnover is fast,
and another where it is slow. While the latter setup does notiecrthe presence
of a tetramer synthesis mechanism (introducing one woulkeniadifficult to
compare the models), it does allow us to analyze the systethmeicase where
tetramers are available for a longer period for the assemily demonstrate in
the next section that the two situations are indeed vergmifft, in terms of which
filament elongation mechanisms (with tetramers, with ULdtswith other fila-
ments) can explain the available experimental data.

The problem of estimating the parameters of computatiowaets in systems
biology is difficult, see e.qg., [3, 20, 21]. This problem canfbrmulated as a min-
imization of a cost function which quantifies the differesd®tween the values
predicted by the model and the experimental measuremenése ire numerous
methods, both local and global, which can be used to tacikdepttoblem, each
with its own advantages and disadvantages. For instandé lekbal methods
work faster to find a solution, they tend to converge to logairma. On the other
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hand, global optimization methods are typically slowet,they tend to converge
to a global optimum. The global optimization methods canusthéer divided into
deterministic [6, 13] and stochastic approaches [1, 7]héudgh the determinis-
tic methods guaranty the convergence to a global optimuey,¢annot ensure the
termination of this process within a finite time interval [20n the other hand, the
inherent randomness of the stochastic approaches makay ihard to guaranty
that these methods actually converge to the global optindih However, many
stochastic methods are capable of locating the vicinitylobg solutions with
relative efficiency, i.e. they provide a very good approxioraof the solution in
acceptable computation time [21]. This makes the stoahgkibal optimization
methods to be usually preferred for parameter estimatioblpms. We chose
COPASI, [12], as a computational environment for paramft@ng since it in-
cludes a number of various optimization algorithms, seagcfor either local or
global optimum values, see e.g., [19, 23]. This softwarengialy used tool in the
computational systems biology modeling community, hadmpcumented good
performance, see e.g. [3, 20, 21]. In particular, for debeimy the best numerical
fits of our models, a suite of various global, stochastic p@tar estimation pro-
cedures was used, comprising of methods such as Simulateebfng, Genetic
Algorithm, Evolution Strategy using Stochastic Rankingg &article Swarm. All
these methods use specific strategies for sampling the pegaspace looking for
combinations of parameter numerical values that give battd better fits of the
model predictions to the experimental data.

The fit of a model was performed by searching for a set of patemvalues
that minimizes the sum of squared deviaticits; of the values predicted by the
model from theD.45 uM experimental data. The validation of a fitted model was
performed by numerically simulating the model and by conmguthe sum of
squared deviationS S, of the values predicted by the model from the M ex-
perimental data. Moreover, the quality of the fit/validatfor each model was es-
timated by a dimensionless number expressing the deviatitre model from the
experimental data, normalized by the mean of the predicitbes. This method
for estimating the quality of model fit/validation was ongily proposed in [16]
and it allows for comparison of different models and différdata sets. The for-
mula for the quality of the fit fq) is:

V/SS/Ny % (23)

mean of predicted values

fq

whereN, is the number 0.45 M experimental data points (in our ca¥g = 8).
Similarly, the formula for the quality of the validation() is:

V' SSy/N, %, (24)

mean of predicted values

vq

whereN, is the number 00.9 M experimental data points (in our cadge = 7).
It was argued in [16] that a low (say, lower thab%) value of fq (vq) was con-
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Figure 4: Time-dependent MFL growth corresponding to thepé¢ model with-
out the quick filament formation requirement. (a) The modelith respect to
the EMO0.45 ;M experimental data set. (b) Model validation based on theDEM
1M experimental data set. The continuous line is the modeliptien regarding
L,.(t), that is compared with the experimental data showed witesad points.
The short vertical lines represent thé5 confidence intervals for the experimen-
tal data.

Table 2: Kinetic rate constant values;iv ~'s~! for the simple model.
k3 ky k3 K} k;
3.39-10° 30 30 0.83 0.11

sidered as an indicator of a successful fit (validation). \/geuss the numerical
values offq andvq for all our models in Section 3.

3 Results

3.1 Data fitting the simple model

The kinetic rate constants in Table 2 yield an excellentffit £ 2.52%) of the
simple model for the experimental data from the assay wilb QM tetramers
and a good validatiorvg = 12.07%) of the model when compared with the data
from the assay with 0.2M initial concentration of tetramers, see Figure 4.
This model however could not confirm the quick turnover ofaeters into
filaments. When this condition was taken into considerabgrsearching for
relatively high numerical values @f, k5, andks (higher than 1uA7~1s™1), the fit
of the model to the experimental data was unsuccesgtuH 26.00%), despite
numerous rounds of parameter estimation. The followindweragtical argument
is also indicating that this model cannot be given a readerfégb Based on the
observation that tetramers are quickly depleted (witltirseconds) by turning
them into ULFs, the model can be split into two processesraggin time: first,
the formation of filaments from tetramers, i.2T — 0,20 — H, 2H — F,
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and second, the elongation of filaments, e+ F — F. The steady state value
of F in the first process is an initial value &fin the second one. The second
process is described by the differential equatidn/dt = —k F?, which has an
analytical solution of the fornk'(t) = Fo /(1 + kt Fy), whereFy is the initial
value ofF. The initial concentration of tetramers in the first prodessg, hence it
follows thatF, = ¢,/8 since all tetramers are turned into ULFs. In consequence,
the mean filament length can be expressed as

kcot

T
Thus,L,,(t) is a linear function. By plotting the experimental data imleal for
time points afteB0 seconds, together with their95 confidence intervals one can

see that there exists riosuch that the model would be fitted and validated against
the data.

L,(t)=lyLr+

3.2 Data fitting the extended model

In the case of the extended model we distinguished among thoeles for fila-
ment elongation: (i) with a tetramer, (ii) with a ULF, or Jiivith another filament,
see Figure 2 (b). We investigated all eight possible contlaina of these three
mechanisms and performed parameter estimation and nwaheadel validation
for each of them, see Figure 5. Excluding any of the three méden the inves-
tigation was done by simply setting tathe corresponding rate constants, kg.
k, andk$, respectively.

3.2.1 The extended model with fast ULF formation.

In the case of fast tetramers-to-ULF turnover, both the #mmodel and the ex-
tended model can be reduced. Indeed, in this case, the piopsliaf tetramers,
octamers, and hexadecamers are all quickly depleted (inteemd seconds),
leaving only the filaments as the dominant species. Consdélguthe longitudi-
nal assembly of tetramers to filaments has a negligible itoriton to the overall
dynamics of the model: in the first few seconds the reactiastrangled by the
negligible population of filaments, whereas later on theytajon of tetramers is
depleted. Thisis in agreement with [15], where it was obsethat this particular
elongation has insignificant role. In this case welset 0 and we searched for
numerical values for the kinetic rate constakitsks, andks that are greater than
3 uM~1s7 to ensure a fast tetramer-to-ULF turnover. It turned oat #itenario
VIIl, where k;; = k% = 0, could be immediately excluded. Indeed, in this sce-
nario no filament containing more than two ULFs could be aséednand so, all
filaments would be at mod00 nm long, contradicting the experimental data in
Table 1.

Scenarios VI and VII, where the filament elongation takeselanly by ULF
extension ¢ = 0), or only by filament extensiork{ = 0), respectively, could
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Figure 5. The eight possible scenarios for filament eloogati The tetra-
mers/ULFs/filaments are illustrated with the same type otbhs in Figure 2.

Table 3: Kinetic rate constant valuesiM—'s~! (under fast ULF formation re-
quirement).

KOk ks Kk kLK

u

3 30 30 0.25 0.95 0.11

not be fitted: for Scenario VI we obtainey = 22.77% and for Scenario VII
fq = 14.99%, vq = 16.07%. We concluded that these two strategies do not
represent viable pathways for vimentin IFs assembly.

In the case of scenario V we were able to obtain numericalegdor the pa-
rameters, see Table 3, such that the predicted mean filaeragthl was in good
agrement with the experimental daya; (= 3.66%, vq = 11.45%), virtually iden-
tical to that of the simple model, showed in Figure 4. We codetl that this
pathway, where the filament elongation is enabled both witRJand with other
filaments, is the only viable strategy for vimentin IFs assgmThis is in agree-
ment with observations of [15].

Numerically fitting this scenario, we noticed that the valwé the two nu-
merical parametek; andk; can be modified arbitrarily within th, 30] interval
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Table 4: Fit and validation quality measure values for sgesd—VIl (without
the fast ULF formation requirement).

| I I Y, Vv VI Vil
fo| 1.71%  6.50% 1.98%  6.79%  2.04%  6.54% 13.01%
vg | 12.70%  29.03% 12.36% 25.83% 12.65% 29.11% 19.19%

Table 5: Kinetic rate constant values;iiv ~'s~! of scenarios I-VII (without the
fast ULF formation requirement).

| [ I v v VI VI
k¢ | 0.0705 30 4.83-107% 4.58-1073 1.24 30 30
kS| 30 30 30 10709 17.78 30 30
kS| 11.34 4.63-107 2125  6.06-107° 2.65-10"2 4.67-10°3 30
k¢ | 0.32 10.69 30 30 11.16 10.69  2.56
ke | 15.48 30 0.61 0.84 0 0 0
k¢ | 0.59 30 0 0 11.57 30 0
kS | 0.10 0 0.10 0 0.10 0 0.15

without any significant change in the mean filament lengtldigten. This in-
dicates that the extended model under the fast ULF formatxbibits almost no
sensitivity of mean filament length with respect to these paoameters in the
mentioned interval and, in consequence, our computatioioael turns to have
less degrees of freedom in terms of the numerical fit.

3.2.2 The extended model with slow ULF formation.

In this case, we searched for arbitrary positive numeriestias for the kinetic
rate constant&, k5, andk5. The result of fitting and validating the extended
model are very different in this case. We find that three othefeight pathways
analyzed in this paper for vimentin IFs assembly can explagnexperimental
data, see Figures 6 and 7.

Scenario VIII could not be fitted based on similar consideratas in the case
of the fast ULF formation, see Figure 7 Vlli(a) and VIlI(bj the case of the other
seven pathways, the model fit with respect to the EM 1M data and the model
validation with respect to the EML.9 ;M data yielded good results, summarized
in Table 5, see Figures 6 and 7V-VII. We noted that in the cdseenarios I, 1V,
and VI the experimental MFL measurement 200 seconds for the ENJ.9 M
data was an outlier. In all these three scenarios, we hiave 0, which indicates
that the process of end-to-end filament annealing plays@atnwole in the later
stages of the IFs elongation process, i.e., after thedi®&tseconds. In the case
of scenario VII, the model left several experimental data{zoas outliers, see
Figure 7VIi(a) and (b).

We concluded that scenarios I, Ill, and V are similarly gao@xplaining the
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experimental data in this case. These models corresporie tiollowing three
pathways for filament elongation:

— Scenario I: by a tetramer, a ULF or another filament longitalelongation;
— Scenario lll: by a tetramer or a filament longitudinal elatign;

— Scenario V: by a ULF or a filament longitudinal elongation.

3.3 Sensitivity analysis of the mean filament length

The effect of small variations in the model's parameters tive evolution of the
entire model is estimated by the sensitivity analysis. Thahematical method
consists in determining the time evolution of the partiai\dgives of the solution
of the system with respect to the parameters of the systemin¥istigated the
sensitivity of the mean filament length, i.e., thg(¢) function, with respect to the
parameters of the model. We compared the results of thetsggsanalysis in
the case of Scenatrios I-VII of the extended model in ordetaia further insight
into the possible pathways for IF vimentin assembly.

The concentration sensitivity coefficients are the timectiomso.X; /0« for
alll <i<b5andl <j <7, whereX = (Xi,...,X5) is the vector of the model
variables ([T], [O], [H], [U], and [F], respectively) and = (k1,...,k7) is the
vector of the model parameter; (ks, k5, kg, ki, ki, and k%, respectively). The
sensitivity of the mean filament length with respect to theapeeters is obtained
as follows:

OLn(t) _ OLw 0X _ 0Ly 0X, | 0Ly 0X;
8@- N 0X 8:%]' - 8X1 8@- 8X5 8:%]"

foralll1 <j<T.
Since we want to compare the MFL sensitivities of several elmdve trans-
form these coefficients into dimensionless measurememsbygalizing them:

Kj  OLp(t)  OlnLy(t)
Ln(t) 0x; — Olnk;

, foralll <j<T.

We can interpret these coefficients as follows: in Scenamam increase of % of
the parametekt; would generate at time= 1200 s an increase d.5165% of the
MFL, roughly as predicted by the value 8in(L,,)/0In(k;) at timet = 1200,
see Figure 8 b).

In the case of the extended model with fast ULF formationy @denario
V could be experimentally validated. The results of the g@ity analysis in
this case are presented in Figure 8 a). The most significaftidents are with
respect to théf, k7, andk} parameters, with the latter one being the most signifi-

45

cant. This is consistent with the biological intuition thia¢ mean filament length
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is most dependent on the rate of filament formation (parani§)eand elonga-
tion (parameterd;, and k). Less intuitive is the fact that there is a negligible
dependency of the MFL measurement on the rate constants, andks, which
determine the fast ULF formation. The rationale for thisuiess that these ki-
netic constants play a role only in the first seconds of therabfy. Once the vast
majority of tetramers are assembled into ULFs, their furttentribution to the
model dynamics is insignificant.

The numerical time simulation of the non-negligible noried MFL sensi-
tivity coefficients for scenarios I-VII without fast ULF foration requirement are
presented in Figure 8 b)-h). It turned out that the mean fitdr@ngth is most
sensitive tdk;, and especially té}, when these constants are non-zero. This obser-
vation helps explain why is estimated to very similar values in most scenarios
where its role is considered. Note also that while the seitgitoefficient with
respect to:; increases mainly after about 200 seconds, the sensitovéfficients
for the parameters; and ik have a steep increase in the first 100—200 seconds
(except in scenario VII where filament elongation takes @lacly by longitudi-
nal filament aggregation). The biological intuition her¢hat on one hand, until
approximately 200 seconds the assembled filaments arevedfathort and much
fewer than the ULF’s, while on the other hand the number of §/BRd of free
tetramers becomes very low after about 200 seconds.

3.4 The length distribution of filaments in time

The models discussed so far in this paper, as well as thodé]|rchllect all fi-
laments other than ULFs into one single variable dendtedegardless of their
length. This approach is indeed enough for capturing the-tiependent dynam-
ics of the mean filament length, that could then be relatesdge@mental data and
used for parameter estimation and model validation. Astpdiout also in [15],
this modeling approach is however unsuitable for captutiregtime-dependent
distribution of the filament lengths. Indeed, the lengthhef assembling filaments
is not directly captured in the models, which makes it imgzedo reason about
the time-dependant concentration of filaments of some desagth. We describe
in this section a refined model for the self-assembly of vitimiilaments that al-
lows capturing the evolution of filaments of length upitdor any given positive
integern.

For all i with 1 < i < n, we denote byF; the population of all filaments
of length exactlyi;, where the length is in terms of the number of ULFs that the
filament consists of. Thus, the ULFs are denotedFhyin the new model, the
filaments formed by the longitudinal extension of a ULF wittother ULF have
length 2 and are denoted Wy, etc. The population of all filaments of length
higher than» is denoted byF%.,,. ;. The longitudinal extension of a filame#ht
(of length: < n) with a filamentF; (of lengthj < n) yields a filament of length
F,i;ifi+j <nandafilament,  if i+j > n+1. The extension of a filament
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F-,+1 with any other filament yields a filame#t.,, . ;.

When describing the extended model for filament self-asgeb@sed on the
populationsF;, 1 < i < n, andFs,;, a considerable challenge is posed by the
elongation of a filament with tetramers. Indeed, such a togial elongation
leads to a filament that ends with an incomplete ULF. Onlyrdfte lateral asso-
ciation of seven other tetramers would this be a completméla of length one
higher. This difficulty can be addressed by introducing atoh of the typeFf"’f
with 1 < i < nand0 < j,k < 7 to denote filaments consisting 6tomplete
ULFs, an incomplete ULF with tetramers at their left end, and an incomplete
ULF with k tetramers at their right end, see Figure 9. One would alsotden
by Fi’fﬂ the filaments consisting of more tharcomplete ULFs, an incomplete
ULF with j tetramers at their left end, and an incomplete ULF Witietramers at
their right end. This approach leads however to a steepasera the number of
model variables. For example, for= 10, the model would hav896 variables
just to denote the different types of filaments.

To keep the size of the model manageable we can however takatade of
the kinetic observations we made on the extended model &ondiht assembly
in Section 3.2: in the case of fast ULF formation we have destrated that the
longitudinal elongation of filaments with tetramers hasligégle kinetic influ-
ence on the dynamics of the model and that eliminating itdeéadh numerically
equivalent model. Consequently, we can ignore all possibi@ents having in-
complete ULFs at either end, since essentially all tetranmehe system assemble
into ULFs within a very short period of time. In this case ourdel consists of
the following reactions:

) T+T— 0O;
) O+0 — H;

(Aij) Fi+ Fj — Fiyj,
forall 1 <i < j <nsuch that
147 <mn;

(Bij) Fi+F; = Fspya,
forall 1 <i < j < nsuch that
1+72>n+1;

(Ci) Fonp +Fi = Fspya,
forall1 <i<mn;

(D) Fopg1 + Foppn = Fonga

We call this amodel of resolutiom, see Figure 10 for an illustration. For example,
in the case ofi = 10, the model consists d#4 variables and9 reactions.

The initial values of all variables except f@rare set td), while that of7T" is
assumed the same as in the extended model in Section 3.2.iréte kate con-
stants of the new model are set in such a way that the overalbauof flaments
is the same as in the extended model. The kinetics of reac{ion (O), and (H)
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Figure 9: A filament consisting of 5 complete ULFs, an incoat@lULF with 2
tetramers at the left end, and an incomplete ULF with 3 tedrarat the right end.
We denote it in our model with; .

are the same as in the corresponding reactions of the extemoel. Ifa; ; is the
kinetic rate constant of reactiody;), b; ; that of reaction 3, ;), ¢; that of reaction
(C;), andd that of reaction D), then we set their values as follows:

o a1 =k§,a; =k foralll <j<m
o by j=c =k foralll <j<m;

® a;; = bi,i = ]{:j‘, fOI’ a” 1 <1 S n, andam = b@j = C; = 2]{3;, fOI’ a”
Il<i<y<m

° d:k‘jc.

Based on the corresponding ODE models, a straightforwdamllesion shows
that with these kinetic constants, the extended model di@&e8.2 and the model
of resolutionn are equivalent in the following sense:

o [F1](t) = [U](t) and
o ([Bo] 4.+ [Fa] + [E50])(1) = [F](1),

for all time pointst > 0.

As an example, we have implemented in COPASI the model in #ise of
n = 10. In Figure 11 we plotted this model’s prediction for the dimition in
time of all filaments of length at least two. The resulting adyrics is in line with
the biological expectation. For example, the number of fdata of length two,
F», witnesses a sharp increase right after the start of theriexget, as tetramers
are turned into (short) filaments; then decreases quickly as filaments start com-
bining to each other to yield longer filaments.

4 Discussion

Related work. A recent review of the biochemistry of the intermediate fila-
ments, including kinetic aspects of their self-assembin i[8]. The simple and
extended models for the self-assembly of vimentin proteie originally inves-
tigated in [15]. The approach used in the fitting and the aiah of the models
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Figure 10: The scheme of a model of resolutioior the self-assembly of IF. We
partition the population of filaments into filaments of lemgine ¢), of length
two (F3), and of length at least threé’(;). The longitudinal annealing of two
filaments of length one yields a filament of length twq (¢ F; — F5), that of

a filament of length one and another of length two yields a fanof length at
least three ¥, + F, — F%3), the annealing of two filaments of length two yields
a filament of length at least threéy(+ >, — F%3), and that of two filaments
of length at least three results in a filament belonging tosth@e -5 group
(Fzg + Fzg — Fzg).

Concentration [ nmol]

Figure 11: Model prediction for the distribution in time df the filaments con-
taining from two to ten ULFs.
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was somewhat ad-hoc in [15], as discussed below. We made ipaper a sys-
tematic investigation of the kinetics of the two models fotermediate filament
self-assembly, based on well-established techniques dehfib and model vali-
dation. Some of our results confirm those of [15], while o$H@ing a new insight
into the nature of filament assembly. We discuss in the faligwhe main points
of divergence between our approach and that of [15].

A main difference concerns the mathematical modeling osthle and the
extended models. The models in [15] assume that the latsesakation of two
tetramers, of two octamers, and of two hexadecamers hawathe kinetic rate
constants. This strong model assumption is however ureutiisted by experi-
mental evidence and leads to limiting the range of possilddehbehaviors. We
assign different kinetic constants for each different tieacto allow maximum
flexibility in the predictive power of the models.

Our mathematical expression for the mean filament lengtérdifrom the one
presented in [15]. In there, the authors use a so-céliedr density variablei;,
set at43.5 nm, representing the length of a ULF inside a filament, rdgasdof
whether the ULF is the first of the filament, or a subsequent ©hes distinction
is however crucial for estimating the mean filament lengtiileed, ignoring this
distinction introduces an approximation error which isgudional to the length
of each filament. For example, according to the formula fr@bj,[the length of
a filament consisting of only two ULFs 5x 43.5 nm = 87 nm, while according
to the current knowledge regarding filaments measuremsegs|2], its length is
63 nm+ 42 nm = 105 nm. Consequently, [15] introduces a so-called correction
factor that only partially addresses the problem. Our aggindor computing the
MFL value is not influenced by this approximation error anadi to a correct
interpretation of the experimental data.

For the experimental data fit of the models, [15] performs &aled pre-
assessment of the eight variants of the extended model. dBassomefixed
parameter valugsthe eight variants are classified into four classes of dyosam
Three of the classes are then quickly dismissed from theysisahnd only one
representative of the remaining class is chosen for furiseessment. This ap-
proach is however assuming that the classification of thewayes of the eight
model variants is independent of the parameter values,hakimost likely not
true for mathematical models withor more parameters, such as those in [15]. In
our case the approach was different. During parameter astimwe fitted all the
variants of the extended model with respect to the EM M experimental data
set. We then took advantage of the available data from thé® BMM experiment
and performed model validation by comparing the predictioithe models with
the experimental data. On the contrary, the second set afvdas used in [15]
in a second round of model fit, yielding different numericalues for the model
parameters.

For the sake of having models of small size, in the first patthefpaper we do
not distinguish between filaments of different sizes and s for the filament-

23



filament extensions a “generic” kinetic constant. Howeurethe second part of
the paper we explicitly address the problem of extendingrib&ecular model to
distinguish between filaments of different sizes, recaggizhat different con-
stants may/should be used depending on the size of the fitaméfe approach
the problem from a numerical point of view, aiming to buile textended model
in such a way that the numerical fit of the original model issprged. On the
other hand, in [18] a physical approach to estimate how treecithe complexes
influences the binding rates is taken. However, this appréabased on the hy-
potheses that: i) reactants are shaped like balls and,iaipdg the diameter of
the balls representing larger complexes is the same asaheetkr of the balls rep-
resenting small complexes. Unfortunately, these assomptnake the approach
of [18] unsuitable for filament-filament interactions. Thgpeoach might be de-
veloped further to suit our models by modifying the reacteas-balls assumption
and/or the assumption regarding the size of the larger caxapl This would re-
quire the recalculation of the collision probabilities retstochastic approach to
chemical kinetics. This however is a project in itself, st from the aim and
scope of this paper.

Conclusions and further work. Our mathematical models show that if tetra-
mers are very quickly (in just a few seconds) assembled ihfés Jthen the elon-
gation of filaments with ULFs and with other filaments bothypéacrucial role
in the formation of long intermediate filaments. The elomgatvith tetramers on
the other hand, has negligible quantitative contributmithie filament assembly.
One reason for this is that in the case of fast ULF formatibe, gopulation of
tetramers is very quickly depleted. However, this leavesndpe question of the
filament assembly dynamics in the case when tetramers wautmbbtinuously
added to the system, i.e. by an additional synthesis mesimanio address this
problem, we investigated our mathematical models in the wdeen the turnover
of tetramers into ULFs is slower. It turned out that in casetéftramers persist
in the system for a longer time, the dynamics of the filamese@ably is much
richer and several different mechanisms can equally welkeéx the available ex-
perimental data. In fact, even the simple model discussgkbijrand in our paper
could be fitted to the experimental data. Axvitro experiment where tetramers
were added either continuously or at well-chosen time gaiatild offer more in-
sight into the role of tetramer longitudinal aggregationtfee process of filament
elongation. Choosing the time points when the additionabwamh of tetramers
should be added to the solution could be done based on thesenad our mathe-
matical models. For example, one could choose the time gainére the number
of filaments in the solution is close to its maximum, so thatgbssible interplay
between tetramers and filaments has maximum flux.

It is visible already from the experimental data that theesysdoes not reach
a steady state within 20 minutes, our time interval of chotgenilarly as in the
study in [15], we have focused on the early dynamics of theewitim filament
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assembly, where the kinetics of the system is fast, witlame¢rs and ULFs being
quickly replaced by emerging filaments of various lengthstily this phase, the
presence of a large amount of tetramers and, a little latshart filaments in the
solution make far more likely assembly/elongation eveatisar than disassembly
events. For this reason our models turn out to be able to iexihla experimental
data during the early phase of the assembly, even thoughdthapt include any
disassembly or filament breaking mechanisms. The appligadi the models is
however tied to the early part of the assembly. Over longee tintervals (e.g.,
long enough so that the experimental data may potentiabysh steady state),
the lack of a disassembly mechanism in the models makes ihd@ted in their
predictive power. For example, a model with no disassemibljaament breaking
mechanism would predict that the system will reach (albeiaihuge interval
of time) a steady state where all initial tetramers are irategl into one single
filament (of huge length).

The methodology introduced in this paper for increasingéselution of the
filament assembly model helps provide a deep insight int@ymamics of fila-
ment self-assembly. Details on the assembly of filamentaobus lengths will
help in designing finer grained experimental assays thatdifoaus on filaments
of different lengths at different time points. In terms of aeb complexity, in-
creasing the resolution of the model implies a consideraisiease in the size of
the model, linear in the number of variables and quadratthemumber of reac-
tions. We showed however that the kinetic rate constantbeaet from a model
of low resolution to one of higher resolution in such a wayt the model predic-
tions on the dynamics of the total amount of filaments, rdgasdof their length,
are preserved. In particular, this implies that given gengaita on, for example,
the mean filament length, the model fit and the model validgpimblems can
be solved on the (smaller) model of low resolution and thenmagwlated to the
models of higher resolution.
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