DIMENSIONAL REDUCTION OF A MULTISCALE CONTINUUM
MODEL OF MICROTUBULE GLIDING ASSAYS

CHRISTEL HOHENEGGERTISTEVE COOK*$AND TAMAR SHINAR#§Y

Abstract. Microtubule gliding assays, in which molecular motors anchored to a plate drive the
gliding motion of filaments in a quasi-two-dimensional fluid layer, have been shown to organize into a
variety of large-scale patterns. We derive a fully three-dimensional multiscale coarse-grained model of
a gliding assay including the evolution of densities of rigid filaments, bound motors, and free motors,
coupled to fluid equations. Our model combines continuum theories of polymeric liquids with the
force spreading approach of the immersed boundary method. We use dimensional and asymptotic
analysis to derive a reduced two-dimensional model and show that, to leading order, the filaments
evolve in a plane, similar to what is experimentally observed. We simulate our model numerically
with a GPU-based implementation and observe the same qualitative behavior as in experimental
work.
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1. Introduction. Active gels form the basic structural network of the cell and
can be synthesized by mixing cytoskeletal filaments and small motor proteins. In
such mixtures, the collective behavior is driven by the microscopic ATPase-generated
motion of the motor proteins along the filaments. A molecular motor typically consists
of a tail, a flexible stalk, and a head with two binding sites. Through the hydrolysis of
ATP at the binding sites, the motor grabs, pulls and releases the filament yielding a
processive directional motion and generating forces inside the cell. Molecular motors
have been the subject of many experimental [10, 8, 13, 14, 12, 5] and theoretical
[26, 20, 18] studies, which have resulted in a broader understanding of the molecular
stepping mechanism and the collaboration of many motors when carrying cargo along
filamentous tracks. On a larger scale, mixtures of cytoskeletal filaments and small
motor proteins have been shown to self-organize into a variety of macroscopic patterns
from asters to vortices to swarms [31, 30, 38]. We study gliding assays, where single
motors are adsorbed onto a substrate and filaments, stabilized so that their lengths
are fixed, glide over them in a quasi-two-dimensional fluid layer (Fig. 2.1). This
reduced system, where filaments do not crosslink, is used to study gliding velocities of
microtubules and motor directionality [33] and has been observed to form large-scale
patterns [38].

Systems of fluids, filaments, and motors are inherently multiscale in space and
time, making them a challenge to accurately model. Moreover, [41] showed that the
macroscopic behavior of these active mixtures is sensitive to the microscopic model. A
variety of theoretical models attempt to bridge the understanding of the microscopic
mechanisms with the emergent macroscopic phenomena. One computationally inten-
sive approach is to model collections of explicitly represented filaments and motors
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without coarse-graining [28, 30, 29]. In contrast, other modeling standpoints rely on
a generic hydrodynamic theory that is inherently macroscopic [24, 37, 22, 23, 11].
Considering gliding assays specifically, [21, 17] developed a Langevin dynamics model
coupling the dynamics of the filament, the dynamics of the motor head and the elas-
ticity of the motor stalks. Other approaches have exhibited pattern formation through
phenomenological particle-based steric interactions [38, 39], while [11] demonstrated
the importance of hydrodynamic effects in the collective behavior of large-scale sys-
tems of filaments. A final set of approaches starts with a simplified microscopic model
and coarse-grains the system via a prior: closure approximations to attain a macro-
scopic description [41, 25]. We take such an approach while additionally considering
fluctuations in motor and filament densities, the background flow, and the interactions
of the immersed structure and the fluid. This allows us to directly incorporate knowl-
edge of the microscale mechanisms while maintaining the efficiency of coarse-grained
approaches over particle-based approaches in simulating hydrodynamic interactions.

As a first step towards a multiscale model of gliding assays, we develop a three-
dimensional model, including hydrodynamics effects via the coupling of the filaments
and the fluid, but assume a dilute suspension of filaments thus neglecting steric ef-
fects. In contrast to previous modeling approaches, we do not assume that the fila-
ments move in a two-dimensional plane, but instead we show that this results from an
asymptotic analysis and Hele-Shaw reduction of the fluid-coupled continuum model.
Furthermore, our modeling approach couples the microscale modeling of the attach-
ment and detachment of molecular motors to the mesoscale motion of the filaments,
and finally to the macroscale fluid motion. This explicit coupling is obtained by com-
bining continuum theories of polymeric liquids [3] with the force spreading approach
of the immersed boundary method [32]. There are three components of our continuum
model: a filament conservation equation, conservation equations for bound and free
motors, and fluid equations. These coupled equations evolve on three length scales:
L, the length of the side of the cover slip, [, the length of the filament, and L,,, the
length of the motor stalk. We assume that L,, < H = ¢L < L, where H is the
distance between the cover slip and the plate.

The remainder of the paper is organized as follows. In Section 2, we derive the full
three-dimensional continuum model focusing on the fluid coupling. Next, in Section 3,
we nondimensionalize the model and neglect small terms. In Section 4, we obtain re-
duced two-dimensional gap-averaged equations through an asymptotic analysis and
depth averaging, and we show that in this reduced formulation the filaments move
in a two-dimensional plane parallel to the bottom plate. Section 5 is devoted to the
numerical implementation, which is spectral for the fluid equations and second-order
in time and space for the evolution equations. Difficulties resulting from the high
dimensionality are resolved by exploiting data sparsity and using GPU parallelism.
Finally, Section 6 illustrates the reduced model and numerical implementation for
a set of parameters chosen to be experimentally relevant. In this case, our simula-
tion shows the emergence of ordered subregions of filaments and motors as observed
experimentally. We end with a short conclusion in Section 7.

2. Model. In a gliding assay, motor protein tails are anchored to a horizontal
plate while their heads are free to bind and pull filaments suspended in a liquid.
Figure 2.1 illustrates the experimental setup. Since there are no free motor complexes
in suspension and a motor can only attach to a single filament, there is no cross-
linking of filaments via motor complexes. In Table 2.1, we summarize the physical
parameters relevant for the gliding assay geometry, based on values reported in the
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Fi1G. 2.1. Microtubule gliding assay setup. Motor protein (black) tails are anchored to a fized
plate, while their heads bind and pull microtubule filaments (green) suspended in a liquid.

literature.
Parameter Symbol Value or Range Source
.005 — .05~ 1 (sp) (37]
Motor attachment rate kon .04 — 505! (sp) [28]
5051 40
083 — .167s;1 15
Motor detachment rate koft :81015—_56055_51 (Sl(js)p) gg
B! 40
Motor maximum speed Viax ?2?11/8758()pr;m/s ég, 17, 37]
0.5 — 2pN 28]
Motor stall force Fitanl
5pN 17
Motor length (fully stretched) Ly, 50nm 17
Motor capture radius e 10 — 22nm 17
5 — 18mm [15]
Chamber length L
3-15mm [27]
110pm [15]
Chamber height H
100pm [27]
7 — Tpm [15]
Filament length l 50pum [16]
1lpum 17
Fluid viscosity 1 0.5pNs/pm? 17
Fluid velocity U 10pum/s 39
TABLE 2.1

List of relevant physical parameters and their values as reported in the literature. (sp) denotes
simulation parameters used in the referenced source.

2.1. Filament conservation equation. For a dilute suspension of filaments,
we denote by ¥(x, p,t) the three-dimensional probability density function of the fila-
ment center-of-mass position x and orientation p with |p| = 1. Here, we parametrize
a rigid, fized length filament by x + sp, where s € [—[,[] is the arc length parame-
ter and we neglect bending, growth or shrinkage of filaments. The total number of
filaments N = [[ U(x, p,t)dxdp is conserved and the Smoluchowski equation or the
conservation of mass in probability for ¥ is [2, 1, 6]

OV +V, - (x0)+V, - (p¥) =0. (2.1a)
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To close Eq. (2.1a), we use equations for the x, p dynamics derived from slender-body
theory as in [34, 35] for active swimmers

Xg = uz(x) — D¢ | Vg, In W (2.1b)
z=w(x)—D;,10,InT (2.1c)
p=I-pp)Vux)p—D,V,In . (2.1d)

Here V,, = (I — pp)0Jp is the gradient on the unit sphere, u = (uy, w) is the fluid ve-
locity, and the subscript 2 denotes the in-plane coordinates x,y. To obtain Eq. (2.1b)-
(2.1d), we assumed that the background flow u is linear along the slender and rigid
filaments. Thus u can be written as u(x + sp) = u(x) + sVu(x)p. While in the
theory of active swimmers, a swimming velocity appears in Eq. (2.1b), in our model
the motor force acts directly on the fluid and indirectly on the filaments as they move
passively with the fluid. This is similar to the approach taken in the immersed bound-
ary method, which was originially developed for flexible passive fibers and membranes
immersed in fluids [32]. In our case, the filaments are rigid, resulting in an additional
stress on the fluid due to the filaments’ resistance to deformation. We discuss this
term in Section 2.2. In the present model, we do not include thermal fluctuations,
instead we consider generalized diffusive terms intended to phenomenologically model
small-scale effects due to the surrounding fluid [35]. Dy, D;,1 and D, are the in-
plane translational, out-of-plane translational, and rotational diffusion coefficients,
respectively. Physically, if Dy | = Dy 1 = D, = 0, Eq. (2.1b) says that the center-
of-mass passively follows the background velocity u(x) and Eq. (2.1d) says that the
rate of change in orientation is given by Vu(x)p. The projection operator (I— pp) in
Eq. (2.1d) ensures that the length of the filament is constant, i.e. |p|=1or p-p =0.

2.2. Fluid equations. Using the characteristic numbers given in Table 2.1 for
the fluid velocity and characteristic length yields a small Reynolds number and hence
the convective acceleration is negligible. Furthermore, the frequency parameter given
by the time scale of the molecular force is small compared to the Reynolds number and
inertia is negligible. Thus, the fluid equations are the incompressible Stokes equations
with extra stress and an external force:

—pAzu(x,t) + Viq(x,t) = Vx - 6P(x) + fin (x,1), Vz-u=0. (2.2)

Here, £, is the force density due to the motors acting at x on the immersed filaments,
q is the pressure, and oP is the extra stress arising from the microstructure [2]. For
passive filaments, oP can be decomposed into two contributions: oP = &b + ol
[9]. o, arises from Brownian rotations and is modeled as o, = 3kTD, where D =
J ¥ (pp —1I/3)dp. This term is small relative to the motor-based force [4] and we
neglect it. o}, represents the resistance of the filaments to deformation and is modeled
as o, = 0yS: E, where S = [ ¥ (pppp — Ipp/3) dp, E = (Vmu + VzuT) /2 is the
rate-of-strain tensor, and oy = [3/(3c) is a coefficient depending on the aspect ratio
r of the filament (¢ = log(2/r)/(4mp) > 0). The boundary conditions are doubly
periodic in x,y and no-slip at z = +H/2.

2.3. Bound and free motor equations. A motor that walks in a direction
p under a load F will step with a speed V' given by the single motor load-velocity
relationship [13]. Here, the load on the motor is the force exerted on the motor head
due to the motor’s intrinsic motion. Since we do not model that length scale directly,
we make the simplifying assumption that the motor is subject to a load of one half
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of its stall force and walks at one half of its maximum velocity giving the simplified
equation F = —Fp/2. The motor force, F, gives the force magnitude and direction
generated by a motor with tail at rg and head on the filament at r;y = y + sp. The
motor-based force density at a spatial point x is then

8
fn(x,t) = — Qt //// pPi(y +sp — x)¥(y,p,t) My(s,roly, p)ds dro dy dp. (2.3)

The convolution with the d—Dirac function converts from the center-of-mass-based
description of W to the spatial description of the force density. Here, My, (s, ro|x, p;t)
is the conditional probability density of bound motors with tail ry on the plate and
head at s on the given filament x, p. The total number of bound motors is given by
Ny = [[[[ My ¥dsdrodxdp. We also introduce Mi(rg,t), the density function of
motors with tail at rg and free head. The total number of free motors is Ny = f Midry.
In the entire system, the total number of motors NV, = N+ IV}, is conserved.

In general, the free and bound motor populations evolve according to a reaction-
diffusion-advection equation. In a gliding assay, motor tails are fixed to a plate and
cannot diffuse or advect with the flow. Hence, we consider only the conversion between
the free and bound populations, and the advection and procession of the bound motor
heads. Further, we assume that if a motor is close enough to the filament, it can bind
to the filament with an attachment rate per filament k,, and that a head can detach
with a detachment rate kog. We derive the evolution equation for My, by considering
the conservation law for MW, which evolves as

Vmax

O (M, W) + s(Mp¥) + Vy - (xMp ) + V,, - (DM, P)
on (2.4)
= ——— MUl — kegMpV¥.
2 [[Wdpdx™ " " Pre T TP
By,
Here 1p,_ is the characteristic function on the ball B, of (capture) radius 7. centered
at the attachment point r;. The three advection terms on the left hand side express
the procession of the motor along the filament with speed V' = V},,.x/2 and the motion
of the motor-filament complex with the background flow. The source term on the right
hand side express the attachment of a free motor at s to the filament x, p, where the
factor 21 f f Wdpdx measures the approximate available length of filaments in B,..
B,
Since we are not tracking the position of the head ry, then, for a given filament x, p,
a head attaches at s with uniform probability in B, . The sink term represents the
detachment of a bound motor. Using Eq. (2.1a) to eliminate ¥, Eq. (2.4) becomes

Vmax . .
9 O Mp +%x -V, My, +p- Vp./\/lb

kon (2.5a)

=N My, — .
2 [f \Ildpdfo Bre — KotMb
By,

O My, +

We impose an additional condition on detachment. In particular, a head detaches if
the motor reaches the end of the filament (i.e. |s| > I). We also note that a motor
should detach if the motor force exceeds a threshold. Since we assume a constant
motor force, we do not encounter this case.
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Finally, since the total number of motors Ny, is conserved, we define the free
motor density My implicitly as

Mg=M— /// My, ds dx dp, (2.5b)

where M is the total density of motors with tails at rg.

3. Nondimensionalized Equations. In order to simplify the model described
in Section 2, we start by nondimensionalizing the equations and determining charac-
teristic scales.

3.1. Fluid equations. We first nondimensionalize the incompressible Stokes
equations (2.2). Let the characteristic length be L in the z and y directions and
H = L in the z direction (¢ < 1), the characteristic velocity be U in the x and y
directions and W in the z direction, and the characteristic fluid time scale be T' = L/U.
Since the flow time scale in the z-direction is the same as in the x,y plane, we must
have W = eU. We denote with primes nondimensional quantities. Substituting the
corresponding equations, we note that the nondimensional gradient of u is

U/ Vyu, Lo.ul 1
Vo= (i G ) = g (31)
IZ z

From equation (3.1), it follows that the extra stress due to the resistance to deforma-
tion o} has the form o yn/T &~ 10~ for the dilute microtubule suspensions considered
here, so we neglect it. The pressure and force density are nondimesionalized with
characteristic pressure @) and force density F. Denoting the components of the force
density fi, = (fm2,h) = F(f}, 2, h’) and neglecting the extra stress contributions, the
Stokes equations (2.2) become

Vg + 0w’ =0 (3.2a)
1 LQ FrL?
—Awéué - gaz’z/ué + wvxéq/ = MiUfrln,Q (32b)
1 L FL?
—Agw' — 8—232/2/10’ + %@/q' = i h. (3.2¢)

3.2. Filament equations. We nondimensionalize the filament equation (2.1)
with the same scales as the fluid equations and we nondimensionalize ¥ by the total
concentration of filaments n = N/(eL?), setting n¥'(x/, p,t') = ¥(Lxh,eLz,p,Tt).
We find

oW +Vy - (X'V)+V, - (p¥) =0, (3.3a)
Dy | T Dy, T
o/ ! s !/ ol / 5 !
Xo = Uy — 72 lez In W , Z =W — W@g In V¥ (33b)
p=I-pp)Vyup— DTV, InT, (3.3¢)

where ° indicates the time derivative with respect to ¢ and V, u’ refers to the tensor
given explicitly in Eq. (3.1).

3.3. Bound and free motor equations. Since the motors evolve on a smaller
scale than the fluid, we introduce new characteristic scales. We take the filament
half-length [ as the length scale for motor evolution. We also define a new time
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scale, 7 = I/Vinax. We denote with stars the new nondimensional quantities and
keep the prime notation for quantities that depend on both scales. We choose to
nondimensionalize the density of bound and free motors to the fraction of bound,
Ny/Np, and free N¢/Ny, motors respectively. In other words, we set

N
My (s,1o|x, p;t) = m/\/lg(ls*,Lrg\Lx'z,ELz’,p;Tt*),
Nm
Mf(ro,t) = 12 M (Lro,’rt )

Substituting the appropriate definitions into Egs. (2.5), the nondimensional evolution
equation for M{ and M; are

1 . o

Op M, + 500 (M5,) + %x' Vo M)+ %p VM,
S VA P T (342
T [y, Wdxdp” P e

Mi=M"— // M V'ds" dx’ dp, (3.4b)
with k), = konT/2, klg = koaT, B, is the nondimensional capture ball and M =

Nu/(L*)M'. Finally, nondimensionalizing the force density (2.3) and integrating
over y,, we have

fn(x,t) = Ff (Lx},eLx,, Tt)

_ stN ¢ * / ! /! / L /
- QELS ////p(S( S P2 X9 v YQa‘rz+ELCOS¢apat

Mb (8 I'O‘YZ)J: + l CO8S ¢ap7 ) dS*dré)dy/de7

eL
(3.5)

where (¢, ) are the polar and azimuthal angles, respectively and ps = (cos#,sin6).
The above equation yields the characteristic force F' = Fy/e with Fy = FStNm/L?’.

4. Two-dimensional Reduction. In this section, we reduce the spatial di-
mension of our system of equations by performing an asymptotic analysis of the fluid
equations in € < 1. For clarity of exposition, in the remainder of the paper we drop
the primes, replace the open circles with dots and s* by s.

4.1. Fluid equations. We reduce the fluid equations following the standard
Hele-Shaw approach [19]. For the solution to the leading order equation in Eq. (3.2b)
to be nontrivial, the pressure term and/or the forcing term have to balance the last
viscous term. If the forcing term is not one of the dominating terms, then the fluid
equations reduce to those of a Newtonian Hele-Shaw cell and are not driven by the
motor forces, in contrast to the gliding assay. Therefore, using the characteristic force
derived at the end of Section 3, we have

FL> _RL*_ (1
pU el g2

From the above relationship to be asymptotically valid, we have U = O(e) and we set
U = €Uy. From the definition of the characteristic time, we have T' = L/U = Ty/e
with T() = L/Uo
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We now discuss the order of the pressure term. If the pressure term is of lower
order than the force term, then there are two cases to consider: @ = O(1) and
Q = O(e™) with m > 1. In the latter case, the only leading order term in the
z-momentum equation (3.2¢) is the force term which is therefore unbalanced and
this case is impossible. In the first case, the pressure term balances the force term
in the z-momentum equation (3.2c). But, since the pressure term drops out of the
x, y-momentum equations (3.2b), the continuity equation (3.2a) cannot be satisfied
without imposing a condition on the forcing term and this case is also impossible.
Therefore, we have

LQ LQ 0 1
pU — eply (€2>

as well. Consequently, @ scales like 1/ and we set Q@ = Qop/e. As a result from the
previous the discussion, the leading order terms in Eqgs. (3.2) are O(1) in Eq. (3.2a),
O(1/€?) in Eq. (3.2b), and O(1/e*) in Eq. (3.2¢).

Next, we perform the asymptotic analysis and consider the leading order terms
in the momentum equations (3.2b). Setting Ay = LQo/(uUo) and By = FyL?/(uUy),
we have for the leading O(1/£?) terms

—0,,u + onzq = BOfm,2~ (41)

In the z-momentum equation (3.2c), the pressure term is the only leading O(1/e%)
term and Eq. (3.2¢) reduces to d,¢ = 0, which implies that ¢ is independent of z, in
other words ¢(xz2, z) = q(x2). Integrating Eq. (4.1) twice with respect to z we find

A
—uy(x2,2) + oz + a1 = —7022V2Q(X2) + Boll(2),

where I(z) = ffl/z ffl/z fin 2(x2,2")dz"dz’. Using the no-slip boundary conditions
at z = +1/2, we obtain the constants of integration

A B
ap = Byl(1/2), and oy = f§°v2q(x2) + 7011(1/2).

Because ¢ < 1, we now define a gap-averaged velocity Qz(x2) = [ u2(x2, z)dz.
Averaging the continuity equation (3.2a) over the gap and using the no-slip boundary
conditions yields

VQ cUg = 0. (42&)

Further, substituting the values of the integration constants and integrating we obtain
the gap-averaged two-dimensional velocity field tiz(x2) driven by the z, y-component
of the force density fp, o

l_lg(Xg) = _@VQQ(XQ) + &H (1) — Bo/H(z>d2j (42b)
12 2 2

Equations (4.2) are the gap-averaged two-dimensional forced Stokes equations. These

equations are very similar to those obtained for non-Newtonian Hele-Shaw flows [19].

We also remark that the integral operator and its mean can be expressed as moments

of the force density by reversing the order of integration

1(1/2) = / (; - z) £.1(xs, 2)dz, and / I()dz = % / (; _ z>2fm72(xQ,z)dz.
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4.2. Filament equations. To reduce the evolution equations for the distribu-
tion functions ¥ we again rely on leading order analysis and depth-averaging. Since
the diffusion terms represent phenomenologically observed small-scale motions, the
diffusion constants are chosen so that these terms are of comparable magnitude with
the other terms in Eq. (3.3b)-(3.3¢c). Integrating Eq. (3.3a) over the gap yields

1/2

o, (/ \Ildz) + Ve (/ X'Q\Ildz> 1 (20) iy +V,- (/ p\Ildz> =0.  (4.3)

In order to express the previous equation in terms of the gap-averaged distribution of

filaments ¥, we will make use of the general closure approximation / f(2)¥dz = fU,

for any function f(z). For a velocity field u that is approximately parabolic in z, the
accuracy of this approximation will depend on the maximum value of 1), in the gap.
This approximation may degrade if all the filaments are bound, as all the filaments
will then be within a ~50nm band relative to the ~100pum gap. However, this is
not the case in general. With this closure approximation and the no-slip boundary
conditions, Eq. (4.3) becomes

- . - ) DY\ Ty _
O+ Vs (%20) +V,- (/ p\l'dz) =0 with %=1y tL“2 Vaoln ¥,
(4.4)
where Dy || = Dt0 I|E- Next, we reduce the rotational flux to two dimensions. To do

so, we denote the unit vectors in spherical coordinates by (25 and 6. Then, expressing
p in spherical coordinates as p = ¢¢ + sin ¢p06, taking the dot product of Eq. (3.3c)
with 8 and ¢, and defining D, = D%, we arrive at

DTy
sin ¢

sin ¢ = 9vaup — OgIn¥ and qb = &)Tvzup — D?T08¢ InVU. (4.5)

Recalling the form of V,u in Eq. (3.1), we let p = (sin ¢pa, cos ¢), 0 = (py,0), and

¢ = (cos ¢ppa, — sin ¢) with py = (—sin @, cos#). The leading order term in Eq. (4.5)
is of order 1/e and carrying out the matrix multiplications, we obtain

cos ¢ (Pé‘Tazug) =0, and cos® ¢ (pgaqu) =0.

The only non-trivial solution to the previous equations is cos¢ = 0, that is ¢ = 7.
In other words, to leading order the filaments lie in a horizontal plane, which has
been observed experimentally [38]. In this case, V), - ([ p¥) = 9o([0¥) and § =
pj‘TVLgugpg — D%Ty99 In ¥, which allows us to reduce the last term in Eq. (4.4) to a
single 0 derivative. Combining everything and applying the closure approximation on
the velocity gradient tensor, we arrive at the two-dimensional gap-averaged filament
evolution equation

O + Vo - (%20) + 95(0F) = 0 (4.6a)

. DYT
Xo = U2 — L2

Voln¥, 0 =piTV,0ps — D TydyIn . (4.6b)
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4.3. Bound and free motor equations. Since T' = Tj/e, the last two advec-
tive terms on the left of Eq. (3.4a) scale like € and they can be neglected. Further,
because no other term in Eq. (3.4a) depends on ¢, the O(1) leading order equation
for My, is

Fon
[T, Waxdo

Integrating over z and using the closure approximation, we obtain the gap-averaged

equation for the density of bound and free motors
kon

ffB \I/dxzdﬁ

Mg =M — /// My, Wds dxz dbf. (4.8b)

Here B is the two-dimensional projection of B,,
Next, we reduce the motor force density (3.5). Integrating over z, using the
closure approximation, and ¢ = /2, we obtain the gap-averaged force density

_ l
frn(x2,t) = — = //// p2d <Y2 + 75P2 — Xz) U(ya,0,t)My(s,rolys2, 0)ds dro dys db.

(4.9)

The closure approximation and Eq. (4.9) allow us to solve for the constants of

integration in Eq. (4.2b): I(1/2) = f,2/2 and [I(z)dz = f,,2/6. Plugging these
expressions into Eq. (4.2b) yields the final fluid gap- averaged fluid equations

1
at*Mb + iaSMb MfILB - koHMba (47)

Dy My, + 8 (My,) = Milp — kog My, (4.8a)

v;c,g . ﬁQ(XQ) =0 (410&)
A By -
Tio(x0) = fT;)qu(xQ) T T;fm(xQ,t). (4.10b)

This concludes the model reduction to a system of equations depending on the
two-dimensional configuration variables ry, x5 and one-dimensional configuration vari-
ables s,60. Table 4.1 summarizes the two-dimensional model equations For simplic-
ity, we drop the subscript 2 and bars in the notation and let Dy || = Dy HTO /L? and
D, = DT.

5. Numerical method. In this section, we discuss the discretization of the
nondimensionalized equations summarized in Table 4.1 and the development of a
stable algorithm. First, we note that My is high dimensional, with six variables in
2D. However, since a head detaches if the elongation of the motor’s stalk exceeds
a certain threshold, My is sparse in the x — rg hyperplane, hence we store a small
x2-grid, whose size depends on (I/L), around each ry.

At t = 0, we initialize the filament distribution ¥, the motor distribution M, and
the bound motor distribution My,. The free motor distribution can then be computed
with (M2) and the fluid equations (U1)-(U2) solved (see below). The algorithm steps
and substeps to advance from time ¢" to time "' are described next. Since 7 < T,
we denote by k the time index on which My, is solved.

1. Compute W™ by solving (F1) together with (F2). We use second-order
Crank-Nicolson for the diffusion terms, and Adams Bashforth 2 with an adap-
tive timestep for the time discretization of the advection terms. The advection
terms are discretized in space using a high-resolution total variation dimin-
ishing upwind scheme with superbee flux limiter [7].
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Model equations

NV 4+ Vg - (X)) + 9 (00) =0 (F1)
Filaments .

x=u—Dy|VoIn¥, §=pTV,up—D:yln¥ (F2)

By My + 20 My, = —Fen M1 g — kog My, (M1)
Motors 2 g wdxzdo

Mi=M— [[f My, ¥dsdy do (M2)

_ _ Ao Bg _

u=--0Vaq+ 2f,, V-u=0 (U1)
Fluid 12 12

f = —1 [[[ P 6(y + Lsp — x) UMy ds dro dy 6 (U2)

TABLE 4.1

Summary of the two-dimensional, gap-averaged, nondimensional model equations for the evo-
lution of the filament distribution ¥(x,0,t), bound motor distribution My(ro, s|x,6;t), free motor
distribution My(ro) and fluid u(x) in a motility assay.

2. Compute M{™! by evaluating (M2) and solving (M1). The integrals in (M2)
are evaluated using the midpoint rule using data at time n. We again use
upwinding with superbee flux limiter for the advection terms, and Adams
Bashforth 2 with an adaptive timestep for the time discretization. We repeat
this process until ./\/lg‘Irl is obtained.

3. Compute the force density £2! from (U2) using M}t and ¥"*1. The inte-
grals are evaluated using the midpoint rule and an approximate Dirac delta
function, for which we use a hat function spanning two grid cells in each
direction. This approximation is Cp and satisfies a first moment condition,
resulting in conservation of angular momentum. For a discussion of the im-
plications of different choices of numerical delta functions, see [32].

4. Solve (U1) spectrally for u"™!. Because of the periodic boundary conditions,
we transform (U1) in Fourier space (k wave vector):

. Ag By

Taking the dot product with k, the pressure can be eliminated yielding

{akz?s(l—‘ff)fmk if & = [[k]| 0

5.1
ifk=0 &1)

A~ Bo p
Uo = Tgfmg

We remark that the constants Ag and Qg drop out and Eq. (5.1) depends on
By only. At this stage, we also compute the rate-of-strain tensor spectrally.

The two most time-intensive portions of the algorithm are the bound motor den-
sity evolution and the motor force calculation. For feasibility, we implemented these
using Nvidia’s CUDA C language and ran them on Nvidia Tesla GPU accelerators
obtaining speedup factors of nearly 50 for all parameters tested. Since there is no
interaction between motors in neighboring r, cells, we update each r( cell indepen-
dently.

6. Results. We illustrate the behavior of the system with two examples, using
the parameters L = 125um, [ = lpym, ¢ = 5-107%, N = 2-10%* N, = 3 - 106,
kon = 1571, kog = 0.5s7'. Here we demonstrate that the proposed model captures
qualitative features of microtubule gliding assays.
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10pm sec

Fic. 6.1. Ewolution of the velocity field and filament density for a clump of locally aligned
filaments with uniform bound motor density, depicted at t = Os, t = 50s, and t = 150s. The
parameters are L = 125um, | = luym, e = 5-107%, N = 2-10%, N, = 3- 105, kon = 0.5s71,
kog = 0.5s~1. The dimensionless diffusion parameters to Dy =25- 103 and Dy = 2.5-1075.

First, we consider a clump of locally aligned filaments in the center of the domain
with an initially uniform bound motor density. The initial alignment drives the fluid
motion, and consequently the filaments, in that direction. The clump advects and
diffuses through the domain as illustrated in Fig. 6.1 (see supplementary movie S1).
This motion is qualitatively similar to the moving clusters observed in [38]. The
resulting disturbance in the velocity field propagates out from the leading edge of the
clump in a wave-like motion. Eventually, diffusion causes the filament density to relax
to the uniform isotropic density and the velocity field to decay to zero. We set the
dimensionless diffusion parameters to Dy | = 2.5-107% and D, = 2.5-107°.

Second, we consider the experimentally motivated example of a gliding assay of
non-localized filaments and motors (Fig. 6.2 and supplementary movies S2-S6). If the
initial density of filaments is uniform, our model does not generate disturbance flows
different than the imposed mean flow. Therefore, the filament density is perturbed
away from uniformity in both space and orientation with

8
é Z €55 cos(miz + &) cos(mjy + &) Pij (0), (6.1)

ij=1

where €;; is a uniform random number in [—.01,.01], &; is a uniform random number
in [0,27], a is a normalization constant and P;;(#) are third order polynomials in
cos(f) and sin(f) with random coefficients in [—1,1] as in [35].

The typical state of the system is illustrated in Fig. 6.2 at times ¢ = 0, 10, 20 min.
The first row depicts the evolution of the velocity and vorticity fields (supplementary
movie S2), and in the second row, tracer particles highlight fluid mixing (supplemen-
tary movie S3). After the transient velocity field disappears, the flow organizes into
distinct subregions separated by boundaries of non-zero vorticity. These subregions
span tens of microns, compared with the filament length of 1 micron, and can persist
for several minutes. The third row shows the spatial filament density defined as

lIjspa‘cial (Xa t) = /\I/(X, 03 t)da (62)

(supplementary movie S4). As t increases, the filaments form varying patterns, con-
centrating into bands at flow subregion boundaries and clumps in flow subregion
interiors. These filament concentration patterns largely mantain their structure as
they traverse the domain following the flow field. Some regions collide resulting in
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the formation of larger fronts or bands, while others break apart. The concentrated
regions contain more than twice the number of filaments as the sparse regions. Such
migrating cohesive structures have been observed in experiment [38, 39]. The fourth
row depicts the filament orientation field (supplementary movie S5). We compute the
orientation matrix

fppT\I/(x,Q,t)dé'

N(x.1) = [0 (x,0,t)do (6.3)

and draw its eigenvectors scaled by their associated eigenvalues. We remark that ¥
maintains antipodal symmetry, i.e ¥(x,0,t) = ¥(x,0 + 7,t), because Eqgs. (4.6a)-
(4.6b) are invariant under this transformation. The two-dimensional nematic order
parameter is

J(2(p-n)* —1)¥(x,0,t)dd
T9(x,0,0)d0 ’

S(x,t) = (6.4)

where n is the eigenvector associated with the largest eigenvalue of N. We observe
increased local nematic order at the boundaries of the flow subregions, where filaments
tend to align tangentially to the boundaries, while the interiors of the flow subregions
contain areas of both high and low nematic order. Finally, the fifth row depicts the
bound motor concentration with tail at rg

./\/l]taail(ro,t) _ // My (s, ro, t|x, 0)¥(x, 0, t)dsdxdf (6.5)

(supplementary movie S6). Our simulation shows a strong positive correlation be-
tween high bound motor density and high filament concentration. We note that
motors are not directly advected by the flow, as their tails are fixed to the substrate.
Instead, the bound motor concentration increases as more filaments become available
to bind to.

7. Conclusions. Starting from conservation equations, we developed a multi-
scale model describing the complex interplay between molecular motors, filaments,
and fluid in a gliding assay. Our asymptotic and dimensional analysis agrees with ex-
perimental results [38] and shows that, for a small channel height, the filaments evolve
in a two-dimensional plane parallel to the bottom plate upon which molecular motors
are anchored. The coupling between the motors, filaments, and surrounding fluid is
achieved by directly spreading the motor force onto the fluid and passively advect-
ing the filaments with the local fluid velocity. As a result, the depth-averaged fluid
equations ressemble the non-Newtonian Hele Shaw equations. In the present model,
we only consider a dilute suspension of filaments and therefore neglect effects due to
steric interactions between filaments. The only interactions considered are therefore
purely hydrodynamic interactions between the fluid and the filaments. Nevertheless,
our simulations show behavior that is qualitatively similar to that seen in [38]. We
observe swirls, moving high-density fronts, and cluster movements.

An in-depth study of the parameter set should reveal the transition between dif-
ferent states as described in [21, 17, 36]. While our model and numerical experiments
demonstrate the importance of hydrodynamic interactions, they do not address the
relative importance of steric and hydrodynamic interactions for pattern formation in
gliding assays. To be able to ascertain the role of both effects as well as observe addi-
tional patterns, the density of filaments must be increased. As a result, the continuum
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model should be extended to include both steric interactions between the filaments
and o, the extra stress due to the filament resistance to deformation [9, 6].

(1]
2]
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Fic. 6.2. Emergence of ordered subregions in the filament-motor-fluid system, depicted at
t = 0 (first column), t = 10min (second column), and t = 20min (third column). First row:
u(x, t), with vorticity plotted in color (units of s™%). As the simulation proceeds, the fluid subregions
form worticity bands at their boundaries with zero vorticity in their interiors. Second row: tracer
particles show fluid mizing. Third row: ¥sqpq(X,t) in um™2 defined in Eq. (6.2). Fourth row:
eigenvectors of N(x,t) (red lines) and S(x,t) (green field) given in Egs. (6.3)-(6.4). Fifth row:
Mi‘”l(ro,t) in um™2 defined in Eq. (6.5). Att =0, the density of filaments is perturbed in space
and orientation according to Eq. (6.1), while the bound motor density is uniform. The parameters
are L = 125um, | = 1uym, g = 0.12pNs/pum?, ¢ = 5-1074, N = 2-10%, N, = 3- 106, kop = 1571,
ko = 0.5571,Dy || = Opm?s™!, Dy = 0s™1.



