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Molecular motor proteins serve as an essential component of intracellular transport by generating forces
to haul cargoes along cytoskeletal filaments. Two species of motors that are directed oppositely (e.g. ki-
nesin, dynein) can be attached to the same cargo, which is known to produce bidirectional net motion.
Although previous work focuses on the motor number as the driving noise source for switching, we pro-
pose an alternative mechanism: cargo diffusion. A mean-field mathematical model of mechanical inter-
actions of two populations of molecular motors with cargo thermal fluctuations (diffusion) is presented
to study this phenomenon. The delayed response of a motor to fluctuations in the cargo velocity is quan-
tified, allowing for the reduction of the full model a single “characteristic distance”, a proxy for the net
force on the cargo. The system is then found to be metastable, with switching exclusively due to cargo
diffusion between distinct directional transport states. The time to switch between these states is then
investigated using a mean first passage time analysis. The switching time is found to be non-monotonic

in the drag of the cargo, providing an experimental test of the theory.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Active transport is a key component of cellular function due to
the compartmental nature of cellular machinery. This transport is
achieved through the use of molecular motor proteins, which un-
dergo a series of conformational changes to walk along cytoskeletal
filaments and generate forces to haul cargoes (Howard, 2001). The
transport of a single cargo can often involve two families of motors
that are directed oppositely. For instance, kinesin, which primar-
ily walks in the positive direction of a microtubule, and dynein,
primarily in the negative direction, can be attached to the same
cargo. Another possibility is that two populations of the same fam-
ily of kinesin motor can be attached to a cargo but walk along op-
positely oriented microtubule tracks (Osunbayo et al., 2015). This
phenomenon of opposing motor populations is observed for a wide
variety of cargoes: mRNA particles, virus particles, endosomes, and
lipid droplets (Hendricks et al., 2010; Kunwar et al., 2008). Al-
though both families of motors are exerting forces on the cargo
in opposite directions, the net motion of cargo transport is able to
switch. That is, the cargo spends periods of time with a net posi-
tive, negative, and zero velocity (denoted a pause state), the overall
motion of which is denoted bidirectional transport (Hancock, 2014).
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This intuitively inefficient transport phenomenon is thought to
serve a role in pattern formation (Brooks and Bressloff, 2016) or
spatially uniform cargo delivery (Bressloff and Levien, 2015). How-
ever, this work focuses on the mechanism of switching. That is, the
distinct switching between directions suggests the existence of a
mechanism of cooperation between the motor families, which has
been explored previously from both experimental and theoretical
perspectives.

The role of external influences in the cooperation mechanism
remains unclear. A number of studies have identified regulators of
kinesin and dynein (Fu and Holzbaur, 2014). For instance, LIST and
NudE have been found to modulate dynein’s force production capa-
bilities (McKenney et al., 2010). In Shojania Feizabadi et al. (2015),
the authors found that the microtubule itself can regulate kinesin
force production. However, the necessity of these external regula-
tors for motor coordination in bidirectional transport remains un-
established. The alternative hypothesis relies on the notion that the
coordination is a product of the mechanical interactions of the mo-
tors with the cargo, denoted a tug-of-war scenario.

The tug-of-war hypothesis has also been investigated from a
theoretical and experimental perspective. The authors in Miiller
et al. (2008) formulate the most notable mathematical model ca-
pable of producing bidirectionality. In the model, the motors share
the load equally. This assumption is not always invoked in later
mathematical models. For instance, Kunwar et al. (2011) performs
stochastic simulations of unequally distributed motors. However,
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these authors compare the results of the stochastic simulation with
experiments and conclude that switching statistics do not match
as the number of motors varies. In Soppina et al. (2009), another
mathematical model is proposed where the two motor popula-
tions are required to be asymmetric. That is, the two opposing
motor populations must have different force generating proper-
ties to break symmetry. Lipowsky et al. (2010); 2006) also pro-
vide noteworthy mathematical models, thinking of motor trans-
port as a “rubber-band”-like process and find rich dynamics. Al-
though not specifically about tug-of-war, motor population models
such as the Huxley crossbridge model (Huxley, 1957; Keener and
Sneyd, 2008) use force-velocity relationships for the motor pop-
ulations. However, since this analysis is a steady-state analysis, it
is difficult to infer dynamics, which we address in our model. In
Bouzat (2016), the authors reexamine the mathematical model of
Kunwar et al. (2011) and stress the importance of cargo diffusion
for the model to produce the right behavior, specifically pointing
out the issue of relating steady-state force-velocity curves to dy-
namics. An asymptotic analysis of a model bearing many similar-
ities to our proposed model (but still with discrete motor num-
ber) can be found in McKinley et al. (2012). The authors include
cargo diffusion in a stochastic differentialequation description and
note that motor dynamics slow compared to fast fluctuations in
the cargo velocity, which ultimately is an important ingredient of
our work.

In this work, we present a new tug-of-war model of bidi-
rectional motor-mediated transport. Our proposed model contains
fundamentally different essential components than previous work.
Broadly, the proposed model is a mean-field model with unequally
distributed load. This differs from previous discrete motor, un-
equal load descriptions and therefore requires a different source
of noise to induce switching. By examining the force generation
of bound motors, we quantify the delayed response to instanta-
neous changes in the cargo velocity. We make an approximation
(and justify numerically) that this delay structure extends beyond
the scope of only bound motors, allowing for the use of a force-
velocity relationship to study the full system. This reduction leads
to a system of two “characteristic distances”, one for each motor
population. By symmetry, this two-variable system is collapsed to a
single dimension which is found to be metastable, with two states
corresponding to positive and negative net velocities, or bidirec-
tional motion. The noise that drives switching between these two
states is due to cargo diffusion (thermal fluctuations), an aspect
of this process previously noticed but under-emphasized until re-
cently (Bouzat, 2016).

Previous work has indeed illustrated the significance of mo-
tor number fluctuations (Nadrowski et al., 2004). However, in this
present work, we choose to use a mean-field model to emphasize
the lack of necessity of discrete motor number for bidirectional-
ity. Our proposed model still incorporates binding and unbinding
dynamics and therefore has the same mean behavior as a discrete
motor model, but lacks the noise associated with discrete events.
The only remaining noise source is then cargo diffusion, which we
show to be sufficient for bidirectionality. The difference in mag-
nitudes between the fluctuations due to motor number and cargo
diffusion is difficult to quantify due to the fundamental difference
in structure. In Guérin et al. (2011a), the authors find that motor
number fluctuations can result in an effective diffusion when the
number of motors involved in transport is large.

A characteristic quantity in validating bidirectional transport
models is the reversal or switching time of the system: the time
between runs of each direction. In our model, the correlation struc-
ture of the effect of noise on each population allows for the reduc-
tion to an invariant manifold and consequently, a one dimensional
mean first passage time problem in a double-well potential. Classi-
cal tools can then be used to numerically solve and analytically ap-
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Fig. 1. A diagram of the mean-field model setup. The quantity, x, denoting the dis-
tance a motor is stretched is always measured with respect to the orientation of
the microtubule.

proximate the corresponding boundary value problem. The switch-
ing time is considered as a function of the cargo drag coefficient,
which leads to complex behavior as the wells steepen but diffusion
strengthens as the drag decreases. Ultimately, the mean switching
time is found to be non-monotonic in the cargo drag coefficient,
a feature not expected for switching due to motor dynamics. This
non-monotonicity provides an experimental test to validate (or re-
fute) our diffusion-driven switching hypothesis.

2. Methods
2.1. Model formulation

Consider a cargo being pulled by two different populations of
motors, denoted + and —. Let m*(x, t) be the density of type +
or — motors at time t and stretched from their unstretched dis-
tance x units. The + or — labeling of the motor families denotes
their preferred directionality. That is, m* corresponds to the den-
sity of motors preferring to walk in the positive direction (e.g. ki-
nesin) and m~ the density of motors preferring to walk in the neg-
ative direction (e.g. dynein) as seen in Fig. 1. Although the neg-
atively oriented motors are depicted as dynein in the figure, this
need not be the case. The negatively oriented motors could be,
for instance, another set of kinesin motors on an opposing micro-
tubule. The framework presented is sufficiently general to accom-
modate both. The evolution of each motor population is then de-
scribed by
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Although (1) appears as only one equation, m* and m~ each
have their own equation that are structurally identical but may
contain different parameters or functional forms. The quantity x,
describing the distance the motor is stretched from its unstretched
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displacement is always measured with respect to the microtubule,
even though each motor type walks in a different direction, see
Fig. 1. This choice of frame of reference is convenient, as it causes
the two equations to be structurally identical (as opposed to hav-
ing to reverse the sign of v).

It is worth noting that this PDE has been studied in other con-
texts and is referred to as the Lacker-Peskin PDE (Srinivasan and
Walcott, 2009), which is an extension of the Huxley crossbridge
model (Huxley, 1957; Keener and Sneyd, 2008). In that literature,
the particular form of the PDE is derived from the limit of a large
number of discrete binding sites or a large number of motors.
However, in the present context, it is well established that the
number of motors is quite small (Hendricks et al., 2010; Rai et al.,
2013), hence a different interpretation for the mean-field model
must be taken. If M =1, Eq. (1) is a Chapman-Kolmogorov equa-
tion, corresponding to the behavior of a single motor and describes
the probability of finding a motor stretched distance at x at time t.
This process is inherently random by the stochastic nature of the
binding dynamics, which is entirely accounted for in the binding
and unbinding terms of the mean-field equation.

Cargo mediated transport is a multi-motor phenomenon, and
consequently, we are interested in the behavior of an ensemble
of motors. However, we point out the observation that (ignoring
crowding effects) the motors interact solely through the cargo. For
this reason, the motors can be treated as acting identically and in-
dependently, and hence, a mean-field model, which can be thought
of as a rescaling of the Chapman-Kolmogorov equation for a sin-
gle motor, is applicable. To elaborate, we can regard m(x, t) as the
expected (or mean, hence the name mean-field) number of motors
bound at a given x and t. By construction, 0 < fmdx < M, and
therefore the interpretation of M is a maximum number of motors
bound. Thus, we have effectively averaged over the stochasticity in
the binding dynamics to study a mean-field description of motor
ensembles.

Before describing, in detail, each term in (1), we state a driv-
ing assumption for several of the functional forms appearing in
the equation. The force generated due to the linker stretching is as-
sumed to be Hookean, that is force ~ kx, where k is the spring con-
stant or stiffness of the motor linker attachment to the cargo. The
force-displacement curve of molecular motors has been studied ex-
perimentally (Kawaguchi et al., 2003; Lindemann and Hunt, 2003)
and, although not perfectly linear, seems to be well-approximated
by this assumption.

We now discuss each term of the equation in more detail.
Broadly, the motor population can change in three ways: motors
stepping (walking), binding or unbinding.

1. stepping: We assume that the rate of stepping for motors is
dependent on the force exerted on the motor, typically char-
acterized by a force-velocity curve. The force on the motor is
generated by the linker displacement x in a Hookean manner,
F = kx. Consequently, the walking rate of a motor is more natu-
rally thought of as a displacement-velocity relationship, which is
qualitatively the same as the force-velocity curve by the linear-
ity of the force generation. Denote this displacement-velocity
curve by w(x) and take it to be of the linear form

w(x) := —ax+ b, (2)

where a > 0. At x =0, which corresponds to the motor be-
ing unstretched, the motor walks with some velocity b. For
the + directed motor, for instance, b > 0. As the motor walks
farther from its unstretched position (x > 0), the force exerted
on it causes the velocity to decrease until it eventually stalls
at Xg, = bla. If x < 0, that is, the cargo is ahead in the di-
rection the motor seeks to walk, the velocity is assumed to be
greater as the linker exerts a force in the direction of motion of

the motor. If X > Xy, then the force exerted by the linker is
greater than the stall force, meaning the motor moves opposite
its preferred direction.

Force-velocity relationships have been qualitatively observed
experimentally for kinesin (Gennerich et al., 2007; Kunwar
et al,, 2008) and dynein (Belyy et al., 2014). One notable ob-
servation is a dramatic difference in behavior between mo-
tors in high ATP environments (Carter and Cross, 2005; Viss-
cher et al., 1999) and ATP starved motors (Gross et al., 2007;
Mitchell and Lee, 2009). For this work, we assume the motors
operate with sufficient ATP. The force-velocity curve is visibly
nonlinear, with main deviation from linearity occurring at su-
perstall forces, where motors velocities become negative (as in
this model), but with much smaller magnitude. Motors operat-
ing with an assisting force (x < 0 in this model) also appear to
operate with sub-linear velocities. For this reason, a sigmoidal
form (due to its saturating behavior) is deemed appropriate and
used in a number of other modeling papers (Bouzat, 2016; Kun-
war et al., 2011; McKinley et al., 2012; Miiller et al., 2008).
However, in this work, we assume that motors operate in a
regime of the force-velocity curve that can be approximated by
its linearization. This assumption is explored and discussed fur-
ther in Section 3.1.

. binding: The functional form of the binding term is set to be

Q0on (x) 1= kon 8(x),

where kon is the constant describing the rate of binding of a
molecular motor to the cargo. The §(x) functional form corre-
sponds to the assumption that motors are initially unstretched
(x = 0) when they bind, thus only binding at x = 0. That is, the
motors only bind in a non-force-producing state. This assump-
tion can be relaxed (and is for later numerical simulations) to a
Gaussian approximation of the delta function.

. unbinding: The unbinding rate of molecular motors has ex-

perimentally been found to be related to the force exerted on
them (Kawaguchi et al., 2003; Kunwar et al., 2011), however
the nature of this dependency is complex and varies from mo-
tor to motor. Dynein is found to a have a catch-bond behav-
ior (Kunwar et al.,, 2011; Nicholas et al., 2015). Both kinesin
(Andreasson et al., 2015) and dynein (Nicholas et al., 2015) have
been observed to have asymmetric force dependence in their
unbinding.

Due to the complexity and variation in unbinding dependence,
we take the simplest form that still behaves in a way that qual-
itatively matches experimental results, which is

k|x
Qo (X) = kot €XP {I|:D| }

where again, the force exerted is assumed to be Hookean ( ~
kx), and independent of direction (hence the absolute value).
Fp is a characteristic force fit to experimental observations, and
kogr is the unstretched detachment rate. This form is often re-
ferred to as Bell's Law, which is known to need corrections
in some scenarios (Walcott, 2008). The overall behavior of this
function establishes that motors detach at a faster rate the far-
ther they are stretched due to the force exerted on their micro-
tubule binding sites.

This functional form (or similar) has been used in other mo-
tor population models (Srinivasan and Walcott, 2009; Walcott,
2008). In Kunwar et al. (2011), the authors account for the
stalling of motors and the catch-bond behavior of dynein by
taking a non-monotonic dependence on the force. In our un-
binding rate, neither the catch-bond behavior nor is the asym-
metric dependence on force is included. The consequence of ex-
cluding these phenomena is purely quantitative, as they are not
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dramatic enough effects (in the regimes that motors operate for
transport) to produce a qualitative effect in our model.

It is also worth noting that Q.¢ and Qon have different units, as
the off-rate is multiplied by m, a motor density and the on-rate
is multiplied by a total number of motors fmdx.

We then can define the average force exerted by each motor
population, recalling the assumption of a Hookean force,

FE(t) = / kExm* (x, £) dx. (3)
This time-varying quantity requires knowledge of the full density
of motors m(x, t), which makes it difficult to study directly.

2.2. Steady-state analysis

This time-dependent force, described by (3) is difficult to com-
pute in practice, so we turn our attention to the steady-state
force. We consider the steady state (dm*/dt = 0) and behavior of
(1) with some steady-state velocity ¥, which leads to the pair of
equations for the steady state densities ™+

2 (w0 - o) = (Mi - [ dx) Q0

Qg (M= (x). (4)

Exploiting the linearity of (4), along with the partitioning na-
ture of the delta function, (4) can be solved analytically, resulting
in a solution with an integrable singularity at the stall distance de-
pendent on the velocity

b-7

Xstall == a

For details of this calculation, see Supplementary Section S1. This al-
lows us to define the steady state force exerted by each population
of motor
B (1) = / kX (x: ) dx, (5)
where we parameterize this force as a function of the steady state
cargo velocity 7 which appears in (4).

We now need an equation governing the cargo velocity, which
is determined by the forces exerted on the cargo

MU+ yv = /2ykgTE (t) + forces exerted by motors. (6)

In (6), M is the mass of the cargo, y is the drag coefficient
of the cargo and &(t) is the white-noise process due to thermal
fluctuations (diffusion) of the cargo which satisfies (£(t)&(7)) =
&(t — 7). The magnitude of these fluctuations is determined by the
fluctuation-dissipation theorem (Gardiner, 2009).

2.3. Forces exerted by motors

A perhaps natural choice for the force terms in (6) could be the
steady-state force, F*(v), found in (5). The use of a force-velocity
relationship (which F is) to study motors has a long history (e.g.
Huxley (1957)) but there is a problem with this choice. Although
v is changing instantaneously, the position of the cargo is not. The
forces exerted by the motors are due to stretching of the linker
(determined by their displacement), which does not change instan-
taneously as the velocity changes. In other words, it is impossible
to completely infer dynamics from a steady-state force-velocity rela-
tionship. Thus, parameterizing the force with time-varying velocity
would not produce the physical behavior we desire. For this rea-
son, we turn to a simpler model to understand what to use for the
force terms in (6) that accounts for this issue.

In Bouzat (2016), the authors make the observation that includ-
ing cargo noise produces this described difficulty: motors should

not react instantaneously to velocity and classical models produce
results inconsistent with experimental observations if this is the
case. To overcome this issue, the authors hypothesize that the mo-
tors respond to a time-windowed-average force, suggesting some
“memory” property of the motors. Here, we directly compute a
physiological, mechanistic delay stemming from the stepping of
the motor, instead of a phenomenological “memory.”

2.3.1. Ornstein-Uhlenbeck motivation

To understand motor response to fluctuations in the cargo ve-
locity, we now turn our attention the behavior of an ensemble of
M motors on a single run: after binding and before unbinding. This
focus stems from the observation that force generation can only
occur while the motors are bound. The dynamics of force genera-
tion are of interest as these dictate the cargo behavior. In McKinley
et al. (2012), the authors also study the behavior of motors without
binding dynamics and find that multiple motors can actually pro-
duce a lower cargo velocity than a single motor. However, in our
model, we reiterate that the motors act identically and indepen-
dently aside from interaction with the cargo, which is addressed
separately. Hence, it is sufficient to describe the behavior of a sin-
gle motor. Let p;(x, t) describe the probability density of finding a
motor stretched distance x from its unstretched position at time ¢
and let x;(t) be the corresponding Langevin random process.

The behavior follows almost identically with the mean-field
model (1), but now binding and unbinding can be neglected due
to the analysis only being of a single run. The only remaining dy-
namics are the motor stepping (still at its force dependent velocity
w) and diffusion (the magnitude of which is lumped into a param-
eter D). The resulting process is an Ornstein-Uhlenbeck process
Gardiner (2009), which can be described by the Langevin equa-
tion

X1 = [w(x;) —v(t)] +vV2DE(t),
or the corresponding Fokker-Planck equation

ap 02p;

0
o= _ﬁ{[w(x) —v(®)]p1}+D 2 2

To quantify the motor’s ability to respond to instantaneous fluctu-
ations in the cargo velocity, we consider the mean position of a
motor while still attached, denoted 111,

w1 = (%1 (£)).

From the Fokker-Planck equation (7), we find the relationship de-
scribing the temporal evolution of the mean of this process to be
(assuming w is a linear function)

Ay =w(pq) = v(t). (8)

For details of the calculation, see Appendix A.

However, again recalling the assumption of a Hookean force
(that is, force from a single motor stretched distance x; is kxp),
the average force exerted by a single motor under evolving under
this process with density p(x, t) is then

F = k/ x1p(x1, ) dxy = kptq.

and, since we have M motors in our ensemble, the total average
force is immediate from linearity

Ftot = Mklul- (9)

In other words, for a bound ensemble of motors, the mean force
exerted can be parameterized by the mean distance stretched pu,
where p “tracks” the velocity through (8). This illustrates that
the magnitude of the delay in motor response to fluctuations in
cargo velocity is determined by the motor velocity. In other words,
changes in force are only due to changes in displacement, not
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velocity. This resolves the aforementioned issue about the force
changing instantaneously. Now, the mean force tracks, with some
delay as determined by (8), the velocity and evolves continuously.

2.3.2. Force evolution approximation

The previous calculation showed that while still attached, the
mean force generation for a population of motors could be col-
lapsed down to a single parameter ;. However, relating the
mean-field model to this single-run analysis presents an obvious
issue: how to account for binding dynamics? We now make the
major approximation of the paper: even with binding and unbind-
ing, the mean force generated by each population of motors can
be collapsed to a single parameter wu (for each population) with
a similarly structured delay. This leads us to the set of equations
(with one motor family for illustration)

M+ yv=F(u) +2vksTE(),  p=w(u)—v. (10)

We assume the cargo velocity v fluctuates with the forces ex-
erted on it, but the force exerted by the motors is not directly
prescribed by the current v but rather some parameter p which
tracks v with a delay. We note that, in the previous section, we
have proven that this delay structure exists while the motors are
attached. However, we posit that this delay structure is still ap-
propriate even when binding dynamics are incorporated because
force generation on the cargo requires the motors to be attached.
In the previous analysis, & had a physical meaning: the average
distance a motor is stretched. However, we lose this meaning and
consider p a “characteristic distance.” The force exerted by these
motors is also no longer Mk; because not all motors are bound
at any given time, so we give the force a general form F(u) that
is specified later. It is also important to reiterate that (10) is writ-
ten for a single parameter ©, meaning a single motor population
to demonstrate the structure but we later incorporate parameters
L1, Wy, one for each population.

The particular choice of the parameterized force ﬁj(u) (for j =
1,2, corresponding to each population) must not neglect unbind-
ing and binding of the motors and must account for the fact that
not all motors are bound at a given time. We conjecture that a
sufficient approximation is the steady-state force F(¥), originally
parameterized by a steady-state cargo velocity ¥, described by (5).

It does not seem immediately clear how to construct a map-
ping between a value of x and ¥ to plug into F. We recall that
F was computed assuming the cargo velocity 7 was fixed (in
steady-state), whereas the true quantity v(t) is constantly fluctu-
ating and never in steady-state. Utilizing the fact that ¥ corre-
sponds to steady-state, we can construct a mapping between u
and ¥ by ensuring that the equilibria of our approximation match
the equilibria of the original system. That is, if we are in steady-
state, it = 0 and consequently

mn=0=—-au+b-? = V=-au-+b

This then provides a mapping between a steady-state cargo veloc-
ity ¥ and a particular p value. Hence, we can now evaluate our
force as a function of u

Fi(u;) = Fi(=aju; + bj). (11)
We reiterate that this approximate system is still inherently out-
of-equilibrium, but now, by construction, has equilibria that match
the original model since ;& =0 corresponds to a particular 7, a
steady-state velocity from which the force was originally com-
puted.

In other words, the motors track the steady state force-velocity
curve F with some delay. This particular choice of the force struc-
ture allows for the complexity of the mean-field model, including
all binding and unbinding to be embedded into the F(u) terms.
However, the dynamics of the reduced “characteristic distance”

model are easier to study due to being an ordinary differential
equation rather than a partial differential equation. Our analysis
shows that this delay structure is exact for bound motors and this
approximation posits an extension of the structure to account for
binding and unbinding. We explore the validity of this approxima-
tion numerically in Section 3.2.

2.4. Full model

The parameter regime we are considering deals with cargo
with negligible mass, thus suggesting we are in a viscous or near-
viscous regime. Exploiting this fact, we can perform an adiabatic
(quasi-steady state) reduction on (10) to eliminate v. For details
of this calculation, see Supplementary Section S3. The result of per-
forming this reduction (with a single motor population) is

. F 2kgT

=win) - T4 [H e o, (12)
or equivalently, in Fokker-Planck form

op 0 14 ksT 3%p

One important note from the calculation detailed in Supplemen-
tary Section S3 is that although v is eliminated from the system, v
relaxes quickly to a Gaussian centered around

v~ F(u)/y. (14)
thus the value of u directly determines the (mean) velocity of the
cargo at any time.

Combining all of the previous observations, we now propose
the full model. In the derivation of (12,13), only one motor popula-
tion was considered, but in bidirectional transport, there are two
populations evolving separately, resulting in two equations with
identical structure but different parameters. From this, we get the
full model

ZkBT

lll:—a1M1+b1—%{ﬁ(M1)+Fz(/Lz)}+ e,
o = —ayuy + by — %{ﬁ (m1) +E(u2)} + ZI;fTé(U (15)

Note that we have switched the two populations to labels j=1,2
instead of +/— and dropped the hat notation from Fj for nota-
tional convenience. Because the motor populations were originally
coupled through the forces, the force terms in (12,13) must be re-
placed with the sum of forces from each family, and consequently,
the Egs. (15) are coupled. We have also used the functional form
of the motor force velocity curve w(x) = —ax + b and that the net
force exerted by the motors is simply the sum of the force exerted
by each population.

To emphasize the ability of this model to produce bidirectional
motion without asymmetry between the motor populations, we
take the parameters describing each of the populations to be the
same (unless noted otherwise), described in Table 1. These param-
eters are chosen as physiologically reasonable parameters in the
range of reported values of both kinesin and dynein, taken from
Kunwar et al. (2008),Schnitzer et al. (2000) and Klumpp et al.
(2015). The viscosity of cytoplasm is reported to be higher than
water (Luby-Phelps, 2000; Mitchell and Lee, 2009). Although a po-
tentially large viscosity is used in this work, any smaller would
only make the magnitude of the fluctuations larger, further mag-
nifying the importance of cargo diffusion.

2.5. Dimensional reduction

An important observation must be made about the noise struc-
ture of (15): the white noise term in each equation is exactly the
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Table 1

“Typical” motor values used for both populations of motors in the symmetric case of the mean field model. Values

used are within reported ranges of kinesin and dynein.
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same (fully correlated). From a biophysical perspective, this is be-
cause the two motors feel the same fluctuations from the cargo
diffusion. Hence, this is truly a one-dimensional diffusion rather
than two dimensional as it currently appears. The Fokker-Planck
equation corresponding to the system (15) has a non-invertible dif-
fusion tensor, which further illustrates this point. To make the one-
dimensional structure more apparent, we perform a change of vari-
ables, taking

=+ M2, =1 — U

Under this coordinate change, the system (15) becomes, abbreviat-
ing D := kgT|y

. 2
{=—%(§+77)+b1—%((—nﬂbz—;Xj:FﬁZ@‘?(t)

= =S+ b+ 2 —m) by,

By taking the two populations to be symmetric, which corresponds
to a; = a, =a and b; = —b, = b, the n equation becomes

7 =—an +2b,

which has an invariant manifold described by #j = 2b/a. Since the
equilibria of the system must lie on this invariant manifold, all
dynamics of interest evolve on the manifold and consequently re-
duces the problem to the one-dimensional evolution

2 {+1 -1

where again, 7j = 2b/a.

Thus, we have fully reduced the dynamics of the system to a
single time-varying quantity ¢, which again does not seem to have
a physical meaning but can be thought of as the characteristic dis-
tance of the system. Although a considerable number of reductions
have been made, the physical behavior of the system is still recov-
erable by recalling that the instantaneous mean cargo velocity, 7,
of the system can be recovered from (14). In other words, {(t) is
a proxy for ¥(t) which is the biophysical quantity of interest. It is
worth noting that the analysis exploits the existence of an invari-
ant manifold, but it does not seem to be the case that such a mani-
fold exists if the populations are asymmetric. Hence, the asymmet-
ric population problem is considerably more difficult to study (as
only Monte Carlo simulations seem to be feasible) and not within
the scope of this work.

¢ =

3. Results
3.1. Linear motor force-velocity curve

We briefly explore the consequences of approximating the mo-
tor force-velocity curve w(x) as a linear function described in (2).
Recall that w(x) is really a displacement-velocity curve but force
generation is assumed to be Hookean, so the qualitative shape re-
mains the same as the force-velocity curve. We reiterate that a sig-
moidal force-velocity relationship seems to be in closer agreement
to experimentally observed measurements and used it on other
models. However, we posit that the motors operate primarily in
a region of the force-velocity curve that can be approximated by

its linearization. To assess the validity of this approximation, we
relaxed the assumption of linearity on w(x) and changed the func-
tional form to be of the form w(x) = og + @ tanh(ay (x — r3)), a
particular sigmoidal function utilized in previous work (McKinley
et al., 2012). We then compare the steady-state ensemble force-
velocity described by (5) produced by the linear w(x) and two dif-
ferent parameter choices of the sigmoidal form that vary only by
how quickly they saturate. The result of this comparison can be
seen in Fig. 2. From this figure, we can see that the force-velocity
curves produced for the ensemble (on the right) vary very lit-
tle when the form of w(x) is changed. There is excellent qualita-
tive agreement and even good quantitative agreement, seeming to
only differ for sufficiently large velocities outside the scope of the
model. Thus, we conclude the use of the linearized w(x) is suitable
for the analysis, particularly noting that F is the effectively only
quantity used from the mean-field model and remains virtually the
same. We conjecture this result can be interpreted intuitively, as
superstall velocities are larger in magnitude by our approximation,
meaning that the motors relax back to stall faster and therefore
generate a smaller force due to displacement. This is offset by the
motors unbinding less rapidly (due to a lower force), and conse-
quently the net force generated is approximately the same.

3.2. Force delay approximation

The form of the system (10) is an approximation which de-
scribes a delay structure, where the force generated by a family
of motors can be parameterized by a single dynamic quantity, u.
We prove this to be the case while the motors are bound with
(9) and (12), but the heart of the approximation is that this ex-
tends to when binding dynamics are incorporated. We posit that
a sufficient approximation to the instantaneous force generated is
the steady-state ensemble force F () with a particular mapping be-
tween w and ¥ described by (11). We seek to assess the validity of
the collapse of the force generated by the mean-field equation to a
force parameterized by w. Specifically, we compare numerical sim-
ulations of the full mean-field model (1,3) and the reduced model
(10). This numerical simulation is not an assessment of the validity
of the mean-field model, but rather the validity of the force gen-
erated by collapsing the PDE behavior down to a single ODE for
U

We simulate only a single motor family (+ direction) and no
thermal noise for illustration. The approximation fundamentally is
one of how motors (and the force generated by them) respond
temporally, so a numerical experiment is performed by applying
instantaneous external forces to both the mean field model of mo-
tors and the reduced model, both of which have cargo dynamics
determined by (6). Both models are started at the completely un-
loaded state and run to equilibrium. Once at equilibrium, a -5 pN
force (and later +5 pN) external force is applied to the cargo for
5 ms and then removed. The mean-field PDE was simulated using
a Lax-Wendroff scheme and the remaining ODEs are computed us-
ing a Runge-Kutta 4(5) scheme. The dynamics of the force gener-
ated by the motor population and the resulting cargo velocity are
tracked and shown in Fig. 3.

From Fig. 3 we are able to make a number of observations
about the validity of the “characteristic distance” approximation.
For one, the equilibria of the full model and reduced model are the
same, which is immediate by the choice of (11), but also indicates



C.E. Miles, ].P. Keener/Journal of Theoretical Biology 424 (2017) 37-48 43

2500 -
2000-
1500+

lmlmulu/u
1000 Tunnne eI

a

500

(o [,
-500-+
—-1000
-1500- : : :

w(x) [nm/s]

15 =10 -5 0 5 10
T [nm]

Fig. 2.
for comparison (dotted).

T T 1
15 20 25

8-
6-
44
|—|2-
Z

3 01
~

T T T T 1
500 1000 1500 2000 2500
v [nm/s]

I T T
-1500-1000-500

a: the linear form (green, solid) of the displacement-velocity relationship of individual motors w(x) used throughout the paper and two different sigmoidal versions
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Fig. 3. A numerical comparison of the forces and cargo velocity generated by the full mean field motor model (1,3) with the “characteristic distance” approximation described
by (10) for one motor population and no thermal noise. In both models, the evolution of the cargo velocity is described by (6). External forces are applied to the cargo and
removed to illustrate the ability of the reduced model to respond to temporal changes in force.

that the reduced and full models have agreement on long time
scales. As the external force changes instantaneously, both mod-
els behave (quantitatively and qualitatively) similarly regardless of
the directionality of the force, and therefore, suggests there is also
agreement on short time scales. Other external inputs (e.g. sinu-
soid) were also investigated and yielded similar results. Thus, we

have collapsed the force generated by the PDE mean-field descrip-
tion of motors (1,3) into an ODE (10) in a “characteristic distance”
variable and the approximation appears to be valid. We remind
the reader that the binding dynamics are built into the mean-field
structure, and therefore are accounted for in both the full model
and reduced.
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Fig. 4. a: A typical simulation of (16) performed with the Euler-Maruyama scheme. The system notably switches between two configurations. b: A histogram of the values

of the simulation, which demonstrates bimodality.

3.3. Metastable behavior

We perform simulations of (16) with the parameters specified
in Table 1 with the Euler-Maruyama scheme (Kloeden and Platen,
1992). The results of a typical simulation can be seen in Fig. 4a.
From this simulation, we see a curious behavior: the characteristic
distance ¢ switches between two configurations, or is said to be
metastable. Elaborating on this, ¢ takes on values near some par-
ticular point and then, due to the noise of the system, randomly
switches to values centered around another point. The histogram
of ¢ values during the simulation, which can also be seen in Fig. 4b
is clearly bimodal, which is a characteristic sign of metastability.
Although the two peaks in the figure appear different, this is a
consequence of the short time for which the simulation was per-
formed. If more switches were recorded, the two peaks of the his-
togram would be identical due to the symmetric population as-
sumption, however this time frame was chosen to demonstrate the
time-scale on which switching occurs.

The metastable behavior of the system is apparent from simu-
lations, but can be further elucidated. To do so, consider the cor-
responding Fokker-Planck equation to (16), which describes the
probability density p(¢, t|¢o, 0). That is, the probability density of
(16) given that it started at {o, which is described by

0p = —0;{A(¢)p} 4 4D3,, p,

where we are abbreviating
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A bifurcation diagram of the equilibria of A(¢) is constructed by
varying y, the drag coefficient. Since ¢ is not the physical quantity
of interest, we translate the equilibria of ¢ into the corresponding
mean cargo velocity 7 under the transformation described by (14).
The resulting bifurcation diagram can be seen in Fig. 5a. This figure
captures exactly the phenomenon described as bidirectional motion
(Hancock, 2014). We see that for a robust range of y, the system is
bistable: there are stable positive and negative mean cargo veloci-
ties, which we will denote v,, v_ respectively. In this same regime,
the zero velocity vg is unstable. Interestingly, in small window of y
values, the system is actually tristable: two new equilibria emerge
in a bifurcation and cause v to turn stable. This may correspond to
the experimental observation (Kunwar et al., 2011) that the system
can spend long periods of time in a “pause” state, also noting that
this same experimental work suggests velocities that agree with
those predicted by our model. For large values of y, the system
only has one stable equilibrium, vy.

From, Fig. 5a, the tristable region in y-space is fairly narrow.
It is possible that other parameters (or more detailed functional
forms) would allow for this region to be more robust, but this is
not observed. In fact, increasing motor processivity by lowering the
baseline unbinding rate by an order of magnitude (ko =1[s~!] —
0.1[s~1]) resulted in a smaller region of tristability, but larger re-
gion of bistability. For this reason, we instead focus our study to-
ward the bistable region, where we study the time to switch be-
tween the positive and negative velocities. Then, the corresponding
potential can be defined by

@) = —[A(x)dx. (19)
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Fig. 5. a: A bifurcation diagram (as a function of the cargo drag, y) for the system, which is computed from the equilibria of (18) and then translated into mean cargo
velocities by (14). Dotted lines correspond to unstable equilibria and solid lines are stable. In a wide range of y, the system demonstrates a stable positive and negative
velocities, or bidirectional motion. b: the double-well potential structure (19) as a function of the drag coefficient y. As y decreases, the wells get steeper and farther apart.
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This potential U(¢) can be plotted as a function of y in the bistable
region of Fig. 5a and the result is seen in Fig. 5b. From the figure,
we see that U(¢) is a double-well potential. That is, there are two
distinct well locations and a peak in the center, all three of which
are roots of A(¢). Denote the two well locations (stable fixed points
of A(¢)) as {51 and ¢y, where ¢s; < {5y and the middle peak (a
hyperbolic fixed point of A(¢)) as {p.

The effect of the drag coefficient ¥ on the potential is non-
trivial. Particularly, as y decreases, the wells of the potential U({)
deepen and split farther apart, which alone would suggest an in-
crease in time to switch. However, we later see that there is a
counteracting effect in the strength of diffusion.

3.4. Mean first passage time analysis

One natural quantity to study in bidirectional systems is the
time to switch directions, or the reversal time. Because of the
double-potential well structure, this can be thought of as the mean
time from one of the metastable points to the hyperbolic point,
from which the system relaxes quickly to the other metastable
point. Due to the symmetric motor population assumption, the
time to switch states is independent of state. Thus, without loss
of generality, we compute the mean first passage time from {g; —
{s2 where, again, {51 < {y < {s2.

The analysis of a mean first passage time in a one-dimensional
potential is classical (Bressloff, 2014; Gardiner, 2009) and is briefly
summarized here. Define G(z, t) to be the probability that the sys-
tem described by (17) is in the leftmost potential well at time ¢t
given the initial state p(¢,0) =z. That is, the survival probability
density is described by

S

Gz t) ::/ p(¢.t]2,0)de.
{Sl

Then, let T(z) define the random variable describing the exit time

from this potential well , which satisfies

P[T(z) <t]=1-G(z,¢t). (20)
Taking a derivative of (20) yields the density for exit time f{z, t)

Cu
f@.t) = —8G(z.t) = - /{ dp(¢.t]z.0)de.

From this, we can define the mean first exit time from the poten-
tial well, starting at the point z by

1) = (T(2)) :/Om tf(z,t)clt:[ooc G(z t)dt. (21)

The survival probability G(z, t) satisfies the backward Fokker—
Planck equation (Gardiner, 2009), which we can integrate and use
(21) to yield the governing equation for the mean exit time density
of the system starting at ¢y = z, which is

A@)t' +4Dt" = -1, T(¢y) =0, T/(gs1) = 0. (22)

The reflecting boundary at ¢ is a consequence of starting the sys-
tem in the well corresponding to this point, as any excursions to
the left will quickly relax back to the bottom of the well. The exit
location, the hyperbolic point ¢, is an absorbing state due to the
fast relaxation to the other potential well once the system trans-
verses the peak between them.

The boundary value problem (22) does not appear to be solv-
able analytically due to the complexity of the force curves. How-
ever, 7(z) can be computed numerically in a straightforward man-
ner (in a single integration) by exploiting the linearity of the sys-
tem. Alternatively, a deep-well approximation can be made for the
potential and the classical Arrhenius formula can be used to ap-
proximate the mean first passage time. For details on both of these
methods, see Appendix B.
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Fig. 6. Mean first passage times corresponding to the cargo switching directions.
Two approaches to solving (22) are illustrated: a shooting technique, and the deep-
well Arrhenius approximation. The results of an Euler-Maruyama simulation of
(16) are also shown, where switching is considered passing through the hyperbolic
point.

The two aforementioned techniques of evaluating 7(¢g) are
computed and compared against Monte Carlo simulations of (16),
again using the Euler-Maruyama scheme, where switching is con-
sidered passing the hyperbolic point. The result of these techniques
can be seen in Fig. 6. From this, we see that the shooting tech-
nique agrees with Monte Carlo simulations and the deep-well ap-
proximation is, although qualitatively similar, an overestimate of
the switching time. This result is intuitive, as in reality, the wells
may not be sufficiently deep for the approximation to work well
and therefore allow escape much faster.

The behavior of the mean first passage times as a function
of the drag, y is quite interestingly, non-monotonic. That is, as
the drag coefficient increases (which can be thought of as the
cargo increasing in size), the time to switch initially goes up, but
then ultimately goes back down. Mathematically, this complexity
stems from y scaling both the potential and the diffusion strength
differently, explicitly in (18). As y decreases, the potential wells
deepen and spread apart as ~ 1/y, but the strength of diffu-
sion simultaneously scales by ~ ,/1/y, which are competing ef-
fects for the switching time. The resulting behavior is therefore a
complex competition between the scaling of the potential and the
noise strength, which produces non-monotonicity. Switching due
to motor binding and unbinding is not expected to demonstrate
this same non-monotonicity, as this is a feature of the mismatched
scaling in the strength of the driving noise source (diffusion) and
the depth of the potential wells. In other words, y does not scale
the driving noise source the same way for motor binding dynam-
ics. In other theoretical works that compute the switching time,
monotonicity is seen (Guérin et al., 2011a; 2011b).

From a biophysical perspective, it should be noted that the
predicted mean first passage times are on the order of ~ 0.5[s],
which agrees with experimentally observed values (Kunwar et al.,
2011). This agreement supports the hypothesis that cargo diffusion
is the noise source for bidirectionality. The non-monotonicity of
the curve also provides a testable experimental prediction. That
is, bidirectional motion via molecular motors could be observed
for different cargo drag values (which, could be obtained by vary-
ing bead size). If the resulting mean time to switch directions is
found to be non-monotonic, this would further strengthen our the-
ory that cargo diffusion, not motor binding dynamics are indeed
the noise source of bidirectionality.

4. Discussion & conclusion

In this work, we have proposed a mean-field, unequally dis-
tributed load description of motor-mediated transport. To under-
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stand the behavior of this complex model, we perform a series of
reductions. To justify the first reduction, we take an aside to study
only motors that are bound. Of these bound motors, we find that
the force generated displays a delay structure that collapses the di-
mensionality of the system greatly. We posit that, since bound mo-
tors are the only contributor to force generation, this delay struc-
ture is applicable to the full system even when binding dynamics
are incorporated. This allows for the reduction of a PDE describ-
ing each motor population to a single ODE for each, describing a
“characteristic distance.” Secondly, we use the small mass of the
cargo to perform an adiabatic (quasi-steady state) reduction of the
system. Due to a correlated noise structure and symmetry in the
system, the final result is a one-dimensional system, the value of
which is a proxy for the instantaneous cargo velocity. This result-
ing stochastic dynamics are observed to be “metastable”, switch-
ing between two distinct states exclusively due of cargo diffusion.
These states are associated with positive and negative cargo ve-
locities, meaning the system is bidirectional. To quantify the re-
versal time of the system, a mean-first passage time analysis is
performed and the results are explored as a function of the cargo
drag, an experimentally tunable quantity. We find that the pre-
dicted switching time agrees with experimental values and also
has a non-monotonic dependence on cargo drag, a claim that can
be experimentally verified.

The use of a mean-field model in this work was not rigorously
justified, and could perhaps be made so by starting with a dis-
crete motor model akin to McKinley et al. (2012). Despite this,
the mean-field model is able to accurately reproduce experimen-
tally observed ensemble switching times and mean velocities from
single-motor parameters. For this reason, we believe the mean-
field model to be an appropriate description of the system, but
the extent to which it is appropriate could be explored in future
work. One notable behavior of our mean-field model is the insta-
bility of the pause state for a wide range of parameter values. Intu-
itively, any small perturbation away from the pause state will pro-
duce asymmetry in the system and ultimately result in one motor
population “winning.” However, it is well established experimen-
tally that bidirectional systems spend a non-trivial amount of time
in the paused state (Belyy et al., 2016; Derr et al., 2012), which has
also been reproduced in discrete motor simulations such as Miiller
et al. (2008). This perhaps gives a clue toward when the mean-field
model may break down. In the pause state, the motor number may
be so low that the mean-field model is not appropriate and con-
sequently, deviates from a discrete motor description. However, we
see that in some parameter regimes, the mean-field model is even
able to produce a metastable pause state (and consequently, a tri-
stable system). Hence, this conjectured relationship between the
use of a mean-field model and the instability of the pause state
must be explored further.

The Ornstein-Uhlenbeck analysis for quantifying the ability of
a motor to react to instantaneous changes in cargo velocity is
of interest in other recent work (Bouzat, 2016) and in general,
causes issue in any work that seeks to use a force-velocity rela-
tionship (which is inherently a steady-state analysis) to infer dy-
namics. In Bouzat (2016), the authors hypothesize a “motor mem-
ory” and conclude that models only agree with experimental val-
ues appropriately if the motors react to a windowed-time-average
velocity. By examining only bound motors, we have quantified this
“memory” physiologically, noting a distinct delay structure. Be-
cause bound motors are the force-generators of the system, we
proposed a novel approximation to the full dynamics that satis-
fies the same delay structure, the validity of which was supported
by numerical simulations. A more elegant approach to this approx-
imation may be possible and could perhaps be related to the more
detailed analysis of bound motor dynamics found in McKinley et al.
(2012).

In Bouzat (2016), the authors also cite the importance of cargo
diffusion in models producing results that match experimental
values. In our work, we have further illustrated the importance
of cargo diffusion by illustrating its ability to produce qualitative
changes in motor-mediated transport. Specifically, the fundamen-
tal noise driving switching in our model is cargo diffusion, unlike
previous unequally distributed load models which depended on a
discrete motor description. This raises the possibility of the impor-
tance of diffusion in other aspects of motor-mediated transport.

Thus, we have illustrated that common features of previous
work: discreteness of the motors, asymmetry of motor populations,
equally distributed loads are not necessary to produce a physiologi-
cally reasonable model of bidirectional motor transport. This raises
uncertainty of which key ingredients may be essential for tug-of-
war, making it even more difficult to compare to the alternative
regulatory hypothesis of bidirectionality. However, we have pro-
vided an experimentally testable prediction of the reversal time as
a function of the drag coefficient, which can be tuned by the bead
size in experimental setups. If indeed thermal noise is the driver
of this switching, then agreement with this experiment would help
strengthen the validity of this theory since this feature is not ex-
pected from motor binding dynamics as the driving noise source.
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Appendix A. Ornstein-Uhlenbeck Mean Evolution

In this section, we show that if the advection term of an
Ornstein-Uhlenbeck has a time dependence, a differential equation
can be obtained for the mean of the process, demonstrating an ef-
fective delay.

Consider a Fokker-Planck equation of the form

0:p = —0[{w(x) — v(t)}p] + DOxD. (A1)

Denote w(t) to be the mean of the process, that is u = (p). Then,
we have:

[4:%/ xp(x,t)dx:/ x0:pdx.

—c0 —

However, we can use (A.1) to find that

o= [ xadiweo —v©)pldx+ [ xDaup,
which, af:;r integration by parts, yieldsoo

= (wX)) -v.

Jensen’s inequality states that for a convex w
(wx) = w({x)).

however, if we assume w(x) is linear (as we have done in the
model), then Jensen’s inequality attains equality and the result is

fo=w(p) —v(t).
Appendix B. Methods for 1D MFPT Problems

For the sake of generality, consider the one dimensional SDE
dx = A(x)dt + /2B(x) dW,
which has a corresponding Fokker-Planck equation
9:p = —0x{A(X) p} + B(X) QD
We are assuming that A(x) has three fixed points, two stable and
one hyperbolic, denote x5 and x.

We are then interested in the mean first passage time starting
from a point y, which we denote 7(y), and satisfies

AT +B(y)t" = -1, T/(x5) =0, T(xy) =0. (B.1)
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B1. Shooting method

In this section, we exploit the linearity of (B.1) to construct a
numerical shooting method for constructing a solution. First, we
write the system as a first order system, by taking o = t’,

T/ 0 1|« 0 T(xy) 0
RAR b b S N 4 R

To construct a solution to (B.2), we obtain two solutions of initial
value problems of the same form and utilize the linearity of the
equation to solve the boundary value problem via superposition.
Thus, consider the following two systems:

Pyl |0 Al pi|_ 01 pi(xs) | _ |0
P’ 0 % P2 —5m | p2(Xs) 0
q 4 0 1 |lg|_|O Gixs)| |1
a0, 0 % |lq2| |O] Q2(xs)| |0

We now claim Y = [1:

T . ) L
o] is a linear combination of P =

[p1 pz]T and Q =[q; qz]T. In other words, there exists some
y such that Y =P+ yQ. The value of y is to be determined by
making sure the right boundary condition is satisfied
_ p1(xu)
qr (k)
Thus, our mean first passage time from x5 — xy is then
T(Xs) = p1(xs) + yqi1(xs) = y.
It is worth noting that this actually only requires a single ODE in-

tegration, as Q is identically constant by construction with q; = 1
and g, = 0, and consequently

Yy =—p1(xy).

T(xy) =p1n) +YQ1(xy) =0=y =

B2. Arrhenius (deep well) approximation

The deep-well approximation is a classical technique used to
compute the mean first passage time from a potential well. Here,
we briefly summarize the technique but additional details can
be found in Gardiner (2009) and Bressloff (2014). Following the
latter reference, define the potential function U'(y) := —A(y), so
U = — [A(y)dy. After using an integrating factor and assuming B
is constant for simplicity, we have

= 1 /X eU(x’)/B dx’ /X e—U”(x”)/B dx”,
B Xs 0
noting that we have also taken 0 < X5 < xy for convenience.
Assuming the potential is deep-welled, the first integral is sharply
peaked around X’ = xy, where the second integral is slowly vary-
ing. For this reason, we can interchange the limits of the integral
to obtain

_ 1 X ~U(X")/B /" x U(X')/B dy'
T_B|:/0 e dx:||:/xse dx’'|.

Now, the first integral is dominated around x” = xy, whereas the
second is dominated around X’ = x5 so that the limits can be taken
to infinity with little error. Using the method of steepest descent
(or simply, a Taylor expansion), we finally have the classical Arrhe-
nius formula

2

T e AU :=U(xy) — U(xs).
[U” (xu) [U” (x5)

Supplementary material

Supplementary material associated with this article can be
found, in the online version, at 10.1016/j.jtbi.2017.04.032.
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