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ABSTRACT In contrast to the canonical picture of transport by direct attachment to motor proteins, recent evidence shows

that a number of intracellular ‘cargos’ navigate the cytoplasm by hitchhiking on motor-driven ‘carrier’ organelles. We describe a

quantitative model of intracellular cargo transport via hitchhiking, examining the efficiency of hitchhiking initiation as a function

of geometric and mechanical parameters. We focus specifically on the parameter regime relevant to the hitchhiking motion of

peroxisome organelles in fungal hyphae. Our work predicts the dependence of transport initiation rates on the distribution of

cytoskeletal tracks and carrier organelles, as well as the number, length and flexibility of the linker proteins that mediate contact

between the carrier and the hitchhiking cargo. Furthermore, we demonstrate that attaching organelles to microtubules can

result in a substantial enhancement of the hitchhiking initiation rate in tubular geometries such as those found in fungal hyphae.

This enhancement is expected to increase the overall transport rate of hitchhiking organelles, and lead to greater efficiency

in organelle dispersion. Our results leverage a quantitative physical model to highlight the importance of organelle encounter

dynamics in non-canonical intracellular transport.

SIGNIFICANCE A variety of cellular components are transported via hitchhiking by attaching to other motile organelles.

Defects in the molecular machinery responsible for organelle hitchhiking may be linked with neurodegenerative disorders.

To date, no comprehensive physical models of this non-canonical mode of transport have been developed. In particular,

the connection between molecular- and organelle-scale properties of hitchhiking components and their effect on cellular-

scale transport has remained unclear. Here, we investigate the mechanics of hitchhiking initiation and explore organelle

interactions that can modulate the efficiency of this process.

INTRODUCTION

Regulated movement of proteins, vesicles, and organelles plays
an important role in the growth, metabolism and maintenance
of cellular health. These particles move within a crowded
and dynamic intracellular environment, aided by a dedicated
transport machinery that typically comprises molecular motor
proteins walking upon a network of cytoskeletal filaments.
Precise control of transport ranging over length scales from a
few microns to tens of centimeters is achieved by regulating
the interactions between moving and stationary cargo, motors,
and other cytoskeletal structures. Defects in the regulation of
organelle movement can lead to pathologies, particularly in
long cells such as neurons, where axonal transport deficiencies
have been implicated in neurodegenerative disorders including
Alzheimer’s, amyotrophic lateral sclerosis (ALS), and multiple
sclerosis(1–3).

The traditional picture of intracellular transport involves
the direct attachment of cargo to adaptor proteins that recruit
cytoskeletal motors, which carry the cargo processively along
microtubule tracks(4–6). However, recent experimental evi-
dence suggests that a variety of cargos such as peroxisomes,

lipid droplets, messenger ribonucleoprotein (mRNP) com-
plexes, RNA granules and the endoplasmic reticulum can
attach to other motile organelles, and navigate the cytoplasm
through a mode of transport known as “hitchhiking"(7–15).
Hitchhiking is characterized by the presence of a motor-driven
“carrier" organelle which is required for processive transport
of a cargo (the hitchhiker). Specifically, organelle hitchhiking
has been defined as conforming to three criteria: 1) long-range
co-migration of cargo and carrier organelles, 2) lack of mem-
brane fusion between distinct cargo and carrier particles, and
3) cargo transport is dependent on carrier movement, while
carriers can move independently of cargo(16). The ubiquity
of hitchhiking cargos across systems suggests that this is a
broadly applicable transport mechanism, whose efficiency
may dictate the distribution and delivery of particles that are
critical for optimal cellular function.

Previous theoretical models of canonical microtubule-
based transport have focused on the distribution of cytoskeletal
tracks(17), interplay between diffusive and processive trans-
port (18, 19), characteristics of motor processivity and turning
(20), and cargo behavior at microtubule intersections(21, 22).
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METHODS

Overdamped Brownian dynamics simulations are employed
to explore the dynamics of carrier and cargo organelles as they
first encounter each other for hitchhiking initiation. Our focus
is on the parameter regime where the following conditions are
applicable: 1) a cylindrical domain with parallel microtubule
tracks, 2) carrier and cargo organelles that are substantially
smaller than the domain width, 3) cargo organelles that are
sufficiently sparse to preclude cargo-cargo interactions, 4)
linker proteins of length smaller than the domain width. In
particular, these conditions are relevant to the dynamics of
hitchhiking peroxisomes, carried by early endosomes in fungal
hyphae.

The carriers (e.g.: endosomes) are modeled as spheres of
radius re = 100nm, moving in a domain of length L = 1µm
and radius R = 1µm with periodic boundaries in the axial
direction. The radius of the domain is set to match the typical
radius of fungal hyphae (see Supplemental Materials for
measurements in A. nidulans)(14). The domain represents a
section of cell around a single cargo capable of hitchhiking. In
A. nidulans hyphae, peroxisomes are observed at an average
linear density of approximately 1 organelle within a 1µm long
region of the hypha (see Supplemental Materials), which sets
the length of our simulated domain. This length allows us to
assume only one peroxisome within the domain of interest,
neglecting second-order effects. It should be noted that the
fraction of peroxisomes actually engaged in hitchhiking at
any given time is quite small (approximately 5% in U. maydis

hyphae(14)). Given a density of linker-bearing endosomes
of approximately 3 per µm (see Supplemental Materials),
we would expect less than 2% of carrier organelles to be
already encumbered by a hitchhiker. We therefore assume all
carriers that enter the domain are not carrying a hitchhiker.
For simplicity, our model also ignores any carrier organelles
not capable of initiating hitchhiking (eg: due to lack of linkers)
and any other organelles in the cell that do not serve as carriers.
These additional components could provide buffeting effects
through sterics or hydrodynamic entrainment(31) which are
not included in our model.

Microtubules are modeled as N straight lines distributed
uniformly within the domain cross section. Microtubule dy-
namics are not included in the current model, although they
provide an interesting avenue for future study. We ignore
transverse fluctuations of microtubules, given that their per-
sistence length in vivo (lp ≈ 30µm (32)) is much longer than
the domain length. The linear density of carrier organelles
(ρ) gives the number of carriers per unit length of hypha. Our
simulation includes ρL carriers within the simulated domain.
Each carrier is attached to a microtubule track by a single
zero-length stiff spring representing a molecular motor com-
plex. The attachment point of the spring to the microtubule
moves processively in either direction at a constant velocity
of 2µm/s, comparable to the measured velocities of fungal
peroxisomes and early endosomes(13). Upon leaving the do-

main, the carrier organelle reappears at the other side, on a
newly selected microtubule, thereby maintaining a constant
carrier density while representing organelles whose typical
run-length is much longer than the domain length L.

Cargo organelles (e.g.: peroxisomes) are represented by
spheres of radius rp = 100nm, which either diffuse freely
through the domain, or have a point on their surface attached
to a fixed microtubule at the axial center of the domain. Both
carriers and cargo experience Brownian forces and torques
corresponding to translational diffusivity Dt = kbT/(6πηr)

and rotational diffusivity Dr = kbT/(8πηr3), where η is the
viscosity of the domain. The viscosity is chosen such that
Dt ≈ 0.014µm2/s for the cargo organelle, in keeping with
measured diffusivities of peroxisomes in Ustilago maydis

hyphae(14). Steric interactions between organelles and with
the cylindrical boundary of the domain are implemented using
a stiff harmonic potential.

The simulations are evolved forward using a fourth-order
Runge-Kutta algorithm(33) with time-steps of 10−4s. Each
simulation trial is run for a total of 5s, allowing each carrier
to pass 10 times through the domain. 2500 trials are carried
out for each combination of carrier density ρ and microtubule
number N .

Linker proteins that mediate contact between carrier and
cargo are modeled as continuous semiflexible worm-like
chain (WLC) polymers (34) with varying length. Positions
of the base of the linker protein are chosen uniformly on
the carrier surface, and the initial linker tangent is assumed
perpendicular to the surface. Using analytically calculated
distributions for the end point of a WLC(35), we tabulate the
spatial distribution of the probability that a cargo organelle
overlaps with the tip of a linker for a given configuration of
the carrier and cargo (see Supplemental Materials). Using
this tabulated probability, at each time step we check whether
linker-mediated contact between the carrier and cargo has
occurred. This approach avoids resolving the dynamics of
the linker protein configurations, working instead in the fast-
equilibration limit where the position of each linker tip is
sampled from its equilibrium distribution at each timestep.

For each simulation trial, we record the time until the
single cargo organelle first contacts either the carrier surface or
the tip of a linker protein. We note that these encounter times
provide a lower limit on the waiting time until hitchhiking
initiation. Namely, in Fig. 2-5 we assume that each encounter
successfully and immediately results in a hitchhiking event.
The role of unsuccessful encounters is explored in a subsequent
section (Fig. 7) by introducing a finite reaction rate krxn for
initiating a successful hitchhiking interaction while the linker
and cargo are in contact.

The empirical cumulative distribution function for con-
tact events is used to extract an effective rate of contact.
Over the simulation timescale, the cumulative distribution
functions observed fit well to a double exponential form
Q(t) = 1 − f1e−t/τ1

− f2e−t/τ2 (see Supplemental Materials).
This functional form is chosen ad hoc to enable smooth interpo-
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lation of the data within the simulation time-frame, and extrap-
olation to longer times, in order to calculate the average waiting
time until contact. No specific physical meaning is assigned to
the resulting two time scales. The average rate of hitchhiking
initiation is defined by khit = ( f1τ1+ f2τ2)−1. Variation in this
initiation rate is approximated by bootstrapping(36) over all
simulation trials for a given set of parameters. All error bars
shown give the standard error in khit over 100 bootstrapping
runs.

Brownian dynamics simulation code (in Fortran90) and
scripts for implementing linker distributions and obtain-
ing encounter rates from simulation results are provided
in a GitHub repository: https://github.com/lenafabr/
hitchhiking_initiation.

RESULTS AND DISCUSSION

Rate of encounter with carrier organelles

The efficiency of hitchhiking transport initiation is governed
in part by geometric parameters, such as the density of mi-
crotubules and carrier organelles, as well as the length and
distribution of linkers on the carrier surface. In order to be
picked up for a hitchhiking run, the cargo must be sufficiently
close to a passing carrier to be able to engage with a linker
protein. We begin first by considering the rate of encounters
between a diffusing cargo organelle and a processively moving
carrier. This rate corresponds to hitchhiking initiation in the
limit of very short, densely packed linkers, where the entire
carrier surface is capable of binding the cargo.

A Brownian dynamics simulation framework is employed
to explore how the density of microtubules and carriers
modulates organelle encounter in a tubular region of radius
R = 1µm with parameters relevant to peroxisome transport in
hyphae (Fig. 1). The radius of the tubular region corresponds
to the average radius of A. nidulans hyphae, as obtained
from experimental measurements (see Supplemental Mate-
rials). A variable number (N) of parallel microtubules are
uniformly scattered throughout the tubular region. A single
cargo of radius rp = 100nm and translational diffusivity
Dt = 0.014µm2/s represents the peroxisome and a variable
linear density ρ of carrier organelles of radius re = 100nm
move with processive velocity v = 2µm/s along the micro-
tubule tracks. Brownian forces on the carrier organelles drive
fluctuations around their attachment point to the microtubules.
Periodic axial boundary conditions allow for maintenance of
a constant density of processively moving carriers in the local
vicinity of the cargo.

In order to come in contact with a carrier, the cargo must
first approach sufficiently close to a microtubule track (within
a distance of rp + 2re = 0.3µm), and then be hit by a passing
carrier before moving away from the track again (Fig. 2a).
For a single, centrally located microtubule, the region of
proximity covers a fraction f1 = (rp + 2re)2/(R − rp)2

≈ 0.1
of the available cross-sectional domain area. As multiple

parallel microtubules are placed within the domain, their
proximity regions cover an increasing fraction of the cross-
sectional area. We vary the number of microtubules N in our
simulation, randomizing the placement of each microtubule
and the initial radial position of the peroxisome within the
domain. Fig. 2b shows the fraction of iterations where the
peroxisome starts within reach of a microtubule (equivalent
to the MT-proximal area fraction fN ), as well as kMT, an
effective rate for peroxisomes initiated outside of the MT-
proximal area to first reach this area (see Methods for details
of rate calculations).

The time for a cargo to encounter a passing carrier is
governed both by the dynamics of entering and leaving the
MT-proximal region (rates kMT, kleave) and the rate kpass of
carrier passage in the vicinity of a cargo that is within reach
of a microtubule. Because the velocity of processive motion
is rapid compared to the cargo diffusivity, we treat the carrier
arrival as a constant rate process while the peroxisome is
within the MT-proximal region. The rate of this arrival is
given by

kpass = vρ
(re + rp)2

fN (R − rp)2
, (1)

where vρ is the rate at which carriers pass the axial position of
the cargo and the second term corresponds to the equilibrium
probability that the radial position of the passing carrier is
within reach of the cargo, assuming the cargo is uniformly
distributed within the MT-proximal area. The effective rate
of leaving the MT-proximal area must be such that the cargo
spends fraction fN of its time within this area at equilibrium.
Namely, kleave = kMT[1 − fN ]/ fN . These three rates allow
for an approximate calculation of the waiting time for a cargo
organelle distributed uniformly within the domain to first
encounter a carrier, using the simplified kinetic scheme shown
in Fig. 2a. The inverse of this time gives the effective carrier
encounter rate (see Supplemental Material for derivation):

kcarrier =
kpasskMT(kleave + kMT)

kpasskleave + (kMT + kleave)2
. (2)

When carrier passage is very frequent (kpass → ∞), the
average time to carrier encounter reduces to 1/kcarrier →

(1 − fN )(1/kMT), equivalent to the probability the cargo
starts outside of the microtubule region multiplied by the time
to reach that region.

The typical time-scale for cargo-carrier encounter in sim-
ulated trajectories is obtained by fitting the computed cumu-
lative distribution function to a double exponential process
(Fig. 2c; details in Supplemental Material). As shown in
Fig. 2d, effective encounter rates obtained from the simula-
tions are well represented by the simplified kinetic model of
Eq. 2.

At low carrier density, increasing the microtubule num-
ber beyond a couple of microtubules has little effect on the
rate with which the cargo first encounters a carrier. In this
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overexpression of PxdA linker protein does not increase the
hitchhiking frequency of peroxisomes in A. nidulans fungal
hyphae. Further exploring the effects of linker flexibility, we
show that moderately stiff linkers provide optimal contact rates
between the carrier and hitchhiking cargo, by allowing the
linker tips to explore large volumes of space while extending
substantially above the surface of the carrier.

Leveraging our simulation framework, we study the ef-
fect of tethering organelles to microtubules on the initiation
of hitchhiking. The increased proximity to moving carriers
results in a large enhancement of the contact rate, an effect
that is particularly pronounced for small microtubule numbers
and high carrier densities. Comparison of computed rates for
cargo-linker encounter and and measured hitchhiking initi-
ation rates for peroxisomes in A. nidulans hyphae indicates
that only a small fraction of encounter events appear to result
in successful hitchhiking. Nevertheless, by increasing the
frequency of opportunities for such contact events to occur,
tethering of the peroxisomes to microtubules is expected to
enhance the rate of hitchhiking initiation by about an order of
magnitude.

Based on this enhancement in the initiation rate, we
compute the increased range covered by organelles exploring
the cell through rare, sporadic hitchhiking runs. Our results
show that tethering can substantially increase the amount of
intracellular space explored over time-scales of seconds or
higher, despite restricting diffusive transport.

Our computational framework is generally applicable to
any transport process that relies on attaching to a carrier
organelle, either directly or through stiff or flexible linker
proteins. While we focus on the simple geometry of a cylin-
drical domain, the parameters employed here (carrier density,
density of parallel microtubules) are local in nature. Hence,
the initiation rates found can be applied to any system where
microtubules are arranged in a parallel fashion around the
current position of the cargo organelle. This includes cellular
projections such as fungal hyphae and neuronal axons and
dendrites, as well as micron-sized regions of the cell soma
with no microtubule intersections. Hitchhiking initiation rates
in the vicinity of intersecting microtubules are left as an
extension of interest for further study.

Another topic of further interest is characterizing the
biophysical processes that determine the duration and pro-
cessivity of a hitchhiking run. In past studies where motor-
driven organelles are observed to halt or change direction,
such terminations of processive motion were attributed to
microtubule intersections(22, 46, 47), tug-of-war between
multiple motors(20), changes in motor activation state(48), or
obstacles encountered by the organelle(47, 49) or the motors
themselves(50). The effect of a hitchhiking cargo on all of
these processes governing the run-length of a motor-driven car-
rier is currently unclear. Furthermore, additional mechanisms
may be responsible for terminating or regulating hitchhiking
runs specifically, including dissociation of the hitchhiker from
the carrier and tug-of-war or cooperative events that may arise

from a single cargo attaching to two different carriers. Estab-
lishing the underlying physical mechanisms that determine
hitchhiking run-length is a fruitful topic for future study, nec-
essary to developing a complete quantitative understanding
of this non-canonical mode of intracellular transport.
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