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Kinesin Recycling in Stationary Membrane Tubes
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ABSTRACT Collections of motors dynamically organize to extract membrane tubes. These tubes grow but often pause or
change direction as they traverse an underlying microtubule (MT) network. In vitro, membrane tubes also stall: they stop growing
in length despite a large group of motors available at the tip to pull them forward. In these stationary membrane tubes in vitro, we
find that clusters of processive kinesin motors form and reach the tip of the tube at regular time intervals. The average times
between cluster arrivals depends on the time over which motors depart from the tip, suggesting that motors are recycled toward
the tip. Numerical simulations of the motor dynamics in the membrane tube and on the MTs show that the presence of cooper-
ative binding between motors quantitatively accounts for the clustering observed experimentally. Cooperative binding along
the length of the MT and a nucleation point at a distance behind the tip define the recycling period. Based on comparison of
the numerical results and experimental data, we estimate a cooperative binding probability and concentration regime where the

recycling phenomenon occurs.

INTRODUCTION

Transportation within the cell is driven by mechanoen-
zymes: motor proteins (1). Motors are responsible for cargo
transport and continuous reorganization of membrane com-
partments. Because of their essential cellular function, the
physical properties of individual motor proteins have been
heavily investigated. Details on how individual motors func-
tion, however, are not sufficient to explain intracellular
transport phenomena. Increasing evidence suggests that
cooperation between multiple motors is critical for regu-
lating cargo transport in cells (2-5). To date, our under-
standing of how motors behave collectively is still limited.

Collective motor dynamics have been previously studied
with a minimal model system where kinesin motors are
attached to giant unilamellar vesicles (GUVs) (6,7). When
the motor-coated GUVs encounter a surface decorated
by microtubules (MTs), the motors walk on the MTs and
extract membrane tubes from the GUV (8). Because a sin-
gle motor can only provide =35 pN of force (9), and mem-
brane tube extraction requires = 20-30 pN (10,11), motors
dynamically associate at the tips of membrane tubes to share
the tube-pulling load (8,12). Collective motor dynamics
have primarily been studied in continuously growing mem-
brane tubes. However, in vivo, membrane tubes can be seen
pausing and changing direction regularly (see movie of
membrane tubes in vivo (13)). To our knowledge, dynamics
of motor proteins in membrane tubes that are paused have
not yet been investigated.

In this article, we examine the dynamics of processive
kinesin motors in stalled membrane tubes in vitro. We find
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that motors repeatedly congregate en route to the tip of
the membrane tube. Once arrived at the tip, motor clusters
dissolve and subsequently reappear along the membrane
tube at regular time intervals. Moreover, we find that the
average time for clusters to form depends on the time over
which motors depart from the tip. We explain the clustering
phenomenon by cooperative binding, where binding next to
a motor that is already bound to the MT is easier than
binding to an unpopulated area of the MT. With a simple
one-dimensional lattice model, we are able to reproduce
the motor dynamics with numerical simulations. Simula-
tions that account for cooperative binding reproduce the
cluster formation found in experiments. If, moreover, we
assume that motors cooperatively unbind at the tip of the
membrane tube, and that a cluster nucleation point exists
somewhere on the tube, the simulations also recover the
relationship between average arrival time and tip decay
time.

MATERIALS AND METHODS
GUVs

1,2,-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) was purchased from
Avanti Polar Lipids (Alabaster, AL) and a rhodamine-labeled biotinylated
phosphatidylethanolamine (Rh-B-DSPE) was acquired from Dr. Line
Bourel-Bonnet (14). A lipid composition of 99.9 mol % DOPC with
0.1 mol % Rh-B-DSPE was used. The ratio of lipids was chosen so that
a GUV of ~10 um in diameter had ~100 biotin binding sites. A solution
of 10 uL of 2 mM lipids in 1:10 chloroform/methanol was dropped onto
one of two indium tin oxide-coated glass slides (4 cm x 6 cm). The lipids
were distributed on the glass by the rock-and-roll method (7) and dried for
1 h on a 50°C hotplate under continuous nitrogen flow. A 300-uL volume
chamber was constructed from the two glass plates, the dried lipids on
the bottom glass, and a polydimethylsiloxane spacer. The chamber was
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filled with a solution of 200 mM sucrose and an AC voltage applied to the
glass plates, forming GUVs by the electroformation method (7).

MTs and motor proteins

Microtubules (MTs) were prepared from tubulin purchased from Cytoskel-
eton (Denver, CO). Tubulin (10 mg/mL) in MRB40 (40 mM PIPES, 4 mM
MgCl2, and 1 mM EGTA, at pH 6.8) with | mM GTP was incubated
for 15 min at 37°C to polymerize. MTs were stabilized by mixing them
1:10 (vol/vol) with MRB40 containing 10 uM taxol (MRB40tax). Trun-
cated and biotinylated kinesin-1 from Drosophila melanogaster was used.
From the N- to C-terminus, the kinesin construct consists of the first 401
residues of the kinesin heavy chain (slightly modified from plasmid
pEY4 (15)), followed by a triple hemagglutinin tag and finally a biotin
carboxyl carrier protein for attachment of a biotin. Kinesins were expressed
in Escherichia coli, purified as described in Young et al. (6), and further
purified by microtubule affinity purification. Motors were tested for activity
with a MT gliding assay where the motors were bound specifically to the
glass via their biotin. MT gliding assays with both MRB40tax and
MRB80tax (80 mM PIPES, 4 mM MgCl2, and | mM EGTA, at pH 6.8)
showed the same range of gliding speeds: 450 = 50 nm/s.

Sample preparation

Glass coverslips were diethylenetriamine (DETA)-treated as described in
Verbrugge et al. (16). A 15 uL flow cell with a glass slide, two thin lines
of vacuum grease, and a DETA-treated coverslip was constructed. Taxol
stabilized MTs incubated in the flow cell for 10 min to adhere to the surface.
MTs that did not stick to the surface were removed by rinsing the flow cell
twice with MRB40tax. Casein Sodium Salt (Sigma Aldrich, St. Louis, MO)
(200 pug/mL) was incubated in the flow cell for 8 min to block the remaining
surface and minimize interaction of GUVs with exposed glass. The flow
cell was subsequently rinsed with MRB40tax.

GUVs were mixed 1:1 in MRB40tax with 180 mM glucose to osmoti-
cally match the intravesicular osmolarity (Halbmikro Osmometer, Type
M; Knauer, Germany). One microliter of 2 mg/mL streptavidin was added
to 30 uL of the vesicle solution (where the number of vesicles in the solu-
tion typically ranged from 200 to 700) and was incubated for 10 min. Next,
1 uL of 2 uM biotinylated kinesin was added and incubated for 10 min so
that the kinesin could bind to the Rh-B-DSPE lipids via streptavidin.

It should be noted that streptavidin was added in excess of biotinylated-
rhodamine lipids and remained in excess of biotinylated-kinesin to avoid
artificial aggregation of motors. For example, a 10-um vesicle had =100
rhodamine-biotin lipid binding sites and in any given sample, there were
~=1000 vesicles so there was, roughly, a maximum of 10° biotin binding
sites available on vesicles. A quantity of =10'* streptavidin molecules
were incubated with the vesicles followed by = 10'? biotinylated kinesin
molecules. Any fluorescent lipids, either with or without motors bound,
that did not interact with an MT diffused so quickly (1 ,umz/s (12,17))
that they only contributed an average background fluorescent signal.

As in Shaklee et al. (17), we further ruled out that artificial aggregation of
lipid-motor complexes occurred by determining the spatial correlation of
motors binding along the MT. In brief, we extended a line along the length
of the membrane tube (but not extending into the vesicle or the tip region)
and determined the intensity profile, F(r), along this line. We then deter-
mined the normalized spatial autocorrelation, H(p), where

(F(r + p)F()
(Fr)y

The spatial correlation for the fluorescent signal decayed to zero at the
distance of the point-spread-function of the microscope, indicating that
motors did not artificially aggregate or show preferential binding regions
on the MT. Moreover, we expected that artificial motor aggregation would

H(p) =
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result in persistently large fluorescence signals with a different diffusion
constant than for individual motor-lipid complexes. In Shaklee et al. (17),
fluorescence image correlation spectroscopy (temporal) and fluorescence
recovery after photobleaching measurements, under the same assay condi-
tions, confirmed the presence of a single diffusive species.

Finally, 0.5 uL. Oxygen Scavenger (8§ mM DTT, 0.4 mg/mL catalase,
0.8 mg/mL glucose oxidase) and 1 uL of 100 mM ATP were added to
the vesicle solution leading to a total vesicle solution volume of =33.5 uL
and final ATP concentration of =3 mM. Fifteen microliters of this vesicle
solution was slowly pipetted with a cut-off pipette tip into the flow cell.
The flow cell was sealed with nail polish at the open ends.

Image acquisition and analysis

Data was acquired on a spinning disk microscope comprised of a confocal
scanner unit (CSU22; Yokogawa Electric, Tokyo, Japan) attached to an
inverted microscope (DMIRB; Leica, Wetzlar, Germany) equipped with
a 100x/1.3 NA oil immersion lens (PL FLUOTAR; Leica) and a built-in
1.5x magnification changer lens. The sample was illuminated using a
514-nm laser (Coherent, Santa Clara, CA). Images were captured by
an electromagnetic charge-coupled device camera (C9100; Hamamatsu
Photonics, Iwata-City, Japan) controlled by software from VisiTech Inter-
national (Sunderland, UK). Images were acquired with a 100-ms exposure
at 10 Hz. Spinning disk microscopy imaging was chosen to minimize
bleaching effects.

Movies were analyzed using a home-written MATLAB (The Math-
Works, Natick, MA) algorithm. The algorithm determines the intensity
along the line (one-pixel-wide) of a membrane tube. This intensity is deter-
mined for the same line along the membrane tube for each image in the
movie and the resulting change in intensities through time are presented
in a kymograph. The algorithm also calculates the autocorrelation in the
tip region, autocorrelation along the rest of the length of the tube and the
power spectrum from the kymograph. The temporal autocorrelation for
a single pixel is described as

(F(t + DF()
(F(0))

The autocorrelation is calculated for each pixel along the membrane tube
line (excluding the tip region) and the average autocorrelation from these
curves is calculated. For ease of comparison between tubes, the tip region
is defined as the three pixels at the very tip of the membrane tube, which
is equivalent to =330 nm.

G(r) =

Numerical simulations

Monte Carlo simulations were written and executed in MATLAB using
the parameters described in the text. We assumed a one-dimensional
membrane tube and MT lattices. On the membrane tube, motors were
allowed to occupy the same space, while on the MT lattice no more
than one motor was allowed per lattice site. In the membrane tube, motors
freely diffused in one dimension and encountered reflecting boundaries
at either end of the lattice. On the MT, motors walked unidirectionally
toward the tip where they encountered a hard boundary (a no-flow
boundary condition). In each step, we checked that there was a sufficiently
large motor cluster to hold the membrane tube at the tip; if the tip cluster
was smaller than six motors, we terminated the simulation. Each lattice
site was assumed to be 8 nm, corresponding to the size of a tubulin dimer.
Each of the simulations was run for 72,000 time steps, corresponding to
1200 s. The simulations produced kymographs that were analyzed in the
same way as the kymographs from the experimental data. Each of the
simulation points in Fig. 5 was determined from the last 300 s of three
different simulations. 300 s was chosen to be comparable to the experi-
mental observation times.
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RESULTS AND DISCUSSION
Motor recycling

We use a minimal in vitro model system, in which kinesin
motors are specifically attached to fluorescently labeled
lipids (14) in GUVs (7), to directly examine motor dynamics
during membrane tube formation as described in the litera-
ture (12,17). When a motor-coated GUV encounters MTs on
a glass surface, the kinesins collectively extract membrane
tubes from the GUV as they walk on the underlying MTs
(8,12). The motors accumulate at the tip of the growing
membrane tube where their speeds are damped by the
tube-pulling force (8,12). At some point, we observe that
tubes stop growing, even though there is a large group of
motors accumulated at their tip. There are two possible
explanations for this halt in tube growth: either the motors
have reached the end of their MT (or a MT defect or junc-
tion), or, as observed by Campas et al. (18), the tube force
balances the collective motor force. Although we occasion-
ally find oscillating tubes like the ones reported by Campas
et al. (see Movie S2 in the Supporting Material), we focus
here only on the stationary ones.

Fig. 1 a shows the sum of a series of images of membrane
tubes formed by kinesin motors. To visualize the motor
dynamics, motors are bound to fluorescently labeled lipids
in the membrane. The fluorescence signal appears wherever
a lipid-motor complex is also bound to the MT. Fluorescent
lipid-bound motors that are not interacting with the MT
diffuse through the membrane on a timescale much faster
than our imaging time, so they only contribute to an average
background fluorescence signal. At and toward the right
of the star symbol in Fig. 1 a, the fluorescence rapidly
decreases because the membrane tube is lifted from the
surface and not anchored by motors to the MT. Fig. 1 b
shows a schematic cartoon of the membrane tube, where
X denotes the distance behind the tip at which the membrane
tube lifts away from the MT.

Though the tube is stationary, motors are still highly
active in the tip region (see Movie S1, Movie S2, and
Movie S3), as indicated by fluctuations in the intensity of
the fluorescent lipids that are specifically bound to motors
(see Materials and Methods). We trace the motor positions
through time as they walk toward the tip of the membrane

microtubule

FIGURE 1 Kinesin dynamics in membrane tubes. (¢) Membrane tubes
formed by kinesin motors. The image is a sum of a series of images tracing
kinesin-bound fluorescent lipids dynamics in a membrane tube network.
The star indicates the point at which the membrane tube is connected to
the underlying MT (MTs not visible). Scale bar, 5 um. (b) Cartoon showing
the geometry of a membrane tube of length L extending from a GUV. The
tube is anchored to the MT a distance X behind the tip.
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tube, in the direction of the dashed arrow as shown in the
example in Fig. 1 a (corresponding to Movie S1). In the
resulting kymograph (Fig. 2 a), we observe that the motors
congregate to form clusters. The sum of the fluorescence
signal from motor-bound lipids along the length of the
membrane tube, both bound to the MT and freely diffusing,
stays the same through time, varying by only 3%. The con-
stant total fluorescent signal indicates that the average
number of motors in the membrane tube is constant.

The motors in Fig. 2 a appear to accumulate and move
toward the stationary tip at regular time intervals. We deter-
mine the length of these time intervals with the autocorrela-
tion curve and power spectrum, averaged for all points along
the tube, of the kymograph (Fig. 2, ¢ and d). Both methods
show that the arrivals are indeed periodically spaced. This
result holds for all stationary tubes we have observed.
We relate the periodicity of cluster arrival to the time it takes
motor clusters to dissipate at the tip, as determined from
the decay of the autocorrelation curve at the tip (Fig. 2 e).
We define the tip region as the tip-most 0.33 um of all mem-
brane tubes. We verify that photobleaching is not the source
of the loss of fluorescence at the tip of the membrane tube
(see details in the Supporting Material). The motor decay
times at the tip, scale linearly with the cluster arrival times
(Fig. 2 f), where

fdecay = (097 + 0.0S)famva|.

Each of the squares in Fig. 2 f represents a different
membrane tube. Based on this observation, we suggest
that the motors are recycled toward the tip. It should be
noted that diffusion alone cannot account for the timescale
of this recycling pattern: motors can diffuse a distance of
2 um in <1 s (12,17).

To understand how motors form clusters, we examine the
fluorescence density profile as motor-bound fluorescent
lipids move toward the tip. Each time a motor cluster reap-
pears, the motor density starts small and increases as the
motors move toward the tip of the membrane tube, as indi-
cated by an increase in the fluorescence intensity of a
building cluster (following the dashed line in Fig. 2 a and
shown in Fig. 2 b). Cluster formation can be explained by
cooperative binding of the motors. Once a few motors
have bound to the MT and walk toward the tip, motors
diffusing in the membrane tube have a high probability of
binding to the MT next to the motors already bound to the
MT. This cooperative binding could simply arise from an
increased proximity of the membrane tube to the MT lattice,
making it easier for motors to bind, or from a mutual inter-
action between motors (19,20).

Cooperative binding and a nucleation point

To explain the motor recycling pattern, we propose that
motors diffusing in the membrane may randomly bind at
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FIGURE 2 Motor cluster timescale. (a) Kymo-
graph tracing the motor dynamics in the direction
of the dashed arrow of Fig. 1 a in time. The arrows
indicate examples of new kinesin motor clusters.
The dashed line traces along a growing motor
cluster as it moves to the tip. (b) Intensity profile
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following the dashed line in panel a. Approxi-
mately 5 um behind the tip, motors begin to accu-
mulate and the cluster grows as it reaches the tip of
the membrane tube. (c) Autocorrelation curve in
time, averaged for all points along the membrane
tube of Fig. 1. The correlation curve shows distinct
peaks at =11 s and 22 s (n = 18). (d) The peak at
~11 s is confirmed by a peak in the power spectrum
(n = 18). (e) The autocorrelation curve at the very
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a nucleation point a distance X behind the tube tip (cartoon
in Fig. 3). Here X is defined by the average point at which
a few motors anchor the membrane tube to the MT, as indi-
cated by the star symbol in Fig. 1 a and shown in the cartoon
in Fig. 1 b. We assume this point to be stationary over the
timescales of our experimental measurements. This geom-
etry has been observed experimentally (12) and corresponds
to a shape that minimizes the energy of the GUV/membrane
tube system by minimizing the curvature at the point where
the tube meets the GUV (21,22).

We use Monte Carlo simulations to investigate whether
a nucleation point and cooperative binding can account
for the trends in our experimental data. We consider a MT

72

R

X microtubule

FIGURE 3 Model schematic. Motors bind randomly anywhere along the
MT lattice with a probability p, and a distance X behind the tip of the
membrane tube with a probability py,. However, if a diffusing motor
neighbors a motor that is already bound to the MT lattice, the diffusing
motor will bind next to it on the MT with a probability p,*. Once on the
MT lattice, motors may walk toward the tip of the MT or detach from the
MT with a probability p, and at the very tip with a probability p,*.
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tip of the membrane tube (the tip-most 0.33 um) is
fit with an exponential decay. The decay time of
this fit represents the time, 12.6 = 0.5 s, it takes
for clusters at the tip to dissipate (n = 3). (f) Plot
of the tip decay time versus the typical cluster
arrival time for five individual tubes from different
experiments. The times at which motor clusters
form is linearly related to the release of motors
from the tube where fgecay = (0.97 * 0.05)furrivar-

frequency (Hz)

directly beneath a membrane tube with N motors. The
high curvature of the membrane tube limits motor access
to the MT (23), thus, we simulate the motor dynamics on
a single protofilament and in a one-dimensional membrane
tube. Motors in the membrane diffuse with diffusion con-
stant D. They do not feel each other and may occupy the
same lattice site. For a lipid-motor complex freely diffusing
in a membrane tube, D = 1.2 = 0.2 ,umz/s (12,17).

The cartoon in Fig. 3 shows the probabilities that govern
motor dynamics in the membrane tube and on the MT in the
simulations. Motors in the membrane tube randomly bind
anywhere along the MT lattice with very small probability
p» = 0.001 per step (23), and at the nucleation point with
probability p,x, = 0.02 per step. The value of p,, is small,
because a motor is likely to diffuse in the membrane for
a long time before encountering the MT below. This time
is set by membrane tube fluctuations so that the majority
of the lipid bilayer is not close to the MT (24). At X, the
probability of binding is larger because the membrane tube
is anchored there and hence closer to the MT. As soon
as motors feel clusters on the MT below, they bind with a
probability

PZ = YPb(x)-

We choose ¥y = 12 to account for the six neighboring
binding sites per motor on an actual MT, where we assume
that a minimum cluster is two motors (23). Once motors are
bound to the MT, they walk toward the tip with velocity v, as
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FIGURE 4 Simulations. (a) Kymograph from a simulation where motors
bind cooperatively and with a nucleation point at X. Here N = 100, L =
10 um, and X = 5 um. Motor clusters appear approximately every 20 s.
(b) Intensity profile tracing the growing cluster indicated by the dashed
line in panel a. Motors begin to accumulate at the nucleation point 5 um
behind the tip. (c) Spatially averaged autocorrelation curve of the signal
in panel a showing a distinct peak at =20.8 s (n = 15). (d) Spatially aver-
aged power spectrum of the signal with a peak at 20.4 s (n = 15). (e¢) Auto-
correlation curve of the fluorescence signal at the tip of the membrane tube,
fit with an exponential decay that gives a cluster dissipation time of 17 s
(n=23).

long as the site in front of it is unoccupied. Kinesin walks at
speeds of 450 + 50 nm/s (25,26). We account for this range
of speeds in the simulations by assuming a Gaussian spread
with a mean of v = 53 =+ 7 steps/s. The assumption of a
Gaussian spread results in a broader width of the fluores-
cence profile as a motor cluster builds toward the tip in
the simulations, as seen in the kymograph of Fig. 4 a; the
broadened width does not arise from cooperative bind-
ing. Kinesins walk on MTs for an average of 100 steps
(27,28), so motors unbind from the lattice with probability
pu. = 0.01 per step. At the tip of the tube crowding effects
and the tube retraction force at the tip initially prevent the
motors from stepping and thus from unbinding. However,
as more motors arrive at the tip, the tip region gets increas-
ingly crowded (20,29). Hence, the number of motors in the
tip region that is frustrated in their attempts to walk forward
also increases. The resulting buildup of motors unable to
step occasionally results in a cascade effect in which a large
amount of the motors in the tip cluster detaches. We observe
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this detachment cascade in our experiments as an experi-
mental decay in the autocorrelation curve of the motor
number at the tip (Fig. 2 d). These cascade unbindings are
rarer than regular unbindings, and increase in frequency as
the density of motors at the tip increases; we therefore esti-
mate the probability of unbinding to be

p. =N x p,/100.

We use the above values for all the simulations.

Because the number of motors in a membrane tube, the
length of a membrane tube, and the point where the tube
is anchored to the MT are different in each experiment,
we also vary these values in the simulations to see how
the system responds. Based on our experimental conditions
(see Materials and Methods), we expect ~100 motors/um?>
on any given vesicle and hence membrane tube. In our simu-
lations, we use values of N between 25 and 120.

Tubes are held in place by motors at the tip that
either stopped at the end of the MT or at an MT defect.
The retraction force the tube exerts on the motors is
~20-30 pN (10,11), so that at least six motors (stall force
per motor =5 pN (9)) must be present at the tip to keep
the tube in place. If fewer motors are present, they are pulled
from the MT and the tube retracts. We terminate simulations
with retractions because they no longer reflect the situation
we intend to study, the stationary tubes (see Fig. S4, ¢
and d). We find that a total number of 25 motors on the
tube is just sufficient to maintain a large enough cluster at
the tip in cases where the nucleation point is close to the
tip. For even lower total motor numbers we find no sta-
tionary tubes at all; for higher motor numbers, we find
stationary tubes for all values of X we consider. Tubes
with >120 motors become very crowded at the tip and the
dynamics of motor clusters can no longer be seen.

Note that N does not vary in an individual simulation
because we assume the density of motors over the vesicle
and tubes to be uniform. The results reported here are for
tubes that range in total length from 5 um to 10 um. Longer
tubes show the same quantitative results as those of 10 um.
The distance of the nucleation point from the tip (X) ranges
from 2 um to 7 um. Fig. 4 a shows a kymograph from
a simulation where N = 100, L = 10 um, and X = 5 um.
Fig. 4 b shows the intensity profile tracing a growing cluster
(indicated by the dashed line in Fig. 4 a). As in the experi-
mental case (Fig. 2 b), motors begin to accumulate in a
cluster that grows toward the tip. The accumulation of
motors in the simulated case appears to be much more
rapid than in the experimental case; however, it should be
noted that the noise present in the experimental case is not
accounted for in the simulations. The kymograph, autocor-
relation curve, power spectrum, and tip autocorrelation
curve in Fig. 4, c—e, all show similar timescales of =20 s.

To determine whether the components and parameters
in our simple model and simulations are necessary and/or
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accurate, we probe motor cluster dynamics by removing the
nucleation point and/or cooperative binding and by search-
ing the parameter space of our simulations. In the absence of
a nucleation point, motor clustering requires a much higher
probability of cooperative binding and clusters do not arrive
at regular time intervals (detailed analysis in Fig. S3).
If cooperative binding is absent, both with and without a
nucleation point, clusters do not even form (see Fig. S4).
Even at high N, clusters do not form in the absence of coop-
erative binding. A reduced unbinding probability at the tip,
which depends on the total motor number and general
crowding effects, is also critical. When p,* = p,,, clustering
does occur over regular time intervals, but the population of
motors at the tip is not enough to continuously hold the
membrane tip in place even at N as high as 60, a value in
the middle of the expected range on a membrane tube.
If we lower the unbinding probability at the tip to account
for crowding effects alone, the linear relationship between
arrival and decay times disappears (details in Fig. S5).

In the simulations in which we assume both cooperative
binding and the presence of a nucleation point at X, we
recover the experimentally observed dependence between
arrival time and decay time for different values of N (see
Fig. 4). The resulting average cluster arrival time versus
the average decay time at the tip from simulations of
different membrane tubes with varying X are shown in
Fig. 5. We find that, for each value of N, an increase in X
results in an increase in both the average decay time at the
tip and the average cluster arrival time. The experimental
data points, indicated by triangles in Fig. 5, fall into the

=2 N L (um) X(um)— X(um)
- 25 5 2 * 4 ¥
£20 s 60 5 2e 4
by 100 10 2nm 50
§10 ._}f 120 10 4 @ 70
©
e & %’ experimental data a

o4 r r g

0 10 20 30

average arrival time (s)

FIGURE 5 Average arrival time versus decay time at the tip from simu-
lations. Scatterplot of simulated data for different motor number (&), length
(L), and X. The different symbols represent different values of N. For fixed
N, moving X to a position farther away from the tip (open symbols represent
a larger X) results in an increase in timescales. The experimental data points
(triangles) fall into the simulation regime. Error bars for the simulated data
points are calculated based on accuracy of the correlation-curve fit as well
as the variance between the different simulation values. The individual
experimental data points, however, are each from a single membrane tube
where the error only represents accuracy of the correlation-curve fit. The
error bars are larger in the simulations than in the experimental data because
each of the individual simulation points accounts for multiple simulations
under the exact same motor number, tube length, and nucleation point
conditions. The points with the largest error bars are from simulations
where the nucleation point is far behind the tip. A nucleation point that is
farther behind the tip takes longer for motors diffusing in the membrane
tube to pass by, making the absolute time at which a new motor cluster starts
to form more variable resulting in larger error bars.
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same regime as the simulations for different values of N.
Based on our simulation results, we suggest that motors in
experiments are indeed recycled to make additional walking
attempts to the membrane tube tip.

CONCLUSIONS

In conclusion, we have experimentally shown that motors in
stationary membrane tubes spontaneously create a recycling
pattern of motor clusters that grow as they move toward the
tip of the tube at regular time intervals. Using Monte Carlo
simulations, we have also shown that cooperative binding
can account for the formation of motor clusters. Assuming
a fixed point where the membrane tube meets the microtu-
bule to be a nucleation point for motor clusters, we find
a linear relationship between the average arrival time and
tip decay time.

SUPPORTING MATERIAL

Four figures and three movies are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(10)00842-8.
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