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SUMMARY

Cytoplasmic dynein is a motor protein that exerts
force on microtubules. To generate force for the
movement of large organelles, dynein needs to be
anchored, with the anchoring sites being typically
located at the cell cortex. However, the mechanism
by which dyneins target sites where they can
generate large collective forces is unknown. Here,
we directly observe single dyneins during meiotic
nuclear oscillations in fission yeast and identify the
steps of the dynein binding process: from the cyto-
plasm to the microtubule and from the microtubule
to cortical anchors. We observed that dyneins on
the microtubule move either in a diffusive or directed
manner, with the switch from diffusion to directed
movement occurring upon binding of dynein to
cortical anchors. This dual behavior of dynein on
the microtubule, together with the two steps of
binding, enables dyneins to self-organize into a
spatial pattern needed for them to generate large
collective forces.

INTRODUCTION

Cytoplasmic dynein is a motor protein that walks along microtu-
bules (MTs) and thereby moves organelles in the cell. Dynein
uses MTs either as tracks to transport vesicles, proteins, and
RNAs toward the cell center (Vallee et al., 2004) or as ropes to
pull on structures such as the mitotic spindle (Eshel et al.,
1993; Gonczy et al., 1999; Li et al., 1993; O’Connell and Wang,
2000; Skop and White, 1998), centrosome in interphase and
in vitro (Burakov et al., 2003; Laan et al., 2012; Palazzo et al.,
2001), and nucleus in meiotic prophase (Yamamoto et al.,
1999). To pull on intracellular structures, dynein exerts force
against anchor proteins fixed at the cell cortex (Burakov et al.,
2003; Heil-Chapdelaine et al., 2000; Nguyen-Ngoc et al., 2007;
Saito et al., 2006; Yamashita and Yamamoto, 2006) or against
friction force generated by organelles as they move along the
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MT through the viscous cytoplasm (Kimura and Kimura, 2011).
A central question is by which mechanism dyneins are targeted
to sites where they can exert force.

A prominent example of a system where dynein anchored at
the cortex drives large-scale movement by pulling on the MTs
is nuclear oscillations in the fission yeast Schizosaccharomyces
pombe (Yamamoto et al., 1999). The anchoring of dynein to the
cell cortex occurs via the cortical anchor protein Num1/Mcp5
(Heil-Chapdelaine et al., 2000; Saito et al., 2006; Yamashita
and Yamamoto, 2006). Nuclear oscillations occur during meiotic
prophase and promote chromosome pairing, recombination and
spore viability (Yamamoto et al., 1999). During the oscillations,
the nucleus follows the spindle pole body (SPB; a centrosome
equivalent in yeast), which moves back and forth from one cell
end to the other. MTs grow from the SPB, with their minus
ends at the SPB and plus ends pointing toward the cell periphery
(Yamamoto et al., 1999). The mechanism of the oscillations relies
on the asymmetric pattern of dyneins bound to a MT and the
cortex, with more dyneins on the MT leading the SPB than on
the MT trailing behind the SPB. This asymmetric pattern is a
consequence of preferential unbinding of dynein from the trailing
MT (Vogel et al., 2009). Hence, dyneins redistribute within the cell
during each half-period of the oscillations to create such pattern.
As they redistribute, dyneins need to find sites where they can
bind to a MT and to cortical anchors in order to generate large
collective forces.

Dynein binding from the MT to the cortical anchors has been
studied in budding yeast, where dynein, anchored at the cortex,
pulls on the MTs in order to move the mitotic spindle into the bud.
As in fission yeast (Vogel et al., 2009), dynein appears first on
astral MTs rather than on the cortex (Lee et al., 2003; Sheeman
et al., 2003). However, unlike in fission yeast, dynein in budding
yeast accumulates at the plus end of the growing MT in a Bik1/
CLIP-170- and Pac1/LIS1-dependent manner, as a result of
transport by the kinesin Kip2 or direct binding from the cyto-
plasm (Carvalho et al., 2004; Markus et al., 2009). When the
plus end brings dynein close to the cortical anchors, dynein
binds to the anchors in a process known as off-loading (Lee
et al., 2003). Together, these studies have identified the molecu-
lar interactions of dynein necessary for cortical anchoring in
budding yeast. However, the targeting mechanism of dynein to
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Figure 1. Single Dyneins Diffuse in the
Cytoplasm

(A) Scheme (left) and HILO image (middle,
Movie S1) of a fission yeast zygote expressing
dynein heavy chain tagged with three GFPs
(Dhc1-3GFP, strain SV56, Table S1). Dark gray
lines in all schemes mark the approximate posi-
tion of the microtubules in the imaged part of the
cell. The white line in the image marks the cell
outline. The movement of dyneins in the cyto-
plasm is visualized in consecutive maximum
intensity projections onto the y axis (to the right of
the image) and onto the x axis (below the image).
The magenta arrowhead marks the time point
of the HILO image. A trace of a dynein moving
through the cytoplasm, obtained using the
tracking software is shown in white (“DYN in
CYTO”).

(B) Intensity of dynein on the SPB (raw data
shown by black circles and smoothed inten-
sity obtained by the mean of every ten con-
secutive, nonoverlapping points, shown by the
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black line) and that of single dyneins in the
cytoplasm in the same cell (n = 19, shown in
* different colors) expressing Dhc1-GFP (strain
t FY15548, Table S1). The inset shows the
intensity of selected dyneins in the cytoplasm,
indicating that their signal is similar throughout
the movie.
(C) Traces of dyneins in the cytoplasm until a time
of 0.14 s (n = 15 dyneins shown in different colors,
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0.15 strain SV56, Table S1).

(D) Mean-squared displacement (MSD) of
dyneins in the cytoplasm as a function of time

lag (black, error bars represent SEM, n = 443 dynein traces lasting for at least 60 ms from 104 cells of strain SV56, Table S1). A weighted fit to the
equation MSD = 4D.At + offset (solid black line) yielded a diffusion coefficient D.; = 0.64 + 0.01 um? s~ (mean + SD).

See also Figure S1.

the cortical anchors at the single-molecule level is not known in
any cell type.

Here, we investigate in fission yeast the mechanism by which
dyneins target sites where they exert force. We set up the exper-
iments to observe the movement of dyneins at the single-
molecule level in vivo (Coelho et al., 2013). We were able to follow
single dyneins on the MT and in the cytoplasm. Surprisingly, we
were also able to directly visualize binding of dynein from the
cytoplasm to the MT and to quantify this process. Direct
single-molecule observations enabled us to discover a new pro-
perty of dynein: although upon binding to the MT dynein moves
in a diffusive manner, after binding to the cortical anchor it
switches to directed movement and thus exerts force on the MT.

RESULTS

Direct Observation of Single Dyneins Diffusing in the
Cytoplasm

We reasoned that if we could visualize the behavior of single
dyneins in the cell, this would be a direct way to investigate the
movement and kinetics of dynein. We first focused on dyneins
in the cytoplasm, which are bound neither to a MT nor to the
cortex. To this aim, we imaged fission yeast cells during meiotic
prophase, in which all dynein motors were fluorescently labeled

by tagging the dynein heavy chain with GFP (Vogel et al., 2009)
(Dhc1-GFP; Table S1 available online). To detect single dyneins,
we needed a high signal-to-background ratio, which we
achieved by using highly inclined and laminated optical sheet
microscopy (HILO) with a high laser power, on a total internal
reflection fluorescence (TIRF) microscopy setup (Tokunaga
et al., 2008) (Experimental Procedures). Whereas TIRF illumi-
nates up to 200 nm from the surface of the coverslip, HILO
allowed us to image deeper in the cytoplasm, up to a depth of
1.3 um (Figure S1A). Because cytoplasmic diffusion is a fast pro-
cess, we acquired images at the highest rate feasible in our
setup: 200 frames/s (Experimental Procedures). We observed
the appearance of bright particles at random times and locations
in the cytoplasm and their movement in arbitrary directions (Fig-
ures 1A, S1B, and S1C; Movie S1).

In order to test whether the cytoplasmic particles represent
single dynein motors, we quantified the signal intensity of the par-
ticles and of the dynein on the SPB, the brightest spot in the cell
(Comparison of Intensity of SPB and Single Dynein in HILO). Each
dynein motor is a dimer with two heavy chains, and thus carries
two GFP molecules. We refer to dynein dimers simply as dyneins.
The fluorescence of a visible dynein comes from either both
GFPs, which is common at the beginning of imaging, or from
only one GFP at later times, in case one GFP has been

Cell 153, 1526-1536, June 20, 2013 ©2013 Elsevier Inc. 1527



photobleached during the imaging. Therefore, if the cytoplasmic
particles represented a single dynein, we would expect the signal
of particles appearing at the beginning of a movie to be up to
twice the signal of those appearing later, regardless of the length
of the movie. On the contrary, the signal of spots that contain a
large number of GFPs decreases by order(s) of magnitude if the
imaging time is longer than the decay time. We indeed observed
that the signal of cytoplasmic particles decreased by <2-fold,
whereas the signal of the SPB decreased 10-fold during the
same time (Figure 1B). Consistently, we observed bleaching
steps of dynein spots on the MT, with a step size similar to the
intensity of a single GFP on dynein in the cytoplasm (Figure S1D).
Additional evidence for the cytoplasmic particles being single dy-
neins is shown in Figures S1E-S1G. Taken together, these data
indicate that we are observing single dyneins in the cytoplasm.

From movies of dynein diffusing in the cytoplasm, we esti-
mated the total number of dyneins in the cytoplasm. We
measured the number of dyneins in the illuminated part of the
cytoplasm at the beginning of the movie, when bleaching can
be neglected, to be 10 + 3 dyneins (mean + SD, n = 10 cells).
Based on the size of the cell in our HILO images and the known
geometry of the cell, we estimated that 1/3 + 1/5 of the cell
volume was illuminated (Figure S1A). Therefore, a typical cell
contains approximately ngy; = 30 + 20 (mean + SD) dyneins in
the cytoplasm, which corresponds to a concentration of ¢ =
0.3 £ 0.2 nM (mean = SD) for a cylindrical cell with a volume of
Veen = (2 pm)2 x © X 14 um =180 um®.

To measure the diffusion coefficient of dynein in the cyto-
plasm, we tracked 443 dyneins from 104 cells (Figures 1A and
1GC; tracking software is described in Experimental Procedures).
In order to improve the signal-to-background ratio, we used a
strain where the dynein heavy chain was tagged with three
GFPs (Dhc1-3GFP) (Vogel et al., 2009), unless stated otherwise.
As expected for diffusing particles, the mean-squared displace-
ment of single dyneins scaled linearly with time, with a diffusion
coefficient of 0.64 £ 0.01 um? s~ (mean + SD, n = 443, Figure 1D;
Tracking of Dyneins in the Cytoplasm). Similar results were
obtained from cells expressing Dhc1-GFP (Figure S1H). An inde-
pendent experiment using fluorescence recovery after photo-
bleaching (FRAP) on cells overexpressing Dhc1-GFP (Spinning
Disc Microscopy) yielded a diffusion coefficient of 0.6 =
0.2 um? s~ (mean + SD, n = 10 cells, Figure S1l). Similar diffusion
coefficients obtained by these two different techniques suggest
that the technique based on tracking single dyneins is reliable.

The diffusion of dynein is approximately ten times slower
than the diffusion of GFP in the cytoplasm of S. pombe (Kalinina
et al., 2013) and of Escherichia coli (Elowitz et al., 1999; English
et al., 2011). Because dynein is approximately ten times larger in
length than GFP (Johnson and Wall, 1983; Yang et al., 1996), the
relationship between the diffusion and size of dynein and GFP is
in agreement with the Einstein-Stokes equation, where the
diffusion of a spherical particle in liquid scales inversely with
the radius of the particle. With the diffusion coefficient measured
here, dyneins require 2.5 min to spread from one end of a 14 um
long fission yeast zygote to the other. The period of nuclear
oscillations is ~10 min (Chikashige et al., 1994), thus giving
dynein sufficient time for redistribution by diffusion during
a single period of oscillations.
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Single Dyneins from the Cytoplasm Bind to and Unbind
from the Microtubule

Diffusion in the cytoplasm redistributes dynein throughout the
cell, but to exert force on the MT dynein needs to be bound to
the MT and to the cortex. Based on our previous observation
that dynein unbinds from the cortex, but remains on the MT
when the link between the MT and the cortex breaks (Vogel
et al., 2009), we hypothesize that the binding of dynein occurs
in two steps: (1) from the cytoplasm to the MT and (2) from the
MT to the cortex.

If we could visualize binding events of single dyneins, such as
binding from the cytoplasm to a MT and from the MT to the
cortex, these experiments would directly uncover the binding
process of dynein. MTs in these cells are organized in two to
three bundles, each consisting of one to ten MTs (Vogel et al.,
2009). MTs in a bundle move neither with respect to the SPB
nor with respect to one another (Yamamoto et al., 2001), thus
we refer to MT bundles simply as MTs. We identified MTs by
drawing a line through the stationary signal of dynein (Figure 2A)
because MTs are decorated with dyneins (Vogel et al., 2009).
Indeed, cells with mCherry-tagged MTs and GFP-tagged dynein
showed dynein spots along the MTs (Figure S2A). In our HILO
experiments, we observed events when the pronounced move-
ment of a dynein stopped abruptly (Figure 2A; Movie S2). In all
the observed events, dynein movement stopped at a location
that corresponded to the MT (n = 27/27 events from 104 movies,
Figure S2B; Estimation of Binding Events). These data show that
dynein from the cytoplasm typically binds to a MT, as opposed to
binding to cortical regions devoid of MTs. We also observed
reverse events (n = 6) where dynein was first stationary and
then started diffusing (Figures 2B and S2C; Movie S3). Thus
we conclude that dynein in the cytoplasm can bind to and unbind
from the MT.

From the observed binding events, we calculate the binding
rate of dynein to the MT as the ratio of the number of binding
events to the total duration of traces of all dyneins visible in the
cytoplasm (Figure S2D), kon = (27 + v/27)/1,440 s~1 = 0.019 =
0.004 s~' (mean + SD). The calculated binding rate implies that
a dynein motor typically spends 1/k,, = 53 s in the cytoplasm
before binding to a MT.

Dyneins Diffuse along the Microtubule upon Binding
from the Cytoplasm

We have observed single dynein motors from the cytoplasm
binding to the MT. These measurements, however, do not
show whether these dyneins are also bound to the cortex, which
is necessary for them to pull on the MT. We now consider
dyneins on the leading MT because these are the ones that exert
the pulling forces that drive nuclear movement. The leading MT is
decorated with dyneins (Figure 3A) and in this crowded environ-
ment, tracking of single dyneins is unreliable. Therefore, we first
photobleached the GFPs on dyneins in the whole field of view by
taking a HILO movie as before, so that at the end of the movie,
the GFPs in the plane illuminated by HILO were bleached,
whereas those in the nonilluminated part of the cell remained
unbleached (Figure 3B; Experimental Procedures). Subse-
quently, we took a second movie with the image acquisition
rate reduced to 1 frame/s (Figure 3C) in order to observe dyneins
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Figure 2. A Dynein from the Cytoplasm Binds to and Unbinds from the MT

(A) Binding event. Animage from the beginning of the movie, from which the position of the MT is inferred and the corresponding scheme (below). The cell at a later
time when the dynein molecule of interest appears (second from the left, Movie S2); the white line marks the cell outline. The enlarged view of the area inside the
magenta rectangle with the dynein of interest (third image from the left) and consecutive maximum intensity projections onto the y axis (to the right of the image)
and onto the x axis (below the image). The projections show the dynein moving through the cytoplasm (“DYN in CYTO”) and later binding to the MT (green
arrowheads, “DYN on MT”). The trace of the dynein obtained using the tracking software is shown in white. The magenta arrowheads mark the time point of the
HILO image with the dynein of interest.

(B) Unbinding event. Image of the cell (left) and the corresponding scheme (below) at t = 0, when the dynein of interest (magenta arrowhead) is bound to the MT.
The white line marks the cell outline. The panel on the right is a time-lapse sequence of the area marked by the magenta rectangle and shows the unbinding of the
dynein (magenta arrowheads, Movie S3) from the MT into the cytoplasm. In (A) and (B), cells expressing Dhc1-3GFP (strain SV56, Table S1) were imaged using

HILO microscopy.
See also Figure S2.

on a timescale relevant for SPB movement (tens of seconds) and
before their signal disappeared due to bleaching (bleaching time
~150 s, see Figure 1B). In this movie, we were able to observe
abrupt appearance of dynein on the MT, which we interpret as
binding of a single dynein from the cytoplasm to the MT (Fig-
ure 3C; Movie S4; an example with labeled MTs is shown in Fig-
ure S3A). These dyneins moved with respect to the cell cortex,
suggesting they were not bound to the cortex but only to the
MT (Figure 3C). We confirmed that these events represent single
dyneins by comparing their signal intensity with that of single
dyneins in the cytoplasm (Figure S3B). Thus, we use abrupt
appearance of signal on the MT as a criterion for identification
of dynein binding to the MT from the cytoplasm.

We asked whether dyneins on the MT move in a directed
manner and if so, toward which end of the MT. We observed
that the traces representing single dyneins riding on the MT
were roughly parallel to the trace of the SPB (Figure 3C). This
observation indicates that dyneins did not move in a directed
manner along the MT toward either MT end. This conclusion
was based on the fact that the MT lattice moves together with
the SPB, because minus ends of all MTs are at the SPB and
do not exhibit dynamics (Yamamoto et al., 2001). To test whether
this behavior is typical for dynein that is not bound to the cortex,
we deleted the cortical anchor Mcp5/Num1. In the absence of
cortical anchors (mcp5/num1A), the SPB oscillations vanished,
whereas the traces of dyneins on the MT remained roughly

parallel to the trace of the SPB (Figure 3D). Thus, dyneins that
are bound only to the MT do not move in a directed manner.

To quantify the movement of single dyneins along the MT, we
tracked all dyneins that bound to and remained on the MT for
more than 10 s in wild-type and in a mcp5/num1A strain. Dynein
positions were measured relative to the SPB. A linear relation-
ship between mean squared displacement and time showed
that dynein movement with respect to the MT was diffusive in
both cases. The diffusion coefficient of dynein in wild-type was
similar to that in mcp5/num1A, 0.0041 + 0.0007 um? s~ and
0.0050 + 0.0003 um? s~', respectively (mean + SD, n = 49 in
wild-type and 39 in mcp5/num1A; Figure 3E). When compared
to the movement of dynein in the direction parallel to the MT,
the movement perpendicular to the MT was negligible (Fig-
ure S3C). We conclude that diffusion along the MT is the default
behavior of dynein bound only to the MT.

The signal of the dyneins on the MT disappeared abruptly
(Figure 3C), which could have been due to dynein unbinding
from the MT or photobleaching. We calculate ks as the ratio of
the number of dynein disappearances to the total signal
duration of all dyneins that bound to the leading MT and lasted
for at least 3 s, kot = (74 = V/74)/840 s~ = 0.09 =+ 0.01 s~
(mean + SD). This rate was 10 times larger than the rate of photo-
bleaching, where the latter was inferred from the decay of the
dynein-3GFP signal on the SPB (0.007/frame at 135 frames/s,
n = 10 cells). Therefore, as photobleaching can be neglected,
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Figure 3. Dyneins Diffuse along the MT
upon Binding from the Cytoplasm

(A) Scheme of the cell (left) and a HILO image of the
green channel showing dynein at t = 0 (right) in a
cell expressing Dhc1-GFP and Mcp5/Num1-
tdTomato (strain SV93, Table S1; Construction of
Strains, Plasmid Transformation, Meiosis Induc-
tion and Preparation of Cells for Imaging). The
white line marks the cell outline.

(B) Dynein was first bleached by taking a movie at
40 frames/s. Consecutive maximum intensity
projections onto the y axis are shown.

(C) Green channel showing dynein after the frame
rate was reduced to 1 frame/s (Movie S4). The
movement of dyneins on the MT is visualized in
consecutive maximum intensity projections onto
the y axis (to the right of the image). The traces of
dyneins that appeared on the MT and the trace of
the SPB are shown below. The arrowheads mark
an example of dynein signal appearing (magenta)
on the MT and disappearing (green). In this movie,
there were 1.9 + 1.8 (mean + SD) visible dyneins
diffusing along the MT at any given time after the
bleaching shown in (B).

(D) Dynein diffuses on the MT in a mcp5/num14
strain. Scheme (left) and image (center, obtained
using HILO microscopy) of a cell in which dyneins
are labeled with 3GFP and the anchors have been
deleted (mcp5/num1A, Dhc1-3GFP, strain JT932,
see Table S1). On the top right is the maximum
intensity projection onto the y axis of the cell along
time. On the bottom right are the traces obtained
upon tracking all the dyneins that appeared on the
MT. The dynein traces here are also roughly par-
allel to that of the SPB, similar to the wild-type
dynein traces.

(E) Mean-squared displacement (MSD) of dyneins
with respect to the MT as a function of time lag
(error bars represent SEM, n = 49 dynein traces
lasting for at least 9 s from 20 cells from strain
SV81). Dynein positions were measured relative to
the SPB. A weighted fit to the equation MSD =
2DuyrAt + offset (gray line) yielded a diffusion

coefficient Dy = 0.0041 + 0.0007 um? s~ (mean = SD). For the mcp5/num1A strain, a weighted fit to the equation MSD = 2Dy At + offset (black line) yielded
a diffusion coefficient Dyt = 0.0050 + 0.0003 um? s~'. Grey denotes the area where the data corresponding to subpixel movement of dynein would be found.

See also Figure S3.

kot reflects the rate of dynein unbinding from the MT, implying
that dynein typically stays on the MT for 7 = 1/kos = 11 £ 1 s
(mean + SD).

Dyneins on the Microtubule Are Activated as Minus-
End-Directed Motors upon Binding to Cortical Anchors
To generate force on the MT, dynein needs to be bound to the
MT and to the cortical anchor Mcp5/Num1 (Saito et al., 2006;
Yamashita and Yamamoto, 2006). We have shown that dynein
from the cytoplasm binds to the MT (Figure 2A), but not simulta-
neously to the cortex (Figure 3C). Does this dynein subsequently
bind to the cortex? In our HILO experiments, we identified
cortically anchored dyneins as spots that did not move with
respect to the cell cortex. These stationary dyneins colocalized
with Mcp5/Num1 (Saito et al., 2006) in a strain expressing
Dhc1-GFP and Mcp5/Num1-tdTomato (Figure S4A), suggesting
that they were indeed anchored at the cortex.

1530 Cell 153, 1526-1536, June 20, 2013 ©2013 Elsevier Inc.

The signal of spots of anchored dyneins typically increased in
time (Vogel et al., 2009) (Figure 4A), corresponding to anincrease
in the number of anchored dyneins at the same site. A few sec-
onds before the increase, we typically observed binding of a new
dynein to the MT in the neighborhood of the anchored dyneins
(Figure 4A; Movie S5; see also four other such events in Fig-
ure S4B). The subsequent increase in the signal of anchored
dyneins was accompanied by a decrease in the signal in the
neighborhood (17 out of 20 events in six cells, Figures 4A and
S4C). We interpret this change in the dynein signal along the
MT from a broad profile into a peaked one as anchoring of a
new dynein from the MT to the cortex. These data imply that cells
would have fewer anchored dyneins if MTs were absent. Indeed,
we observed that by depolymerizing MTs using a MT inhibitor
MBC (MBC Experiments), we abolished the localization of
dynein to the cortical anchors (Figure S4D). We conclude that
dyneins target cortical anchors primarily by binding first from
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g (A) Scheme (left) and image (middle, obtained using

g HILO microscopy) of a cell expressing Dhc1-3GFP
T 2 and mCherry-o2-tubulin (strain SV81, Table S1).

é 100 Time-lapse sequence of images (right) showing the

areamarked by the magentarectangle. Theimages
and the schemes below show anchored dynein
(“DYN on anchor”), dynein moving along the MT
(“DYN on MT?”), and dynein on the SPB. The color
scale indicates the intensity per pixel, with black
denoting 100 a.u./pixel and white denoting 4,500
a.u./pixel. The dynein that moved along the MT
stopped moving at the location of the anchored
dynein (magenta arrowhead, Movie S5). Con-
sequently, the intensity of anchored dynein (“DYN
on anchor”) moves up on the color scale.

(B) Scheme (left) and image of a cell (middle,
obtained using HILO microscopy) of a cell
expressing Dhc1-3GFP and the anchor Mcp5/
Num1 with its PH-domain deleted (mcp5/num1-
PH4, strain JT932 transformed with plasmid
p3CH1-num1PHA, Table S1). Maximum intensity
projections onto the y axis (right, top) and the
corresponding traces of dynein that appeared
on the MT (right, bottom). In contrast to Fig-
ure 3C, dyneins exhibiting directed movement
toward the SPB can be seen (Movie S6). Note
that the SPB does not move as much as in
wild-type.

(C) Mean-squared displacement (MSD) of dyneins
with respect to the MT as a function of time lag in

the mcp5/num1-PHA strain (magenta, error bars represent SEM, n = 52 dynein traces lasting for at least 20 s from 14 cells from strain JT932 transformed with
plasmid p3CH1-numPHA). Dynein positions were measured relative to the SPB. For the mcp5/num1-PHA strain, a fit to the equation MSD = V?At? + 2DyrAt +

offset (magenta line) yielded a velocity v = 2.8 + 1.0 pm/min and diffusion coefficient Dyt = 0.006 + 0.008 pm

2 s, The obtained velocity is most likely smaller

than the velocity of the processive movement of dynein, because the data include all dyneins on the MT and thus also those that were not bound to the truncated
anchor Mcp5/num1-PHA. The black and gray lines show the MSD fit for mcp5/num1A and wild-type, respectively, from Figure 3E for comparison. We are
showing a quadratic fit for the mcp5/num1-PHA strain because the quadratic formula fits better the data (** = 0.99 and 0.95 for the quadratic and linear fit,

respectively).
See also Figure S4.

the cytoplasm to the MT and then to the anchors, as opposed to
binding from the cytoplasm directly to the anchors.

We next asked whether dynein switches from diffusive to
directed motion toward the minus end of the MT upon anchoring
to the cell cortex. We refer to this switch as activation of dynein.
The anchored dyneins were stationary with respect to the cell
cortex, whereas the SPB and thus the minus end of the MT
(Yamamoto et al., 2001) moved toward these dyneins (Figure 4A).
Because the anchored dyneins remained in the close proximity
to the MT, we conclude that these dyneins moved in a directed
manner along the MT toward the minus end, contrary to the non-
anchored dyneins on the MT, which moved in a diffusive manner.

Is binding of dynein to the cortical anchor sufficient for dynein
activation? If this were the case, then a cell with truncated
anchors, which can bind to dynein but not to the cortex, would
show dyneins moving in a directed manner along the MT toward
the minus end, instead of diffusing along the MT as in wild-type.
To test this hypothesis, we abolished the ability of the anchor to
bind to the cell cortex by deleting the anchor’s pleckstrin-homol-
ogy (PH) domain (Saito et al., 2006; Yamashita and Yamamoto,
2006) (mcp5/num1-PHA4, see Experimental Procedures and

Table S1). First, we expressed Mcp5/num1-PHA in a strain
where Mcp5/Num1 was deleted and dynein heavy chain was
tagged with 3GFP. In this strain, we observed dyneins that
move in a directed fashion toward the minus end of the MT, in
addition to the diffusing dyneins on the MT (Figure 4B; Movie
S6; see also Figure S4E for more examples). This behavior is in
contrast to that of nonanchored dyneins in wild-type and in a
mcp5/num1A strain, where dyneins on the MT are only diffusive
(Figures 3C and 3D), showing that dynein becomes active as a
minus-end-directed motor in the presence of Mcp5/num1-
PHA. Second, we expressed Mcp5/num1-PHA-GFP from a
plasmid in a strain where dynein heavy chain was tagged with
tdTomato. In contrast to wild-type, this strain showed a strong
signal of Mcp5/num1-PHA-GFP on the SPB, which suggests
an interaction between Mcp5/num1-PHA and dynein on the
SPB (Figure S4F). Note that the SPB oscillations were similar
to those in wild-type because of the presence of native Mcp5/
Num1 in this strain. Similar to the first case, we observed dyneins
that move in a directed manner toward the minus end of the MT
(Figure S4G). These results suggest that binding of dynein to the
cortical anchor activates dynein as a minus end-directed motor.
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Table 1. Measured Parameters Related to Dynein Redistribution within the Cell

Parameter Description Value

Doyt diffusion coefficient of dynein in the cytoplasm 0.64 + 0.01 pm? s’

Kon binding rate of dynein to MT (direct observation, estimated by the model) 0.019 + 0.004 s, 0.07 + 0.05s~"
Kot unbinding rate of dynein from the MT 0.09 + 0.01 s

T dwell time of dynein on the MT, 7 = 1/kos 1M1+1s

Dmr diffusion coefficient of dynein along the MT 0.0041 + 0.0007 ym? s~
ka binding rate of dynein from the MT to cortical anchors (estimated by the model) 0.1s”"

ku unbinding rate of dynein from cortical anchors to MT (depends on the load) variable

Neyt number of dyneins in the cytoplasm 30 +20

Nsps number of dyneins on the SPB 152 + 139

nwvr number of dyneins on the MT 1.6 + 0.4 pm™"

N, number of dyneins on an anchor 28+8

c dynein concentration in the cytoplasm, ¢ = ney/Veen 0.3 +0.2nM

We next quantified the movement of dyneins in the strain
expressing Mcp5/num1-PHA and Dhc1-3GFP described
above. Mean-squared displacement of dyneins on the MT
showed a parabolic dependence on time, revealing that these
dyneins perform directed movement (Figure 4C). This move-
ment is in contrast to the movement of dyneins in the mcp5/
num1A strain and of nonanchored dyneins in wild-type, which
move in a diffusive manner (Figures 3E and 4C). MT dynamics
in the mep5/num1-PHA and mcp5/num1A strains were similar
(Figure S4H; Table S2) and thus cannot account for the differ-
ence in dynein behavior in the two strains. In the mcp5/num1-
PHA strain, we used kymographs to estimate a velocity of
8.3 £+ 0.8 um/min of those dyneins that exhibited directed
movement (n = 52 traces; Figures S4E and S4l). This velocity
is similar to the velocity of budding yeast dynein heavy chain
in vitro (Reck-Peterson et al., 2006). We estimated that 25%
of the dyneins on the MT moved in a directed manner
(29 out of 122; the estimation we used is described in Fig-
ure S4l). Taken together, these results show that dyneins
bound only to the MT are inactive, becoming activated upon
binding to the anchor.

Parameters of Dynein Dynamics Relevant for SPB
Oscillations

To complete the picture, we performed the total count of dyneins
at different locations in the cell. We measured roughly 100
dyneins on the SPB, which may include dyneins bound to short
MTs, with a length below the resolution of the microscope, in the
vicinity of the SPB (Figure S1E). The brightest spot of dyneins
bound to the MT and anchored at the cortex contains roughly
30 dyneins (Figure S5A), which is comparable to the number of
anchored dyneins in budding yeast (Markus et al., 2009).
Typically two to three spots of similar or smaller intensity are
formed during a half-period of nuclear oscillations. We estimated
~23 dyneins diffusing along a 14 um-long MT at any given time
(hyr=16+04 um~', mean + SD, n = 15 cells; Estimation of
Number of Dyneins Diffusing along the MT) and, as mentioned
above, we measured ng,; = 30 dyneins in the cytoplasm. Thus,
there are ~200 dynein molecules in a fission yeast cell during
meiotic prophase.
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The measured number of dyneins in the cytoplasm and on the
MT, and the binding and unbinding rates of the two-step binding
process are mutually dependent. We now re-evaluate the
binding rate of dynein from the cytoplasm to the MT, ko, by using
other measured parameters. We consider the trailing MT, where
the density of dyneins bound only to the MT is a result of binding
of dynein from the cytoplasm to the MT and the reverse process.
This situation corresponds to a steady state solution of the
two-step model from Vogel et al. (2009), which is described in
The Model (Equations 3 and 4), giving

K L
Ko =W: 007+0.05s".
oyt

This rate is larger than k,, = 0.019 + 0.004 s™', which was
measured directly. The rate obtained by direct observations
was most likely underestimated because binding events, which
were identified as the moment when the movement of a dynein
in the cytoplasm stops (Figure 2A), were hard to observe in the
beginning of the movie when the MT was decorated with
numerous unbleached dyneins (Figure S2B).

Finally, we estimate the effective binding rate of dynein from
the MT to the cortical anchors, k,, which represents the rate of
binding of dynein from the MT to an arbitrary position along the
cortex. Note that in this calculation we assume a homogeneous
distribution of anchor proteins, as in Vogel et al. (2009), rather
than an inhomogeneous distribution, which is observed experi-
mentally (Figure S4A). To estimate this rate, we compare the
measured number of dyneins on the leading MT with the corre-
sponding numbers of dyneins obtained by the model (Figures
S5B-S5K). We find that for k, = 0.1 s~7, by using the values of
kons Koff @and ¢ measured here, the number of dyneins obtained
by the model is comparable to the values measured in our exper-
iments. For these parameters, the pattern of oscillations is
consistent with the experimentally observed oscillations (Vogel
et al., 2009). Thus, our new measurements provide support for
our previous model of nuclear oscillations.

The parameters relevant for nuclear oscillations are sum-
marized in Table 1. Taken together, our data show that the
two-step binding process, from the cytoplasm via the MT to
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Scheme of the cell (first from left) and an enlarged
(+) region where a MT is close to the cell cortex (area
,’ marked by the black rectangle). The subsequent
panels illustrate the key steps in the binding and
unbinding of dynein. Dynein (green) diffuses in the
cytoplasm, binds to and unbinds from the MT
(magenta; first panel). Once on the MT, dynein
performs one-dimensional diffusion along the MT

the anchors, allows dyneins to target sites where they can exert
forces responsible for large-scale nuclear movements (Figure 5).

DISCUSSION

Direct Observation of Single Dyneins as They Move
through the Cell

Observation of single dyneins diffusing in the cytoplasm and
along the MT allowed us to identify key steps of the redistribution
of dynein within the cell, binding from the cytoplasm to the MT
and from the MT to the cortical anchors, as well as the reverse
steps. Importantly, it allowed us to quantify the motion of dynein
in the cytoplasm and along the MT, as well as the kinetics of this
reaction-diffusion process. These measurements were possible
because of a high signal-to-background ratio and a high speed of
imaging. It would be interesting, for example, to use this
approach on kinesin-1 in mammalian cells or dynein in Ustilago,
as single motors have already been observed as they move along
MTs in those systems (Cai et al., 2007; Schuster et al., 2011).

How Motors Find Sites Where They Can Exert Force:
Two-Step Binding Process of Dynein

To exert forces, motor proteins bind with their head domain to a
cytoskeletal filament and with their tail domain to another object,
such as cell cortex, a vesicle, or a tail domain of another motor.
A general question is how motors search for sites in the cell
where both these domains can bind to their respective binding
partners.

Here, we have shown that dynein during meiotic prophase in
fission yeast binds in two steps, first from the cytoplasm to the
MT and then also to the cortical anchor (Figure 5). Similar to
the second step observed here, MTs deliver dynein to the cortex
in budding yeast (Lee et al., 2003; Sheeman et al., 2003). Future
studies will reveal the first step, namely, how dynein binds to the
MT in that system.

What is the advantage of dynein binding to the MT first, as
opposed to a hypothetical scenario where it binds to the anchor
first? If dyneins bound to the anchors first, they would have to
wait for a MT to reach them, because anchors are stationary.
However, this would be an inefficient strategy because the MT
does not explore the cortex by moving laterally and thus is in
the vicinity of only a small number of anchors. This would leave
dyneins bound to all the other anchors unable to bind to the

(second panel). When dynein gets close to a cortical
anchor, it binds to the anchor (third panel; please
note that this interaction is most likely indirect). Upon
binding to the anchor, dynein starts to walk toward
the minus end of the MT, thereby pulling on the MT.
See also Figure S5.

MT. On the contrary, when dyneins bind to the MT first, they
move with respect to the cell cortex by the gliding of the MT
and by their movement along the MT. Thus they explore the cor-
tex and eventually find an anchor.

Dual Behavior of Dynein on the Microtubule: A Switch
from Diffusion to Directed Movement

We found that dynein either diffuses along the MT or moves in a
directed manner toward the minus end of the MT. The switch
from diffusion to directed movement occurs upon binding of
dynein to a cortical anchor (Figure 5). This dual behavior of
dynein is surprising, because dynein is regarded as a minus
end-directed motor (Paschal and Vallee, 1987; Reck-Peterson
et al., 2006).

What is the mechanism underlying the switch between
directed and diffusive motion of dynein? A possible scenario is
inhibition of the motor activity by the interaction between the
head and the tail domain of the motor protein, as found in vitro
for kinesin-1 (Coy et al., 1999; Friedman and Vale, 1999;
Hackney et al., 1992), kinesin-2 KIF17 (Hammond et al., 2010),
kinesin-3 KIF1A (Hammond et al., 2009), and myosin V (Kre-
mentsov et al., 2004; Li et al., 2004; Wang et al., 2004). For
kinesin-1, this inhibition was inferred from the observed
decrease in the motor velocity and frequent pausing (Friedman
and Vale, 1999). It was suggested that in cells, the motor activity
is regulated by binding of cargo to the tail domain, which disables
the interaction between the head and tail domain, thereby allow-
ing the motor to perform its function of transport inside the cell
(Coy et al., 1999; Friedman and Vale, 1999; Hackney et al., 1992).

A similar regulation of activity may also be a property of dynein.
Single dyneins have been shown to move processively toward
the minus end of the MT in vitro (Mallik et al., 2004; Reck-
Peterson et al., 2006; Toba et al., 2006), although bidirectional
and diffusive motion has also been observed (Ross et al.,
2006; Trokter et al., 2012). In budding yeast, it has been shown
that dynein is active, moving processively toward the minus
end of the MT, or inactive. The activation occurs upon binding
of dynein to the cortical anchor (Lee et al., 2003; Sheeman
et al., 2003). In addition, it has been suggested that the tail
domain is masked by the head domain, whereas unmasking
occurs upon targeting of dynein to the MT plus end, based on
the observation that dynein mutants with a peptide inserted
between the anchor-binding tail and the MT-binding head
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domain exhibit enhanced binding to cortical anchors (Markus
and Lee, 2011; Markus et al., 2009). In fission yeast, however,
dynein binds the cortex from the lateral side of the MT, rather
than specifically from the plus end (Vogel et al., 2009). Moreover,
we have shown here that the fission yeast dynein switches from
diffusion to directed motion, which has not been observed in
budding yeast. Further studies will identify the accessory pro-
teins relevant for the different modes of dynein motion and the
switch from one mode to the other in different organisms.

What could the benefit of the dual behavior of dynein be? We
speculate that if dynein did not show dual behavior, but instead
always moved in a directed manner toward the minus end of
the MT, this property of dynein would result in a less efficient
mechanism to generate nuclear oscillations. In this case, all
dyneins bound to the MT, irrespective of whether they are also
bound to the cortex or not, would move with similar velocities
(Vogel et al., 2009). Therefore, all the dyneins bound to the MT
would be stationary with respect to the cell cortex. Conse-
quently, dyneins that are bound only to the MT would not be
able to explore the cortex in search for anchors. On the contrary,
dual behavior of dynein may allow it to explore the cortex, by
being passively transported by the sliding movement of the MT
and by diffusing along the MT.

Several other motor proteins and other MT-associated pro-
teins have been observed to diffuse along MTs (Cooper and
Wordeman, 2009). The diffusion coefficient of dynein measured
in this work was one to two orders of magnitude lower than that
of MCAK, myosin Va, Asel, XMAP215, Dam1, and Ndc80
measured on MTs in vitro (Ali et al., 2007; Brouhard et al.,
2008; Gestaut et al., 2008; Helenius et al., 2006; Kapitein et al.,
2008; Powers et al., 2009). Further work will reveal whether this
difference results from different conditions in vivo and in vitro,
or from different mechanisms of diffusion between various
motors and other MT-associated proteins.

In conclusion, observation of single dyneins in the cytoplasm
and on the MT enabled us to reveal the mechanism by which
dyneins target sites where they can bind to a MT and to cortical
anchors. We have shown that dynein binds in two steps, the first
step being binding from the cytoplasm to the MT. Once on the
MT, dynein performs one-dimensional diffusion along the MT,
but switches to directed motion upon binding to a cortical
anchor. These properties of dynein, unveiled by direct obser-
vation of single molecules in vivo, constitute the mechanism by
which dyneins find cortical anchors in order to generate large-
scale movements in the cell.

EXPERIMENTAL PROCEDURES

Strains and Media

Fission yeast strains used in this study are listed in Table S1. Cells were grown
on yeast extract (YE) or Edinburgh minimal medium (EMM) (Forsburg and
Rhind, 2006) with appropriate supplements at 25 + 0.5°C in a Heraeus
incubator (Thermo Scientific). For inducing meiosis, cells were spotted on
malt extract agar (MEA) plates.

Construction of Strains, Plasmid Transformation, Meiosis Induction,
and Preparation of Cells for Imaging

Construction of strains SV93 and SV108 (Table S1), transformation of strains
JT392 and FY16826 (Table S1) using lithium acetate and the general protocols
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used for induction of meiosis and preparation of cells for imaging are
described in Extended Experimental Procedures.

Highly Inclined and Laminated Optical Sheet Microscopy

An inverted stand, manual XY stage Olympus IX71 microscope (Olympus)
with custom-built TIRF condenser and manual TIRF angle adjustment was
employed. Imaging was performed using an Olympus UApo 150x 1.45 Oil
TIRFM inf/0.13-0.21 corr (Olympus) objective with diode-pumped solid state
491 nm laser for GFP excitation and 560 nm laser for mCherry/tdTomato
excitation (75 mW; Cobolt). Laser intensity was controlled using the
acousto-optic tunable filter in the Andor Revolution laser combiner (ALC;
Andor Technology). The wavelength filters used were the BL HC 525/30 for
GFP emission and the BL HC 607/36 for mCherry/tdTomato emission
(Semrock). The microscope was equipped with an Andor iXon EM+ DU-897
BV back illuminated EMCCD (Andor Technology) with pixel size of EMCCD
chip being 16 uym and image pixel size being 0.106 um with the 150 objec-
tive. The system was controlled using the Andor iQ software version 1.9.1
(Andor Technology).

Forimaging dynein in the cytoplasm (Figures 1 and 2; Movie S7), the imaging
conditions used were: excitation with 80% power (18 mW) of 491 nm laser,
exposure time of 5-9 ms, with 2,000 continuous repetitions. For imaging
dynein on the MT (Figures 3 and 4), the zygotes were first subjected to 80%
power (18 mW) of 491 nm laser, exposure time of 8 ms, with 800 continuous
repetitions. This procedure partially bleached the dyneins on the MT. Sub-
sequently, the zygotes were imaged sequentially with 80% power (18 mW)
of 491 nm laser and 20% power (4 mW) of 560 nm laser, exposure time of
8 ms each, with an interval of 1 s between each sequential set, repeated
500 times. An exception was Figure 3C, where repeated imaging with the
560 nm laser was replaced by a single image taken with that laser.

Image and Data Analysis

To track dyneins, we used a maximum likelihood method to automatically
extract the positions of dyneins from the acquired movies. Methods of this
kind (Abraham et al., 2009) have been shown to achieve a higher precision
compared to the more widely used least-squares fit approaches. We assumed
the intensity of each pixel in an image to follow a Poisson distribution. The
mean value of each pixel is modeled as a sum of a Gaussian function of its
position and a constant value, representing a dynein and the background,
respectively. We used an Expectation Maximization algorithm to estimate
the following parameters: position, SD, intensity of dynein, as well as the
mean background intensity. The details of this method will be published
elsewhere. Mean squared displacement analysis was performed using custom
functions written in Matlab (MathWorks). All plots were created using Matlab.
Further details on how the tracks were analyzed can be found in the Extended
Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures five
figures, two tables, and seven movies and can be found with this article online
at http://dx.doi.org/10.1016/j.cell.2013.05.020.
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