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Overlapping hand-over-hand mechanism of single
molecular motility of cytoplasmic dynein
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Structural differences between dynein and kinesin suggest a
unique molecular mechanism of dynein motility. Measuring the
mechanical properties of a single molecule of dynein is crucial for
revealing the mechanisms underlying its movement. We measured
the step size and force produced by single molecules of active
cytoplasmic dynein by using an optical trap and fluorescence
imaging with a high temporal resolution. The velocity of dynein
movement, 800 nm/s, is consistent with that reported in cells. The
maximum force of 7-8 pN was independent of the ATP concen-
tration and similar to that of kinesin. Dynein exhibited forward and
occasional backwards steps of ~8 nm, independent of load. It is
suggested that the large dynein heads take 16-nm steps by using
an overlapping hand-over-hand mechanism.

microtubules | motor protein | optical tweezers | step size |
nanotechnology

D ynein is a molecular motor that moves along microtubules
to the direction of the minus end. Cytoplasmic dynein
transports cellular organelles toward the minus end of microtu-
bules, whereas most kinesin molecules transport organelles
toward the plus end (1-3). Hirakawa et al. (4) have reported that
purified axonemal dynein produced maximum forces of 5 pN,
and they also showed stepwise displacements of 8§ nm. In
contrast, another study (5) has demonstrated that single mole-
cules of purified cytoplasmic dynein move with short steps (8 nm)
at high loads (>0.8 pN) and long steps (16-32 nm) at low forces
(<0.4 pN), and from these findings a molecular gear mechanism
was proposed. The values for maximum force and the size of the
steps differ between those two reports. Moreover, the very low
velocity (<50 nm/s) of movement of the purified cytoplasmic
dynein (5) is in direct contrast to the high velocity (=1 um/s) of
dynein movement in a cell and in an in vitro motility assay (6-8).
These discrepancies possibly result from inactive dynein mole-
cules being included with the purified native dynein in the
analysis.

In this study a method of coating the beads with dynein was
developed to keep dynein active and allow the force and step size
produced by single molecules of dynein to be measured. The step
size of active cytoplasmic dynein was 8 nm and was independent
of both force and ATP concentration. The stall force was 7-8
pN. These values are very similar to those recorded for kinesin
(9); however, the stepping manner was different from that of
kinesin.

Results
Active Dynein Bound to Protein A-Coated Beads. The method used
to purify cytoplasmic dynein without its accessory protein,
dynactin, has been described (Fig. 1a, lane D) (10, 11). Dynein
was further purified by allowing it to bind to the microtubules
(Fig. 1a, lane AMP-PNP) (12). Dynein was then released from
microtubules in the presence of 0.1-10 mM ATP (Fig. 1a, lane
ATP).

The method used to bind dynein to the coverslips for in vitro
motility assay and beads for optical trap assay was modified from
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Fig. 1.  Purification and force generation of single cytoplasmic dynein mol-
ecules. (a) SDS/PAGE of dynein purification. D lane, dynein purified by the
anion-exchange column. D+M lane, dynein mixed with the microtubules. S
and P indicate supernatant and pellet, respectively, after dynein mixed with
the microtubules was centrifuged in the presence of 0.1 mM adenosine
5'-[B,y-imido]triphosphate (AMP-PNP). After the pellet was suspended, it was
centrifuged in the presence of 10 mM ATP. The supernatant was then used for
the experiment. Numbers on the right indicate molecular mass in kDa. (b) The
probability of the moving beads relative to the total beads was calculated. The
molar ratio is the ratio of the bead concentration to the dynein concentration
(10-20 nM) at the time of mixing. The probability was fitted to the curve, 1 —
exp(—x/65), indicating that single molecules produced the force.

previously reported methods (5, 8). Beads coated with protein A
were suitable for motility and force generation. With dynein
attached to glass coverslips and bound to microtubules marked
at the minus end, the microtubules moved with the marked end
trailing. This result indicated that dynein moved toward the
minus end of the microtubule. Polystyrene beads, 0.2 wm in
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diameter, were coated with protein A. Freshly purified dynein
was bound to the beads coated with protein A. Beads were
trapped and brought into contact with the microtubule. Dis-
placement and force were measured with very high temporal
resolution by using small beads (9). Experiments were per-
formed within 2 h after protein purification to ensure that active
dynein was used in the measurements.

The fraction of beads that moved processively increased
exponentially with the increase in the ratio of dynein to the
beads, indicating that single molecules of dynein move proces-
sively (Fig. 1b) (4, 13, 14). The fraction of beads that bound to
microtubules in the presence of 1 mM adenosine 5'-[B,y-
imido]triphosphate (AMP-PNP) was almost the same as the
fraction that moved in the presence of 1 mM ATP. Dynein binds
tightly to microtubule in the presence of AMP-PNP (12). This
finding also provides support for the conclusion that single
molecules move processively (4). The ratio of beads-to-dynein
molecules required to move 50% of the beads was ~40:1, which
was considerably lower than the value obtained by using dynein
on a noncoated bead (5) (Fig. 5, which is published as supporting
information on the PNAS web site). The ratio was also lower
than the value (>120:1) when the beads were coated with BSA
or casein. This result indicates that beads coated with protein A
provide a suitable medium for dynein to bind. Experiments
measuring step size and force were performed at a ratio of 0.1:0.3
of the mobile-to-immobile beads, where >95% of the beads that
moved and produced force were caused by single molecules of
dynein (9).

Force-Velocity Relation of Single Dynein Molecules. Single mole-
cules of dynein moved processively and produced forces up to
7-8 pN in the presence of 1 mM ATP (Fig. 2a). The dynein
bound to beads coated with BSA or casein also produced forces
of ~7 pN, indicating that protein A coating did not modify the
motility of dynein. However, when the beads were not coated
with the proteins low forces and velocities were often observed
similar to those reported in a previous study (5) (Fig. 5). This
result suggests that the presence of protein A is important for
keeping dynein active.

To confirm the direction of movement, beads with dynein
attached were mixed with kinesin-1 molecules. Directional
movement in both the forward and backward directions was
observed, confirming that the direction of movement by single
molecules of dynein is opposite to that of kinesin (Fig. 2b).

The force trace of dynein movement is very similar to that of
kinesin other than the direction (Fig. 2b). To confirm the
similarity, the relationship of force to velocity was obtained by
analysis of 20-30 traces (Fig. 2c¢). The velocity of dynein de-
creased with increased force. The velocity at low forces and high
ATP concentrations of ~800 nm/s is consistent with that
observed in cells and in vitro assays (0.5-1.5 um/s) (6-8). At low
ATP concentrations (10 uM), the velocity decreased and the
stall force of ~7 pN was independent of the concentration of
ATP (Fig. 2c). The velocity at low forces is about half that
obtained for kinesin-1 [Fig. 2¢, dashed blue line (9)]. This
distinction explains the difference in K., values, i.e., ATP
concentration at the half-maximal activated ATPase activity
between kinesin-1 and dynein. The K, value of cytoplasmic
dynein was measured to be 89 uM, which is 2.5-fold larger than
that of kinesin-1 [36 uM (9)].

Step Size of Single Dynein Molecules. Single molecules of cytoplas-
mic dynein moved stepwise at ATP concentrations of 1 mM and
10 uM (Fig. 3 a and c). Steps of 8 nm were clearly detected in
the expanded traces (Fig. 3 a and ¢ Insets). Steps of 8 nm were
also observed at very low forces of <0.3 pN as measured with a
trap laser at low power (Fig. 3e). Backward 8-nm steps were also
occasionally detected (Fig. 3 ¢ and e).
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Fig. 2. Force generation by single cytoplasmic dynein molecules. (a) Bead
movement in the presence of 1 mM ATP at a trap stiffness of 45 fN/nm. Force
reached 6—-8 pN before the dynein molecule dissociated from the microtubule.
(b) Dynein beads were mixed with kinesin at a ratio of 10:1 in the presence of
1 mM ATP at a trap stiffness of 30 fN/nm. (c) Force-velocity dependence at 1
mM (red circles) and 10 uM ATP (violet squares). Velocity was calculated from
the displacement (20-30 nm) divided by the time taken to cover this distance.
Each symbol is the average value of the velocities from 20-30 individual force
traces. Velocities at zero force were measured by using an in vitro motility
assay (closed squares). Dotted line indicates the force-velocity relation of
bovine kinesin-1 from a previous study (9).

Step sizes of >4 nm were analyzed over the range of 1 to 7 pN.
A major peak was observed at ~8 nm and minor peaks were seen
at 16 and —8 nm (Fig. 3 b and d). The 16-nm steps were assumed
to be rapid double steps of 8 nm generated with a temporal
resolution of 4 ms or less. The observed step size was ~8 nm and
was independent of force in the range of 1-7 pN and the ATP
concentration.

A previous study by Mallik et al. (5) found that the step size
of single dynein molecules increased to 16-24 nm at low (<0.8
pN) or zero force. Here, the step size at low forces of <1 pN was
measured at a low laser trap stiffness (Fig. 3e). A histogram of
step size at forces in the range 0.0 to 0.9 pN indicated a major
peak at 8 nm (Fig. 3f). The step size at low forces was 8-9 nm
and was independent of force.
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Fig.3. Step size of single dynein molecules. (a and c) Stepwise movement at
high concentration (1 mM, a), and low concentration (10 uM, c) of ATP. (a and
c Insets) Expanded traces of the stepwise movement. (e) Bead movementin 20
uM ATP at a trap stiffness of 3.0 fN/nm. (a, ¢, and e) Step sizes of >4 nm and
dwell times of >5ms(a) and >20 ms (cand e) were fitted to a rectangular curve
(30) (blue line). (b, d, and f) Histograms of step sizes. (b) ATP concentration of
1 mM and forces >1 pN. (d) ATP concentration of 10 uM and forces >1 pN. (1)
ATP concentration of 20 uM and forces <1 pN. The histograms a—c were fitted
to a Gaussian curve with the center at a multiple of the unit step size of 8.1,
8.0, and 8.6 nm, respectively.

The movement of single dynein molecules was measured at
zero load without a laser trap by using fluorescence imaging with
1-nm accuracy (15). The intensity of organic fluorescence dyes
such as Cy3 is too weak to be used for measurements at high
temporal resolutions <100 ms (15). The step dwell time of
cytoplasmic dynein was ~10 ms. To improve the temporal
resolution and lifetime of the fluorescence, dynein was bound to
CdSe quantum dots, which are very stable and have an intense
fluorescence (16). To slow the movement of dynein, the tem-
perature was decreased to 16°C. At an exposure time of 2 ms,
clear images were obtained (Fig. 4a and Fig. 6, which is published
as supporting information on the PNAS web site). The position
of dynein was determined by fitting a profile of the fluorescence
intensity to a 2D Gaussian curve (Fig. 4a). These methods
showed that the step size of dynein is 8 nm (Fig. 4b). The
histogram of step sizes showed a major peak of 8.0 nm and a
minor peak at 16 nm (Fig. 4b Inset).

The step sizes at various forces and ATP concentrations are
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Fig.4. Stepsizesanddwell times. (a) Fluorescence images and profiles of the
images of a quantum dot dynein interacting with a microtubule. The green-
colored profile was taken at time 0 and the red profile was taken at t = 2 s. (b)
Displacements of single dynein molecules at 2-ms intervals were determined
by the intensity profiles fitted to 2D Gaussian curves (red dots). Three points
were averaged to reduce noise (black line). Step sizes were automatically
detected by using computer programming (blue line). (Inset) A histogram of
the step size with a peak at 8.0 nm. (c) Step sizes were measured at high trap
stiffness and ATP concentrations of 1 mM (circles) and 10 uM (triangles). Step
sizes at low trap stiffness and 20 uM ATP (diamonds) and zero load (squares)
were obtained. The average step size was 8.1 nm. (d) Dwell time between
adjacent steps. The time was measured at 3- to 5-pN force in the presence of
1 mM ATP. The dwell time was fitted to a single exponential curve to obtain
a time constant of 27 ms.

summarized in Fig. 4c. The step size of 8§ nm was independent of
force over the range 0 to 7 pN and ATP concentration over the
range 10 uM to 1 mM. The average of all of the data was 8.1 nm.

The time taken from the beginning of one step to the
beginning of the next step was analyzed as the dwell time and was
used to determine the step reaction rate and the number of
rate-limiting steps. The histogram of the dwell time at forces of
3-5 pN showed an exponential decay with a time constant of 27
ms (Fig. 4d), indicating that a rate-limiting state is one with a rate
of 37 per s.

Discussion

The stall force of single molecules of cytoplasmic dynein in the
laser trap assays was 7-8 pN and was independent of the ATP
concentration and load. The stall force and step size of cyto-
plasmic dynein were consistent with the results for axonemal
dynein [~6 pN (17); ~5 pN and 8 nm (4)] and cytoplasmic dynein
in a cell (8 nm) (18). However, these results are inconsistent with
previous findings of low force, low velocity, and a long step size
for cytoplasmic dynein (5). These discrepancies are most likely
caused by the active state of dynein. Improvements of the
bead-coating method and temporal resolution of the optical trap
made it possible to measure the fast movement of the active
dynein molecules. This idea is supported by the fact that the low
forces and velocity are similar to those in a previous study (5)
when the bead was not coated (Fig. 5).

The single exponential decay of the dwell time distribution
indicates only one rate-limiting state in an 8-nm step (14).
Maximum ATPase rate and the sliding velocity of recombinant
single-headed dynein was 160 per s and 1,200 nm per s, respec-
tively (12). From these values, the sliding distance of single-
headed dynein was calculated to be 7.5 nm per ATP molecule
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hydrolyzed. These results suggest that 8-nm steps of single
molecules of dynein are coupled with the hydrolysis of ATP
molecules under our experimental conditions. Dynein has four
potential ATP binding and hydrolysis sites, and one site, P1, is
the primary site for AT Pase activity (19). Thus, 8-nm steps would
be coupled with ATP hydrolysis mainly in the P1 site.

The maximum velocity, stall force, and step size of the
cytoplasmic dynein are strikingly similar to those reported for
kinesin-1 (9, 13, 14, 20). Hand-over-hand and inchworm models
for kinesin have been proposed previously (14, 21-24). The
hand-over-hand mechanism was supported by the results that
kinesin-1 has an asymmetrical dwell time and the head takes
16-nm steps (21-23). The result that dynein has one rate-limiting
state at the 8-nm step supports the hand-over-hand model
because the simple inchworm model requires two step reactions
to produce one 8-nm step (21, 22). Therefore, each dynein head
steps by 16 nm, whereas dynein molecule steps by 8 nm.

The dynein head differs greatly from kinesin-1 in structure,
size, and amino acid sequence. The diameter of the ring-shaped
dynein head is 15 nm, which is almost 2-fold greater than the step
size. How then does dynein step by 8 nm with a hand-over-hand
mechanism? Electron microscopy of dynein shows a ®-shaped
structure, indicating that the tails of the two heads are close to
each other and the ring domains partially overlap (10, 25). When
the heads of dynein bind to the microtubule, they also overlap
(25-27). A possible model to explain the stepping movement is
that the dynein heads are positioned axially along the microtu-
bule similar to kinesin. Thus, the ring regions representing the
dynein heads should overlap.

Force generation can be explained by structural changes
between dynein head and tail that are predicted to occur at the
different chemical states; one state is at the power stroke and the
other at the recovery stroke (28, 29). Other than specific
structural changes, the similarity of the mechanical properties of
dynein, e.g., backward steps, step size, and stall force, to those
of kinesin-1 predicts that Brownian motion and possibly biased
binding of the heads are essential components in the molecular
mechanism underlying the dynein steps (9, 20, 30).

Materials and Methods

Preparation of Dynein and Kinesin. Cytoplasmic dynein and kine-
sin-1 were purified from porcine brain as described (9-11).
Purified dynein in 25% sucrose was rapidly frozen and stored in
liquid nitrogen. Just before an experiment, dynein was further
affinity-purified by binding to the microtubules (12). Microtu-
bules used in motility assays, and laser trap measurements were
prepared from tubulin purified from porcine brains and labeled
with tetramethylrhodamine.

Laser Trap Measurements. Polystyrene beads of 0.2 wm in diameter
(9) were coated with 1.4 mg/ml protein A (Sigma; P-6031) for
>30 min in solution A containing 10 mM Pipes, 25 mM
K-acetate, 4 mM MgSOy, and 1 mM EGTA (pH 7.0). The bead
was then mixed with dynein in solution A containing 3 mg/ml
BSA and 0.2 M KCI for 10 min. Dynein-coated beads were
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trapped, and their position was measured by using an optical
trapping system (9). The assay solution was solution A, 10 uM-1
mM ATP, 5 mg/ml BSA, and an oxygen scavenger system at 25 *
1°C. The trap stiffness was 3-45 fN/nm, determined by the
amplitude of the Brownian motion of the beads (9). At a trap
stiffness of 40-45 fN/nm (Figs. 2 and 3a), displacements to
determine the step size and velocity were attenuated by a factor
of 1.4 at forces of 1-2 pN to 1.1 at 6-7 pN, because of the stiffness
of motor-bead linkage (13, 14). The attenuated displacements
were consistent with data where no attenuation was performed
at low trap stiffness or zero load (Figs. 3 e and f and 4b).

Individual steps in the movements and the step sizes were
automatically detected by using computer programming. Each
step was recognized when the step size was >4 nm, and the
standard error of noise for 2-16 ms was <1.4 nm. The step size
was calculated from the difference between the displacements
before and after the step.

An in vitro motility assay was performed with some modifi-
cations (10). Coverslips were coated with the solution containing
protein A as described for coating the beads. Dynein (1-30 nM)
was introduced onto coverslips.

Quantum Dot Fluorescence Imaging with 1-nm Accuracy. When im-
aging quantum dots, the CdSe particles (Evi-dots SG-ETC-H20-
600) were cross-linked by using 10 mg/ml 1-ethyl-3-(3-
dimethylaminopropyle)carbodiimide (EDC, Pierce) and 2
mg/ml protein A. CdSe-protein A particles (180 nM) were
mixed with 30 nM dynein for >15 min. Dynein—CdSe complexes
were observed under a fluorescence microscope (IX-71; Olym-
pus, Shinjuku-ku, Tokyo) by evanescent illumination (green laser
0.1 mW/um? at a specimen; Big Sky Laser Technologies, Boze-
man, MT) through an objective (Olympus X60 Planapo, 1.45
numerical aperture, oil) (31). Fluorescence images were cap-
tured by using a cooled electron multiplier—charge-coupled
device (Ixon DV860; Andor Technology, Tokyo) at 2-ms inter-
vals. The centroid of the bead in the images was determined by
fitting the images to 2D Gaussian curves (15). The CdSe particles
have significant advantages over other fluorophores in that they
have a much higher fluorescence intensity and a longer lifetime.
To minimize the blinking of the CdSe particles, three to five
CdSe particles with an attached carboxyl group were cross-linked
with the amino group of protein A by EDC. Less than 10% of
these complexes interacted with the microtubules, indicating that
each complex binds only single dynein molecules. The experi-
ments were performed at 16°C.
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