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Cytoplasmic dynein is a microtubule-based molecular motor that
participates in a multitude of cell activities, from cell division to
organelle transport. Unlike kinesin and myosin, where different
tasks are performed by highly specialized members of these super-
families, a single form of the dynein heavy chain is utilized for dif-
ferent functions. This versatility demands an extensive regulation
of motor function. Using an improved application of an optical
trap, we were now able to demonstrate that cytoplasmic dynein
can generate a discrete power stroke as well as a processive walk
in either direction; i.e., towards the plus- or towards the minus-end
of a microtubule. Thus, dynein’s motor functions can be described
by four basic modes of motion: processive and nonprocessive
movement, and movement in the forward and reverse directions.
Importantly, these four modes of movement can be controlled by
two switches. One switch, based on phosphate, determines the
directionality of movement. The second switch, depending on
magnesium, converts cytoplasmic dynein from a nonprocessive to
a processive motor. The two switches can be triggered separately
or jointly by changing concentrations of phosphate and magnesium
in the local environment. The control of four modes of movement
by two switches has major implications for our understanding of
the cellular functions and regulation of cytoplasmic dynein. Based
on recent studies of dynein’s structure we are able to draw new con-
clusions on cytoplasmic dynein’s stepping mechanism.

molecular motors ∣ motor mechanics ∣ single molecule

In eukaryotic cells almost all organelle transport is performed by
the three families of cytoskeleton-based molecular motors,

myosin, kinesin, and dynein (1–3). While myosin and kinesin
have evolved into large families with multiple members, each of
which specialized for different tasks, a single dynein heavy chain
performs all of the dynein related activities in the cytoplasm of
eukaryotic cells (1).

One key function of cytoplasmic dynein is to power cargo trans-
port over long distances. Here, motor processivity is required if
long distance transport is to be achieved by a single motor mole-
cule. To facilitate cargo delivery processivity must be switched off,
when the target area is reached. Regulation becomes even more
important whenmultiple motors of the same or even different type
act together. For example, a model situation for the cooperation of
different motors occurs during axonal transport driven by kinesin-1
and cytoplasmic dynein. During long distance travel, frequent
changes in direction are observed. It is generally thought that the
reversals of direction result from counteracting motor activity (4,
5). Though, a simple tug-of-war model in which only the winner
determines the direction of movement appears rather inefficient
to deliver cargo to specific locations. Moreover, it has been demon-
strated in vitro and in vivo that dynein’s activity dominates over
kinesin (6, 7). Therefore, being able to modulate dynein’s proces-
sivity and directionality would benefit proper targeting of cargo as
previously proposed (8).

Cytoplasmic dynein interacts with several regulating cofactors
(9–11) but the organization and complexity of the dynein heavy
chain allows an intrinsic motor regulation as well. The heavy

chain is comprised of a ring of six AAA+ domains, four of which
contain discrete nucleotide-binding sites (AAA+ domains 1 to
4). Nucleotide-binding in AAA1 serves as the primary catalytic
site that couples nucleotide hydrolysis to force generation and
microtubule affinity. The three sites in AAA2-4 also bind nucleo-
tides and their disruption has varied effects on motor activity.
These results indicate that the three additional AAA sites con-
tribute to dynein’s function (12–15), but there is little information
on how they modulate motor behavior.

Despite dynein’s structural complexity, its ATPase cycle ap-
pears to share some similarities with myosin (16, 17). Several
myosins have been shown to be sensitive to physiological changes
in free Mg2þ (18, 19) and phosphate (Pi) ion concentrations (20),
and thus raise the possibility that these ions can also modulate
dynein’s activity. In the present study we directly tested whether
the motor activity of cytoplasmic dynein is sensitive to changes in
the concentrations of Mg2þ and inorganic phosphate (Pi).

Cytoplasmic dynein has primarily been considered a processive
motor, a property demonstrated at the single molecule level by
total internal reflection fluorescence (TIRF) microscopy (21) and
by a single bead optical trap approach (22–24). However, because
of their limited spatial/time resolution these methods do not
allow the detection of nonprocessive, single interactions between
dynein and microtubules. In order to examine single interactions
between dynein and microtubules, we have adapted an improved
two bead filament dumbbell approach previously used to study
myosin motors (25). By employing an end-on link of a micro-
tubule to a latex microsphere (bead) surface we significantly
improved the stiffness of the microtubule-bead link and thereby
the detection of binding events (26) (Fig. 1). This set-up allows a
simultaneous detection of processive and nonprocessive interac-
tions of a motor with its filamentous track. Our improved appli-
cation of optical trapping revealed that the dynein motor, by itself
is capable of multiple modes of operation, and that switching
between these modes can be triggered by modulating ionic con-
ditions in the environment.

Results
The Processivity of Cytoplasmic Dynein Is Regulated by Magnesium or
Magnesium-Free ATP. Cytoplasmic dynein behaves as a nonproces-
sive motor at 1 μMATP and 1 mMMg2þ. Under these conditions,
dynein produces single discrete microtubule binding events in
optical trap experiments (Fig. 2A). The events could be identified
by a reduction of the thermal fluctuation of the dumbbell. Using
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Molloy’s definition (27) of a working stroke as the difference in the
mean positions of the dumbbell when free vs. bound to a motor, we
determined an approximately 8 nm apparent working stroke for
cytoplasmic dynein towards the minus-end of the microtubule
(Fig. S1 A and B, S2). Interestingly, the −8 nm shift of the histo-
gram distribution of the binding events corresponds to the 8 nm
periodicity of the tubulin heterodimer within a microtubule.

Using 1 μM ATP but with a Mg2þ concentration reduced
from 1.0 to 0.1 mM we observed a switch from a binding/release
behavior to processive stepping along a microtubule (Fig. 2 A and
B). The step size throughout these processive runs was −8 nm,
independent of the restoring force generated by the optical trap;
thus, at our experimental conditions the step size of cytoplasmic
dynein was not load dependent. The restoring force did, however,
affect the life time of the steps (Fig. 2B).

The absolute Mg2þ concentration does not appear to be the
sole factor in regulating processivity. While we observed nonpro-
cessive movement of cytoplasmic dynein at 1 mMMg2þ and 1 μM
ATP, we observed processivity at 1 mMMg2þ and a ATP concen-
tration of 0.1 mM. At this elevated ATP concentration processiv-
ity was again abolished by raising the [Mg2þ], e.g., to 10 mM
(Table 1, Fig. S3), implying that it could actually also be the de-

crease in Mg2þ-free ATP or an increase in the ratio between free
Mg2þ and the Mg2þ-free ATP that abolishes processivity.

The Direction of Cytoplasmic Dynein Can Be Regulated by Phosphate.
For myosins it has been shown that motor function can also be
influenced by Pi, which is a product of ATP hydrolysis. We have
therefore investigated whether Pi can affect the motor function
of cytoplasmic dynein. At low Pi concentrations (0 to 0.2 mM Pi
in assay buffer), dynein produced an apparent working stroke
with a displacement of approximately 8 nm towards the microtu-
bule (MT) minus-end (−8 nm) (Fig. 3), a result consistent with
other single molecule measurements (21–24). However, to our
surprise, addition of elevated Pi (0.5 to 1 mM Pi) to our assay
buffer with 1 μM ATP and 1 mM Mg2þ reversed the direction of
the apparent working stroke of cytoplasmic dynein from a minus-
end direction (−8 nm) to a plus-end direction (þ8 nm) (Fig. 2C,
Fig. 3, Fig. S4). To confirm this result we checked the reliability of
our indicator for the polarity of the MT dumbbell; i.e., the minus-
end specific coupling of our 1 μm bead using an antibody specific
for the minus-end of α-tubulin. Using these bead-coupled MTs in
a MT gliding assay over a kinesin-1-coated surface we confirmed
that 97% (74 out of 76) of the bead-MT links had the expected
orientation, that is, beads coated with the α-tubulin specific anti-
body were indeed bound to the minus-end of the examined MTs
(Movie S1).

While high and low Pi concentrations resulted in apparent
working strokes of approximately 8 nm either towards or away
from the MT plus-end (þ8 nm or −8 nm), respectively, we also
investigated intermediate concentrations of Pi (0.3 to 0.4 mM
[Pi] range). At this range of [Pi] the motors showed either an ap-
parent working stroke of −8 nm or ofþ8 nm. We did not observe
an intermediate stroke size. The observation that cytoplasmic dy-
nein had either a “positive” or “negative” working stroke was also
demonstrated by data obtained from two dumbbells, where a
given dumbbell supported displacements in plus and minus direc-
tion (Fig. S4A). In this case one motor generated an apparent
working stroke of approximately −8 nm and a second motor at-
tached to a different bead a working stroke of approximately
þ8 nm. Although different motors moved in different directions
at 0.3–0.4 mM Pi, no actual switching of direction could be re-
corded for an individual motor. This observation suggests that

Fig. 1. Diagram of the dumbbell set-up. To distinguish polarity of the MT
dumbbell and to reduce compliance of the MT-bead link the minus-end of
a MT was attached end-on to a 1 μm bead (LB) using an antibody specific
for the minus-end of α-tubulin. A slightly smaller bead (0.8 μm) was attached
laterally near the plus-end using the avidin/biotin chemistry as has been de-
scribed for actin-bead dumbbells (26). Each bead was held in a weak optical
trap (OT). The dumbbell was presented over a dynein molecule (Dyn), which
was attached nonspecifically or via an antibody to the top surface of a 1.5 μm
glass bead (GB) immobilized on a microscope cover slip.

Fig. 2. Four modes of movement of cytoplasmic dynein at a constant ATP concentration of 1 μM. (A) Single binding events of a single dynein molecule at 1mM
Mg2þ. (B) Reducing the concentration of Mg2þ to 0.1 mM resulted in repetitive, staircase-like, processive runs with 8 nm steps towards the minus-end of the
microtubule. (C) The addition of 1 mM of inorganic Pi reversed the directionality of the apparent working stroke at 1 mM Mg2þ (for more details see Fig. S1).
(D) At 0.1 mM Mg2þ plus 0.5 mM Pi cytoplasmic dynein again underwent processive runs with steps of 8 nm; however, directed towards the plus-end of the
microtubule. All experiments were carried out at low ionic strength (35 mM Pipes-KOH).
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switching must be a rare event. While the concentration of Pi
could change the direction of the working stroke, it had no effect
on the rate of ATP-induced release of cytoplasmic dynein from
MTs. At 1 μM ATP the life time of the nonprocessive binding
events was approximately 100 ms independent of the direction-
ality of the motor (Fig. S4B).

Having observed a [Pi]-dependent directionality of cytoplasmic
dynein at the level of a single motor, we wanted to know whether
Pi would also affect the directionality of a motor ensemble. Thus,
under the same buffer conditions, we investigated the Pi-depen-
dent reversal of directionality in a MT gliding assay (motor en-
semble). Interestingly, a Pi-induced reversal of directionality
could not be observed (Movies S2 and S3).

Dynein’s Modes of Motion Are Controlled by Two Independent
Switches.Using the single molecule approach, we have identified
two switches governing the motor activity of cytoplasmic dynein:
Pi which controls the direction of movement and Mg2þ or pos-
sibly Mg2þ-free ATP which controls the extent of processivity.
Because processivity can be reduced gradually (28), we believe
that the Mg2þ∕ATP switch acts as a dimmer switch rather than
an on/off switch. In order to examine whether the two switches act
independently of each other, we tested the last of the four pos-

sible combinations; i.e., whether the addition of Pi also changes
directionality of processively moving cytoplasmic dynein. As ex-
pected for two independent switches, we again observed proces-
sive runs at 1 μM ATP and 0.1 mM Mg2þ but in the opposite
direction when 0.5 mMPi was added to the assay buffer (Fig. 2D).
The step size appeared not to be altered by Pi.

Discussion
With our polarity defined dumbbell-assay we found that a single
cytoplasmic dynein can display (i) a discrete power stroke either
towards the plus-end or towards the minus-end of a MT and
(ii) processive walking in either direction. The directional switch
could not be observed in a gliding assay. A similar effect has been
described for kinesin Cin8 (29). Here the switch in direction was
observed when the motor changed from a motor ensemble to sin-
gle motor complex. Our observations suggest that the core motor
activity of a single cytoplasmic dynein is fundamentally sensitive
to regulation by at least two independent switches, governed
by ionic conditions. The size of the apparent working stroke and
the stepping kinetics generated during processive walks appear to
be independent of the direction of movement. Thus, a back and
forth movement of cargo in vivo, thought to result from a tug-of-
war between different motors could in principle also be the result
of dynein’s action on its own, via an ability to change direction
and modify stepping behavior. In the following we will discuss
what might be the structural and mechanochemical bases for our
observations.

Mechanochemical Control of Processivity. In a previous study, we
showed that cytoplasmic dynein is capable of switching from non-
processive to processive stepping by increasing the concentration
of ATP (28). In the present study we further demonstrate that
processivity at a fixed concentration of ATP can be varied by
changing the level of Mg2þ. Variation in the amount of Mg2þ will
also affect the concentration of Mg-free ATP. Thus, the first
switch which controls processivity could be governed by either
Mg2þ or Mg-free ATP. The effect of Mg2þ could be explained by
the presence of multiple, multifunctional nucleotide binding
sites. The dynein motor core is a ring-shaped structure with
multiple AAA+ modules that differentially bind and hydrolyze
nucleotide (30, 31). The first AAA domain serves as the primary
ATP hydrolytic site essential for motor activity (13–15). Unlike
kinesin or myosin, dynein’s filament binding domain is located
at a considerable distance from the ATP-hydrolysis site, as it
emerges from the ring at a position opposite AAA1 (30, 32). Con-
formational changes produced by nucleotide hydrolysis at AAA1
must therefore propagate around the ring structure to effect af-
finity changes within the MT-binding domain. Thus any structural
alterations that enhance or retard this conformational coupling
will have an effect on how the motor operates.

Single molecule TIRF experiments (21) and gliding assays (33)
performed over a wide range of ATP concentrations indicated
that more than one bound ATP molecule is necessary for proces-
sive dynein movement. A mutation in the P-loop of AAA3 that
prevents nucleotide binding at this site, led to an ATP-insensitive,
rigor-likeMT interaction ofDrosophila dynein (12). Thus, there is
clear evidence that the nucleotide binding activity at sites other
than the primary catalytic domain do indeed modulate motor ac-
tivity. Furthermore, the velocity of single mouse dynein-dynactin
cocomplexes was significantly increased by the addition of 1 mM
of the nonhydrolysable nucleotide AMP-PNP to 100 μM ATP
(21). The authors hypothesized that binding of a nonhydrolyzed
nucleotide at a regulatory nucleotide binding site may act as an
allosteric activator for the ATPase activity in AAA1. This finding
was confirmed by experiments with single dynein molecules from
yeast where mutations that blocked ATP hydrolysis in the AAA4
domain increased dynein’s processivity by increasing the binding
affinity to MTs (15). Latter findings imply that the nucleotide

Table 1. Modulating processivity with ATP and Mg2þ (nd,
not determined)

0.1 mM Mg2þ 1 mM Mg2þ 10 mM Mg2þ

1 μM ATP processive single event nd
100 μM ATP nd processive single event

Fig. 3. Influence of Pi on the directionality of the apparent working stroke
of dynein. To obtain nonprocessive single binding events optical trap experi-
ments were carried out at 1 μM ATP and 1 mM Mg2þ. Changing the Pi
concentration affected the direction of the apparent working stroke. Each
triangle represents the apparent working stroke of a single motor at the
given Pi concentration. The apparent working strokes of 38 single motors
were determined using the Gaussian fit of the displacement histograms. At
low [Pi] (up to 0.2 mM) the apparent working stroke was approximately
−8 nm. At high [Pi] (0.5–1 mM) all motors produced an apparent working
stroke of approximately þ8 nm. At a Pi concentration of 0.3–0.4 mM a given
dynein molecule produced an apparent working stroke either towards
the minus- or the plus-end of the MT. No switching of direction could be
recorded. Note, two out of 21 motors (gray triangles) did not perform as ex-
pected; i.e., they generated an 8 nm apparent working stroke in opposite
direction. The data from these two motors were obtained with the same
dumbbell. Because the polarity of our dumbbells has an 3% error margin
(see SI Text), we assume that this dumbbell had a polarity opposite than
expected.
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bound state at AAA3 and AAA4 influences motor processivity.
Thus, a Mg2þ∕ATP-based switch could act via domains AAA3/4,
by modulating the occupancy of the sites or their steric coupling
to the adjacent AAA domains. The directed switch from proces-
sive to nonprocessive stepping is tantamount to a controlled
release of the motor from the MT, thus, it could be crucial in
positioning and anchoring as well as transport of cargo.

Mechanochemical and Structural Basis for the Switch in Directionality.
Cytoplasmic dynein primarily drives MT minus end-directed
transport. Nevertheless, dynein movement in the opposite direc-
tion, toward the MT plus-end, have previously been demon-
strated (21,34, 35). Ross, et al. (21) showed that single native
dynein-complexes were able to walk towards either MTend, but
in a manner that required dynactin. It was suggested that the
change in direction may be triggered by running into physical ob-
stacles along the MT surface (e.g., MTassociated proteins) (34).
A first hint at a mechanical reverse in direction, in the absence of
dynactin, was provided by force-induced measurements (24). The
authors applied a backward load to a single bead assay, revealing
that under these conditions dynein is able to step backwards along
the MT. Our results show, that the dynein complex itself is
capable of moving in either direction; i.e., even in the absence of
dynactin or applied force. Our data also reveal that there may be
an underlying Pi-dependent biochemical and or physiochemical
basis to this reversal. The fact that Pi does not alter dynein’s
MT detachment-rate (Fig. S4B) indicates that the switch in direc-
tionality is caused by a conformational change rather than altered
enzyme kinetics. Such a conformational change can theoretically
be located in the stalk or converter (linker) domains connecting
the motor to the tail.

Pi may play a critical role in providing a directional bias to
force production, by altering the relative orientation of the two
motor domains upon MT binding. Electron microscopic studies
illustrate that the two motor domains of dynein can be in close
contact with each other (36, 37). Thus, a head-head interaction
and/or relative head-head orientation could determine which of
the two heads binds first, thereby influencing the binding position
of the second motor domain and thus the directionality.

A recent atomic structure of the Dictyostelium cytoplasmic
dynein dimer presents the two motor domains arranged in an
asymmetric back-to-back orientation (38). The two heavy chains
termed A and B each have a distinct stalk orientation. Perhaps
due to flexibility of the stalk, the electron density was insufficient
to identify the tip domain in molecule B, though the coiled-coil of
the stalk shows a rotation of approximately 90° compared to mo-
lecule A. This rotation of the stalk might be sufficient for a par-
allel orientation of the binding domains, and has been discussed
previously (39) as a result of slight shifts within the coiled-coil of

the stalk (40). Two distinct binding conformations would further
agree with a study by Gibbons, et al. (41) that describes two stalk
conformations with different MTaffinity. Furthermore, electron
microscopic images of sea urchin outer arm dynein showed no
significant change in the angle of stalk attachment between dif-
ferent nucleotide states (37) indicating that, during stepping, the
stalk conformation within one motor domain remains stable.

In summary, we have shown that dynein is a complex, finely
controlled universal motor capable of bidirectional processive
and nonprocessive movement. In this context magnesium and
Pi ions appear to play critical roles. At the cellular level, magne-
sium is important for ATPase function as well as a number of
other cellular processes. The observation of a [Mg2þ] gradient
from a high concentration near the cell center to a low concen-
tration at the cell periphery implies that its intracellular levels are
regulated (42) and thus may make Mg2þ a suitable control me-
chanism for dynein function; e.g., (i) to maintain a high level of
processivity and anchor function (43, 44) at the cell periphery and
(ii) to modulate dynein’s processivity, when the cargo is near the
cell center. Phosphate on the other hand is a byproduct of high
ATPase activity leading to localized increase of Pi concentrations.
Neither of these mechanisms negates the possibility that physical
confrontation with obstacles could temporarily force the motor
into a reverse orientation for “short range manoeuvres” (21),
but do provide an underlying basis by which these reversals could
occur. The mechanisms by which the two switches act on dynein
require further detailed investigations, particularly regarding the
relationship between nucleotide states in all four ATP-binding
sites and motor activity. Our improved optical trap approach
which allows detection of processive as well as nonprocessive mo-
tor activity will help address these questions.

Methods
Protein Isolation and Purification. Cytoplasmic dynein was isolated largely
as described by Toba and Toyoshima (45). Tubulin was isolated from fresh
porcine brain as described by Castoldi and Popov (46) and labeled following
protocols of the Mitchison laboratory*. A more detailed description is given
in SI Text.

Optical Trap Experiments. Optical trap experiments were carried out as
described previously (26, 28). Details are provided in SI Text.
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