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Cytoplasmic dynein is a homodimeric microtubule (MT) motor pro-
tein responsible for most MT minus-end–directed motility. Dynein
contains four AAA+ ATPases (AAA: ATPase associated with vari-
ous cellular activities) per motor domain (AAA1–4). The main site
of ATP hydrolysis, AAA1, is the only site considered by most dy-
nein motility models. However, it remains unclear how ATPase
activity and MT binding are coordinated within and between dy-
nein’s motor domains. Using optical tweezers, we characterize the
MT-binding strength of recombinant dynein monomers as a func-
tion of mechanical tension and nucleotide state. Dynein responds
anisotropically to tension, binding tighter to MTs when pulled to-
ward the MT plus end. We provide evidence that this behavior re-
sults from an asymmetrical bond that acts as a slip bond under
forward tension and a slip-ideal bond under backward tension.
ATP weakens MT binding and reduces bond strength anisotropy,
and unexpectedly, so does ADP. Using nucleotide binding and hy-
drolysis mutants, we show that, although ATP exerts its effects via
binding AAA1, ADP effects are mediated by AAA3. Finally, we dem-
onstrate “gating” of AAA1 function by AAA3. When tension is ab-
sent or applied via dynein’s C terminus, ATP binding to AAA1
induces MT release only if AAA3 is in the posthydrolysis state. How-
ever, when tension is applied to the linker, ATP binding to AAA3 is
sufficient to “open” the gate. These results elucidate the mecha-
nisms of dynein–MT interactions, identify regulatory roles for AAA3,
and help define the interplay between mechanical tension and nu-
cleotide state in regulating dynein motility.
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Numerous eukaryotic cellular processes require motion and
force generated by cytoskeletal motor proteins, among

which cytoplasmic dynein (hereinafter, “dynein”) is unique for its
size, complexity, and versatility. As a homodimeric, divergent
AAA+ ATPase (AAA: ATPase associated with various cellular
activities), dynein drives the majority of microtubule (MT) minus-
end–directed motility in most eukaryotes (1). The motor functions
as a massive protein complex (2), but its catalytic core consists of
two identical heavy chains, each with six AAAmodules (AAA1–6)
linked in tandem to form a ring (Fig. 1A). AAA1–4 bind nucleo-
tides, whereas AAA5 and -6 are structural (3, 4). A ∼15-nm
“stalk” emerging from AAA4 (3, 4) separates the AAA modules
from the MT-binding domain (MTBD). The stalk configuration
influences both MT affinity and ATPase activity (5) and thereby
mediates bidirectional allosteric communication between the
AAA ring and the MTBD (3, 6). Finally, a ∼10-nm “linker” also
emerges from the ring and undergoes cyclic reorientations that
generate force and displacement (7–9).
For dynein to “walk,” one motor domain (“head”) must re-

main MT-bound while the other moves (10–13), thus requiring
coordination of the “internal” cycles of both heads. Dynein may
use allosteric mechanosensing (possibly through the stalk) to

differentiate between the leading and trailing heads, because they
experience oppositely directed mechanical tension (Fig. 1A).
Kinesin (14–16) and myosin (17–19) use similar mechanisms,
exhibiting asymmetry in filament binding and nucleotide af-
finity in response to applied forces.
Recent studies suggest dynein stepping is indeed tension reg-

ulated. The farther apart its heads are spread on the MT (i.e., the
greater the intramolecular tension), the shorter the dwell time
before the next step and the greater the probability of the rear
head advancing (12, 13). We demonstrated ATP-independent,
force-induced bidirectional stepping by dynein in which the motor
moves processively under the constant force of an optical trap.
Less force was required to induce forward than backward move-
ment (11). More recently, Cleary et al. showed that the lifetimes of
single monomeric dynein–MT bonds depend on the direction of
applied force (20). These results imply that mechanical tension
contributes to control of dynein motion along the MT.
Within each of its two separate heads, the actions of dynein’s

multiple AAA domains may also be coordinated. Most models
focus exclusively on AAA1 because it is the principal site of ATP
hydrolysis (4, 7, 21–25), and ATP binding to AAA1 weakens MT
affinity (4, 22). However, mutations affecting ATP binding or
hydrolysis at sites other than AAA1 also have marked effects on
dynein–MT binding and ATPase activity (22, 23, 25, 26). Thus,
dynein mechanochemistry is complex, with AAA1–4 activities
linked together in one composite, convolved cycle.
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Here, we examine directly how tension affects dynein–MT
binding and decipher how nucleotide states of AAA1 and AAA3
modulate dynein’s MT attachment in the presence of force. Using
an approach pioneered by the laboratory of Shin’ichi Ishiwata (14,
16), we use optical tweezers (Fig. 1B) to measure the force re-
quired to unbind single Saccharomyces cerevisiae dynein heads
from MTs. We show that dynein attachment to MTs is stronger
[i.e., greater force is required on average to rupture the bond (27)]
under backward than under forward tension. Further, we provide
evidence for unusual bonding characteristics. Protein–protein
bonds are generally categorized as “slip” bonds (most common),
which rupture more rapidly when force is applied; “catch” bonds
(less common), which rupture more slowly in the presence of
tension; and “ideal” bonds (uncommon), which are insensitive to
mechanical stress (28–30). Under forward load, we find that dy-
nein exhibits slip bonding. However [in contrast to reports of dy-
nein catch bonding under backward load (31–33)], we find that
dynein exhibits slip bonding (faster unbinding) for backward forces
up to ∼2 pN, and ideal bonding (constant, force-independent un-
binding rate) for greater backward forces. We term this behavior
“slip–ideal” bonding. Finally, we dissect AAA1- and AAA3-medi-
ated nucleotide-induced modulation of dynein’s inherent response
to force, identifying (i) a previously undescribed weakening of MT
attachment caused by ADP binding at AAA3 and (ii) a novel
function for the linker in the AAA3-mediated “gating” of the
nucleotide-dependent regulation of dynein–MT binding by AAA1.
When tension is absent or applied via dynein’s C terminus, ATP
binding to AAA1 induces MT release only if AAA3 is in the
posthydrolysis state, as described recently (9, 34). However, under
more physiological conditions in which tension is applied to the
linker, ATP binding to AAA3 is sufficient to “open” the regulatory
gate. These results provide a basis for more complete models of the
dynein mechanochemical cycle.

Results
Stronger Dynein–MT Binding Under Backward Tension. We pre-
viously demonstrated bidirectional force-induced dynein stepping,
with larger forces required to induce backward steps (toward the
MT plus end) (11). We predicted this behavior results from intrinsic
anisotropy of the dynein–MT bond. To define the intrinsic response
of an individual dynein motor domain to force, we measured un-
binding forces (Fig. 1B) of a tail-truncated, single-headed “wild-
type” (WT) dynein (Dyn1331kDa or VY137 dynein; see SI Appendix,
SI Materials and Methods) in the nucleotide-free (apo) state (Fig. 1
C–E), similar to Cleary et al. (20). As expected, forces required to
unbind dynein monomers from MTs were significantly larger when
pulling backward (Fig. 1D; loading rate: 5.6 pN/s). Whereas forward
unbinding forces rarely exceeded 3 pN, backward unbinding forces
frequently exceeded 5 pN (and rarely, beads under backward force
were carried beyond the detection range of the trap, e.g., Fig. 1D at
∼125 s).
The largest forces in both directions usually occurred after the

bead repeatedly reattached to the MT before fully returning to the
trap center (Fig. 1C). We call these “secondary” binding/unbinding
events. For “primary” events, because the bead is initially positioned
at the trap center, zero force is applied to the motor immediately
after binding theMT (Fstart= 0), whereas for secondary events Fstart >
0 [referred to as a “preload” (35)]. It is difficult to compare
primary and secondary unbinding forces because for a given
detachment force, the history of force applied to the bond de-
pends on Fstart. In other words, unbinding forces must be inter-
preted as a function of the preload. Our initial analysis focused
on primary events (zero preload).
Normalized histograms of primary unbinding forces and empiri-

cal cumulative distribution functions (ECDFs) show that, although
unbinding in either direction most often occurs between 1 and 2 pN,
backward unbinding forces are frequently greater (Fig. 1E).
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Fig. 1. Dynein–MT bond anisotropy. (A) Model for tension-based regulation of dynein stepping. Splaying of the dynein heads generates intramolecular tension.
Under backward tension (front head) MT binding strength is greater, and under forward tension (rear head) it decreases. (B, Left) A polystyrene bead bearing a
dynein motor is held in an optical trap as the microscope stage sweeps back and forth parallel to a MT (not to scale). (Right) The motor binds the MT, pulling the
bead out of the trap. Force on the motor increases until the dynein–MT bond ruptures at the “unbinding force” (red arrow), here ∼3 pN. (C) Primary and
secondary unbinding events. Event 1 is a primary event, beginning from zero force. Secondary events (2 and 3) occur when the motor rebinds the MT before
returning to the trap center. These events begin with preload Fstart and unbind again at Fend, with force differenceΔF = Fstart − Fend. (D) Force (position) vs. time for
WT dynein in the apo state. The inserted trace segment corresponds to the data for the period marked by the thick black line. Orange and blue shaded areas show
periods of applied backward and forward tension, respectively (loading rate: 5.6 pN/s; k ∼ 0.07 pN/nm, vstage ∼ 80 nm/s). (E) Normalized histograms of primary
forward (n = 575) and backward (n = 512) unbinding forces, with mean values noted above the histograms. Tall vertical bands represent 95% CIs of the means
(forward: [1.7, 1.8] pN, backward: [3.1, 3.6] pN) estimated by bootstrapping 4,000 samples. (Inset) ECDFs for the forward vs. backward directions. (F) Mean ΔF vs.
Fstart for forward (blue) and backward (orange) tension. Events grouped into 1-pN bins for Fstart. Shaded regions: 95% CIs for the mean ΔF, estimated by
bootstrapping 2,000 samples. For Fstart J10 pN (gray shaded region), the trap stiffness is not constant (SI Appendix, SI Text and Fig. S4) and 20 or fewer events
were recorded. For Fstart ≤ 10 pN, each mean ΔFwas calculated from 36 to 770 measurements. (G) Unbinding rate vs. loading force derived from the data in E (see
SI Appendix, SI Text for details). The shaded areas represent 95% CIs for the mean rates, estimated by bootstrapping 4,000 samples.
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Comparison of ECDFs with a two-sample Kolmogorov–Smirnov
(KS) test (36) yields a P value pks < 10−10 (null hypothesis: the
histograms have identical underlying distributions) with KS sta-
tistic D = 0.37 (D ranges [0,1] and measures the maximal differ-
ence between two ECDFs; see ref. 36). Although the distributions
are non-Gaussian, we characterize them by the mean with 95%
confidence interval for convenience (1.7 [1.7, 1.8] pN forward vs.
3.3 [3.1, 3.6] pN backward) and estimate the P value for the dif-
ference of the means via bootstrapping, pm < 10−5 (SI Appendix, SI
Text, Fig. S2 for summaries of data from all experiments). In-
terestingly, results were similar for WT dynein with GFP at the C
terminus instead of the linker (SI Appendix, SI Text and Fig. S3A).

Dynein Exhibits Slip–Ideal Bonding Under Backward Load. Under
backward tension, secondary binding often results in prolonged
MT attachment, even with increasing force during sequential MT
encounters (Fig. 1C). This behavior is inconsistent with slip
bonding. The higher Fstart, the more rapidly a slip bond will break,
and thus the average additional force attained ΔF will mono-
tonically decrease. Given reports that dynein catch bonds MTs
(31–33) such that the unbinding rate decreases with applied force
(37, 38), we wondered whether prolonged MT attachment at high
force might indicate increased bond lifetime with increasing load.
Thus, we reasoned that ΔF might not decrease as a function
of Fstart.
To test this hypothesis, we measured ΔF for events with similar

preloads (Fstart bin size of 1 pN) and plotted the mean ΔF vs. Fstart
(Fig. 1F). Within experimental uncertainty, the mean ΔF de-
creases monotonically under forward load (consistent with slip
bonding). However, for backward load, there is not a marked de-
crease, i.e., the bond breaks after a similar time (proportional to
ΔF), regardless of applied force. Analysis of force-dependent un-
binding rates calculated from primary unbinding events (SI Ap-
pendix, SI Text) (39) yielded similar results: forward unbinding rate
increases with increasing load (slip bonding), but backward un-
binding rate increases only up to ∼2 pN and remains relatively
constant as greater forces are applied (slip–ideal bonding, Fig. 1G).

ATP Binding to AAA1 Weakens MT Binding Under Tension. To better
understand how dynein–MT binding is regulated, we next

examined how nucleotide state affects dynein’s response to
tension. We first added saturating ATP [1 mM, predicted to
induce MT release (40)]. Both forward and backward unbinding
shifted toward smaller forces (Fig. 2A; SI Appendix, SI Text and
Table S1) with the most notable difference in the first 1-pN bin.
Preventing ATP binding with a K/A mutation in the AAA1
Walker-A motif yielded unbinding force distributions statistically
indistinguishable from the WT apo state (Figs. 1E and 2B; SI
Appendix, SI Text, Fig. S5A, and Table S1). Interestingly, al-
though apo-state behavior is similar when tension is applied via
dynein’s C terminus rather than the linker (Fig. 1E; SI Ap-
pendix, SI Text, Fig. S3A), ATP weakens the dynein–MT bind-
ing strength more in the presence of C-terminal tension (Figs.
2A and 3A).
Because ATP is known to markedly diminish dynein’s affinity

for MTs (e.g., ref. 40), we postulated that its relatively small effect
on WT unbinding forces with linker-applied tension was due to
AAA1 hydrolyzing ATP, thus preventing observation of a pure
ATP-bound state (SI Appendix, SI Text, and Fig. S6, state 1). We
therefore introduced an E/Q mutation in the AAA1 Walker B
motif to prevent ATP hydrolysis by AAA1. This mutant showed
markedly weaker unbinding forces (mean <1 pN) in both di-
rections in the presence of ATP compared with the apo state (Fig.
2 C and D; SI Appendix, SI Text, Fig. S5B, and Table S1). On the
other hand, in AAA3, E/Q mutation yielded unbinding-force
distributions similar to WT (Fig. 2 A and E). In the backward
direction, there was no significant difference between the apo and
ATP states (Fig. 2E; SI Appendix, SI Text, Fig. S5C, and Table S1),
whereas forward unbinding forces for the two states exhibited a
statistically significant but small difference in the mean (apo 1.5
[1.4, 1.6] pN vs. ATP 1.3 [1.2, 1.4] pN, pm = 0.02).

AAA3 Regulates ATP-Induced, AAA1-Mediated MT Release. Having
determined that AAA1 mediates ATP-induced MT release, we
wondered whether AAA3 regulates this process. Using a AAA1
E/Q + AAA3 E/Q double mutant in the presence of 1 mM ATP,
we tested whether simultaneous ATP states in AAA1 and AAA3
resulted in different behavior from an ATP state only in AAA1.
This mutant behaved similarly to AAA1 E/Q in the presence of
ATP (Fig. 2 D and F; SI Appendix, SI Text and Table S1), with
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marked weakening of MT-binding strength versus the apo state
(Fig. 2F; SI Appendix, SI Text, Fig. S5D, and Table S1). In contrast,
when we prevented ATP binding to AAA3 in an AAA1 E/Q +
AAA3 K/A double mutant, ATP no longer caused significant
weakening of MT-binding strength (Fig. 2G; SI Appendix, SI Text,
Fig. S5E, and Table S1) and instead yielded behavior similar to
AAA1 K/A (Fig. 2B; SI Appendix, SI Text and Table S1).

The Site of Applied Tension Modifies AAA1 Gating by AAA3. As
mentioned above, WT unbinding forces were markedly weakened by
addition of ATP in the presence of C terminal, but not linker-
applied tension.We wondered whether the site of applied tension also
affects the AAA3-based gating of AAA1. Recent work by DeWitt
et al. (zero-load studies and optical trapping with C-terminal ten-
sion) (34) and Bhabha et al. (zero-load studies) (9) reported similar
AAA3-based regulation, but concluded that AAA3 must be in the
post-ATP hydrolysis state to allow MT release. We also found that
under C-terminal tension, the AAA3 E/Q mutant no longer showed
ATP-induced weakenedMT binding (Fig. 3 A and B; SI Appendix, SI
Text, Fig. S3B, and Table S1). In addition, both the N- and C-ter-
minal GFP-tagged AAA3 E/Q mutants showed insignificant release
from MTs upon the addition of ATP in our “zero-load” MT binding
and release (MTBR) assay, in contrast to the N- and C-terminal
GFP-tagged WT motors (SI Appendix, SI Text and Fig. S7). How-
ever, under linker-applied tension, we found that ATP does weaken
MT binding of the AAA3 E/Q mutant and of the AAA1 E/Q +
AAA3 E/Q double mutant (Fig. 2 A and D–F).

ADP Binding to AAA1 Strengthens MT Binding, Whereas ADP Binding
to AAA3 Weakens It. Having explored the response to tension and
nucleotide in the apo and ATP states, we next determined the ef-
fects of ADP (SI Appendix, SI Text and Fig. S6, states 4 and 5). In
biochemical studies, Dictyostelium dynein–MT affinity is the same in
the apo (SI Appendix, SI Text and Fig. S6, state 6) and ADP states
(SI Appendix, SI Text and Fig. S6, state 5, postpowerstroke) (40).
We thus expected similar unbinding forces in apo vs. ADP states.
Surprisingly, ADP (2 or 5 mM) reduced unbinding forces in both
directions and minimized the intrinsic unbinding force anisotropy of
the apo state (Figs. 1E and 4 A and B; SI Appendix, SI Text, Fig. S8
A–C, and Table S1).
To test whether the unexpected effect of ADP was due to

ADP binding AAA1, we used the AAA1 K/A mutant. A total of
2 mM ADP significantly decreased unbinding forces in both di-
rections (Figs. 4C and 5; SI Appendix, SI Text, Fig. S5A, and Table
S1). In fact, whereas the apo state unbinding force histograms for
the WT and AAA1 K/A mutants were statistically indistinguishable
(SI Appendix, SI Text and Table S1), ADP addition to the AAA1
K/A mutant yielded mean forces even smaller than those of the WT

(pm < 10−5 for both directions). To examine the effect of ADP
binding to AAA3, we made an AAA3 K/A mutant. Apo- and
(2 mM) ADP-state forward unbinding forces were statistically
indistinguishable (Fig. 4D; SI Appendix, SI Text, Fig. S5F, and
Table S1, pks = 0.67). Although the backward unbinding force
histograms were also qualitatively similar (Fig. 4D; SI Appendix,
SI Text and Fig. S5F), the mean backward unbinding force was
greater in the ADP state (ADP 3.8 [3.5, 4.1] pN vs. apo 3.0 [2.7, 3.4]
pN; SI Appendix, SI Text and Table S1, pks = 0.017, pm = 0.001).

Discussion
Anisotropy of Dynein–MT Binding and the Response to Force. Our
results are consistent with our own (11) and others’ reports (12,
13, 20) that less force is required to break the dynein–MT bond
when pulling the motor forward than backward. Interestingly, in
the apo state, whether tension is applied via the linker vs. the C
terminus has little effect on unbinding forces, implying that linker
conformation and/or tension transmitted through the dynein ring
are not responsible for the anisotropy. Cleary et al. observed
similar results for a stalk/MTBD construct lacking the entire dy-
nein ring (20). The molecular mechanism for the anisotropy re-
mains to be elucidated and could include tension-induced
reconfiguration of the coiled-coil stalk [which allosterically reg-
ulates MT affinity (5, 41, 42)], direct force-induced changes in
the MTBD, geometrical reorientations of the binding interface,
or even strain-induced effects on the MT lattice (43).
By deriving force-dependent detachment rates from primary

unbinding forces, we found slip bonding by dynein to the MT
under forward load. Under backward load, catch bonding (di-
minished unbinding rate with applied force) has been reported
(31–33), but we instead found that slip bonding occurs up to
∼2 pN, above which the unbinding rate is insensitive to force (Fig. 1
F and G), characteristic of ideal bonding (these findings agree
with those from constant-force assays (20) that directly measure
unbinding rates). Because the behavior seen here under rear-
ward force exhibits features of both slip bonding (at low force) and
ideal bonding (at higher force), we term it slip–ideal bonding. The

B

C-term GFP

Wild Type 1 mM ATP

0

0.2

0.4

0.8

0 2 4 6 8
Force (pN)

0.6

0 8

0.5

1

Force (pN)
E

C
D

F

0.9 pN
1.0 pN

Fr
ac

tio
n 

of
 e

ve
nt

s AAA3 E/Q 1 mM ATP

0

0.2

0.6

0 2 4 6 8 10 12
Force (pN)

0.4

0 12

0.5

1

6
Force (pN)

E
C

D
F

1.7 pN
3.0 pN

Fr
ac

tio
n 

of
 e

ve
nt

s 

A

4

Forward
Backward

Fig. 3. Primary unbinding forces for the WT (A) and the AAA3 E/Q mutant
(B) with GFP fused to the C terminus in the presence of 1 mM ATP. Tension is
applied via the C terminus (loading rate: 5.6 pN/s). (A, Left) Schematic of
dynein with GFP fused to the C terminus. (Right) Histogram of WT dynein
forward (blue) and backward (orange) unbinding forces, with the respective
mean values noted above each histogram. Tall vertical bands represent 95%
CIs of the means (forward: [0.8, 1.1] pN, backward: [0.9, 1.2] pN) estimated
by bootstrapping 4,000 samples. (B) As in A, but for the AAA3 E/Q mutant
(95% CIs [1.6, 1.8] and [2.7, 3.3] pN). Number of events in the forward,
backward directions: (A) (95, 98) and (B) (228, 229).

0 100 200 300 400
−4
−2

0
2
4
6
8

10
12

Fo
rc

e 
(p

N
)

Time (s)

−56
−28
0
28
56
84
112
140
168

D
is

pl
ac

em
en

t (
nm

)

A
Wild Type 2 mM ADP

N-term GFP

B

0

0.2

0.4

0.6

Wild Type
2 mM ADP

0 2 4 6 8 10
Force (pN)

0 10

0.5

1

Force (pN)

E
C

D
F

Fr
ac

tio
n 

of
 e

ve
nt

s 1.5 pN
2.4 pN

0 2 4 6 8 1012
0

0.2

0.4

0.6

Force (pN)

C AAA3 K/A
2 mM ADP

AAA1 K/A
2 mM ADP

0

0.2

0.4

0 2 4 6 8 10 12
Force (pN)

0.6

D

Fr
ac

tio
n 

of
 e

ve
nt

s 

0 12

0.5

1

6
Force (pN)

E
C

D
F

1.7 pN
3.8 pN

1.2 pN
1.8 pN

Fr
ac

tio
n 

of
 e

ve
nt

s 

0 10

0.5

1

Force (pN)

E
C

D
F

175 200

−2
0
2
4

Forward
Backward

5 5

Fig. 4. Effect of ADP on dynein’s response to linker-applied tension.
(A, Left) Schematic of dynein with GFP fused to the N terminus. (Right) Optical
trapping data. The inserted trace segment corresponds to data for the period
marked by the thick black line. (B) Histogram of WT dynein forward (blue) and
backward (orange) unbinding forces measured in the presence of 2 mM ADP,
with the respective mean values noted above each histogram. Tall vertical
bands represent 95% CIs of the means (forward: [1.4, 1.5] pN, backward: [2.3,
2.5] pN. (C) As in B, but for the AAA1 K/A mutant (95% CIs [1.1, 1.3] and [1.6,
2.0] pN). (D) As in B, but for the AAA3 K/A mutant (95% CIs [1.6, 1.8] and [3.5,
4.1] pN). Number of events in the forward, backward directions: (B) (996, 869),
(C) (325, 387), and (D) (439, 369).

6374 | www.pnas.org/cgi/doi/10.1073/pnas.1417422112 Nicholas et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417422112/-/DCSupplemental/pnas.1417422112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417422112/-/DCSupplemental/pnas.1417422112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417422112/-/DCSupplemental/pnas.1417422112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417422112/-/DCSupplemental/pnas.1417422112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417422112/-/DCSupplemental/pnas.1417422112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417422112/-/DCSupplemental/pnas.1417422112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417422112/-/DCSupplemental/pnas.1417422112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417422112/-/DCSupplemental/pnas.1417422112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417422112/-/DCSupplemental/pnas.1417422112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417422112/-/DCSupplemental/pnas.1417422112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417422112/-/DCSupplemental/pnas.1417422112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417422112/-/DCSupplemental/pnas.1417422112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417422112/-/DCSupplemental/pnas.1417422112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417422112/-/DCSupplemental/pnas.1417422112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417422112/-/DCSupplemental/pnas.1417422112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417422112/-/DCSupplemental/pnas.1417422112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417422112/-/DCSupplemental/pnas.1417422112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417422112/-/DCSupplemental/pnas.1417422112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417422112/-/DCSupplemental/pnas.1417422112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417422112/-/DCSupplemental/pnas.1417422112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417422112/-/DCSupplemental/pnas.1417422112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1417422112/-/DCSupplemental/pnas.1417422112.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1417422112


underlying mechanism is unclear; to our knowledge this is the first
report of such behavior. In a physiological context, ideal bonding
may allow dynein to maintain its attachment to MTs in the pres-
ence of large opposing loads, whereas the pure slip-bonding and
lesser binding strength in the forward direction may allow the
motor to be pulled forward by other dyneins when working as part
of a team pulling a single cargo.

Differential Effects of ADP and ATP at AAA1 and Evidence for Tension-
Controlled Nucleotide Affinity. Whereas the AAA1 K/A mutant in
the presence of ADP binds MTs more weakly than WT under
forward and backward load (Fig. 4 B and C), the AAA3 K/A
mutant binds MTs more strongly under backward load with ADP
than in the apo state (Fig. 4D; SI Appendix, SI Text and Fig. S5F).
These results suggest that, whereas ADP binding to AAA3
weakens the dynein–MT bond (discussed below), ADP at AAA1
strengthens it (consistent with the assumption that AAA1 retains
ADP as dynein assumes postpowerstroke/leading/load-bearing
configurations). In contrast, ATP binding to AAA1 markedly
weakens MT attachment. However, whereas AAA1 E/Q exhibits
weak binding in the presence of ATP, the WT shows a significant
but smaller reduction in MT bond strength. Cleary et al. recently
suggested that ATP has no effect on the WT dynein force-
dependent unbinding rate when pulling on the linker (20). Our
results generally support this conclusion (ATP weakens MT at-
tachment substantially with tension applied via the C terminus,
but not linker). However, Cleary et al. did not report unbinding
rates for forces <1 pN, the force range in which greater unbinding
rates would be expected, given the increased frequency of un-
binding in the first 1-pN bin of our histogram (Fig. 2A; SI Ap-
pendix, SI Text and Fig. S9 A–C). Indeed, the WT apo and ATP
unbinding rates in both directions are statistically indistinguish-
able for forces of 1–8 pN (SI Appendix, SI Text and Fig. S9D).
Thus, for tension applied via the linker, ATP has a significant
effect only for small forces (K1 pN).
Dynein behavior in the absence and presence of ATP could

converge if tension reduces dynein’s ATP affinity, explaining the
similar behaviors observed for forces >1 pN (see SI Appendix, SI
Text for detailed discussion). This would imply tension “gates”
ATP binding to AAA1. Because dynein–MT binding strength is
greater under backward tension, this gating mechanism would
help regulate stepping by working synergistically with the intrinsic
anisotropy of the dynein–MT bond strength. Backward tension on
the front head leads to stronger MT binding, thereby “anchoring”
the head in place. This same tension could simultaneously block
ATP binding/hydrolysis in the front head until relief of intra-
molecular tension by release of the trailing head. Future studies
should address how tension affects AAA1 ATP affinity.

Gating of AAA1-Mediated, ATP-Induced MT Release by AAA3. Al-
though AAA3 plays an important role in controlling dynein–MT
attachment (22, 23, 25), the details are just emerging. By probing
dynein–MT interactions in the absence of load (9, 34) and with
force applied to the dynein C terminus (34), DeWitt et al. and
Bhabha et al. concluded that AAA3 must be in a posthydrolysis
state for ATP-induced, AAA1-mediated MT release. Our MTBR
and C-terminal pulling results support these findings, but if tension
is applied via the linker, then AAA1-mediated MT release is
allowed when AAA3 enters the ATP state.
It is unclear how AAA3 gates AAA1 function and how linker-

vs. C-terminal tension alters this regulation. However, recent
reports relate linker conformation to dynein’s ATPase activities. In
the absence of load, ATP at AAA3 blocks reorientation of the
linker from the post- to the prepowerstroke conformation (9). In
addition, binding of the cofactor Lis1, which mechanically obstructs
linker movements, uncouples AAA1’s ATPase activities from
changes in MT-binding affinity (44). Finally, AAA5 mutations
preventing linker docking severely reduce dynein’s ATPase activi-
ties (3, 8). Thus, tension-induced changes in linker conformation
could allosterically regulate AAA3 nucleotide state and/or AAA3–
AAA1 communication, and thereby alter the effects of specific
nucleotide states on AAA3-based gating of AAA1 function. This is
the first evidence to our knowledge that tension applied via the
linker modulates AAA3–AAA1 communication.

Weakening of MT-Binding Induced by ADP at AAA3. Somewhat un-
expectedly, ADP binding to AAA3 weakens MT binding and
minimizes the asymmetry between forward and backward unbinding
forces (Figs. 1E and 4; SI Appendix, SI Text and Fig. S8). In the
absence of force, Dictyostelium dynein binds MTs with essentially
equal affinities in the apo and ADP states (40). However, recent
yeast (apo) and Dictyostelium (ADP-bound) dynein crystal structures
suggest that ADP release causes rearrangements within the motor
domain (45). In particular, reorientations of the buttress and
AAA6L/AAA5S relative to the stalk and AAA5S/AAA4S (SI Ap-
pendix, SI Text and Fig. S1C) could induce reconfigurations of the
stalk and MTBD, resulting in weak MT binding. However, the ap-
parent rearrangements could also be due to structural differences
between yeast and Dictyostelium dynein. In addition, the AAA3
conformation itself is remarkably similar in both the apo and ADP-
bound structures, raising the question of how ADP binding to AAA3
might physically exert its effects.
According to current models, the (AAA1) ADP state occurs

immediately after the head steps forward, rebinds the MT, and
performs the powerstroke. This configuration is expected to bear
force, and thus it is surprising that MT binding would be weakened.
Dynein may simply “tolerate” the moderate reduction inMT binding
strength when ADP is bound. In vivo, load-sharing between groups
of dyneins (46) may compensate for transiently weak attachment by
single motors. Alternatively, the ADP state may be short-lived, e.g.,
tension could accelerate ADP release from AAA3 under physio-
logical conditions. Even in the presence of ADP, the motor occa-
sionally exhibits “apo-like” large secondary bindings/unbindings
(Fig. 4A), perhaps due to ADP ejection from AAA3 when strain is
applied. Unbinding assays similar to ours have shown that tension
alters the affinity of myosins V and VI for ADP (18).
In the context of the mechanochemical cycle, perhaps the

simplest explanation for the effects of ADP is that, unlike AAA1,
AAA3 may not contain ADP following the powerstroke. AAA1
activity appears not to be strictly synchronized to that of the other
AAA domains (4, 10, 25) and AAA3 hydrolyzes ATP an order of
magnitude slower than AAA1 (34). Thus, AAA3 may be ADP
bound only at “appropriate” points in the cycle, such as when the
head is detached from the MT or when the rear head AAA1 binds
ATP (thereby assisting in MT release).

Materials and Methods
Yeast Strains and Protein Purification. Engineering of yeast strains and protein
purification were performed as described previously (10) with minor modifi-
cations (see SI Appendix, SI Text). Following initial purification, all constructs
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except VY874 (AAA1 K/A), VY696 (AAA3 E/Q), and GY36 (AAA3 E/Q with a
C-terminal GFP), which are insensitive to ATP-induced MT release (SI Appendix,
SI Text and Fig. S7), were further purified by MT cosedimentation and
ATP-induced release to isolate motors responsive to nucleotide. All protein
was flash frozen in liquid nitrogen immediately after purification and stored
at −80 °C. All motors contain an N-terminal GFP, except for VY219 (WT) and
GY36, which have a GFP following the dynein C terminus. Yeast strains are
listed in SI Appendix, SI Text and Table S2.

Unbinding-Force Measurement. MTs marked with bright fluorescent minus
ends (SI Appendix, SI Text and Fig. S10) were covalently attached to glass
coverslips of microscopy chambers as previously described (47). Anti-GFP
antibody-coated, 1-μm diameter beads were then incubated with appro-
priate concentrations of dynein to produce MT binding by ≤50% of beads in
the final assay, implying binding by single motors (48) (SI Appendix, SI Text
and Fig. S11 for additional information). The assay buffer (11) contained
30 mM Hepes (pH 7.2), 2 mM Mg(Acetate)2, and 1 mM EGTA, supplemented
with 1 mg/mL β-casein, 10 μM paclitaxel, 10 mM DTT, and an oxygen scav-
enger system (49). Apyrase (6.6 units/mL) was added to deplete nucleotides
in apo-state experiments, whereas ATP (1 mM) or ADP (2 mM, plus hexoki-
nase) were added for experiments testing the effects of these nucleotides.
Using optical tweezers described previously (50), beads were held over sur-
face-bound MTs while the stage holding the slide chamber was swept in a
triangle-wave pattern along the direction parallel to the MT long axis. The
speed of movement was adjusted to produce a loading rate of 5.6 pN/s once

a motor bound. For data acquisition, signals were electronically low-pass
filtered at 1.5 kHz and data were sampled at 3 kHz. See SI Appendix, SI Text
for detailed protocols.

Data Analysis. Unbinding forces were measured using a semiautomated de-
tection program written in MATLAB (see SI Appendix, SI Text). Measurements
from multiple beads and experiments under the same conditions were pooled
together and used to generate unbinding force histograms with 1-pN bins. The
95% confidence intervals (CIs) of the mean were calculated by bootstrapping.
ECDFs for unbinding forces and KS tests to compare distributions were calcu-
lated using built-in MATLAB functions. Calculation of P values when comparing
sample means was also done using bootstrapping. See SI Appendix, SI Text for
detailed protocols.
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SI Extended Discussion and Computational Results 

Effect of tension on nucleotide affinity 

We show that the AAA1 E/Q mutant exhibits weak binding in the presence of ATP (Fig. 

2D), while the WT motor shows a significant but smaller reduction in MT-bond strength 

(Figs. 1E and 2A). This result may have important implications for the effects of tension 

on the AAA1 ATPase cycle. 

 The rate-limiting transition in the AAA1 ATPase cycle is the powerstroke 

(transition from the ‘high-energy ADP state’ to the ‘low-energy ADP state’ (1)). Thus, 

the majority of WT binding/unbinding events observed in the presence of ATP are likely 

to begin during the pre-powerstroke, high-energy ADP-state immediately following ATP 

hydrolysis and phosphate release (Fig. S6, state 4). MT binding stimulates the transition 

from the high-energy to the low-energy ADP state (ref. (1) and references therein), and in 

this state, dynein binds MTs with a greater strength than in a “true” AAA1 ATP state (as 

observed in the AAA1 E/Q mutant). Nevertheless, one would expect that during each MT 

encounter, AAA1 could progress through its cycle and enter the ATP state or any other 

weak MT-binding state (single unbinding events often last for several seconds, while 

dimeric yeast dynein displays a maximal ATPase rate kcat of 16/s (2)). Why does this not 

result in markedly reduced unbinding forces? 

We speculate that tension transmitted via the linker to AAA1 inhibits progression 

through the ATPase cycle and/or reduces AAA1 affinity for nucleotide by distorting the 

active site. Schmidt et al. (3) previously suggested that linker movements alter the size of 

the gap between AAA1 and AAA2, thereby modulating nucleotide affinity for the AAA1 
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binding site. In the presence of saturating ATP, WT dynein most frequently binds the MT 

with AAA1 in the high-energy ADP state, which is immediately followed by the strong-

MT-binding low-energy ADP state (see above). Tension (particularly backward) could 

therefore rapidly develop, deforming the AAA1 active site and thereby either increasing 

nucleotide affinity (preventing release of ADP) or decreasing it (forcing ADP ejection 

and preventing ATP from subsequently binding). In either case, this would “lock” dynein 

in a strong-MT-binding state, unable to progress through its mechanochemical cycle. 

This cycle of tension development and inhibition of the ATP state in AAA1 would thus 

lead to larger unbinding forces similar to those seen in the apo state. Assuming this to be 

true, the slight increase in the proportion of weak unbinding forces for the WT motor in 

the presence of ATP (Fig. 2A) could be explained by some dynein MT-binding events 

occurring during the fraction of the cycle in which AAA1 has ATP bound but has not yet 

hydrolyzed it (similar to the weak-binding state observed for the AAA1 E/Q mutant in 

the presence of ATP; this effect is prevented by inhibition of ATP binding via AAA1 

K/A mutation [Fig. 2B]).	

In contrast to the WT motor, the AAA1 E/Q mutant experiences a constant weak 

MT-binding strength in the presence of ATP. The positive feedback described above 

would therefore never begin, because the MT bond would rupture before any significant 

tension developed.  It is noteworthy that when applying tension via the C-terminus, MT-

binding strength is decreased in the presence of ATP (also observed by Cleary et al. (4)). 

Thus, if tension affects AAA1 activity and/or ATP binding as described above, these 

effects are mediated specifically by pulling on the linker. This is consistent with the 
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hypothesis that linker tension distorts AAA1, while C-terminal tension affects other 

regions.   

Computational validation of the Dudko method  

To convert the unbinding-force histograms of the primary unbinding events in Fig. 1E 

into a force-dependent unbinding rate, we applied a method proposed by Dudko et al. (5). 

Specifically, we first determined the force-dependent lifetime, τ(F), as given by equation 

10 in the method section of Dudko et al. (5) and then calculated the inverse of the lifetime 

to obtain the unbinding rate. To estimate the confidence intervals for the unbinding rate, 

we determined the confidence intervals for the counts in each bin of the histograms by 

using the MATLAB bootstrapping function bootci() with a sample size of 4,000. This way, 

we obtained two additional histograms, which represent the boundaries of the confidence 

intervals. We then normalized these histograms and determined the corresponding force-

dependent unbinding rates, which yielded the estimates for the confidence intervals. 

Since the analysis proposed by Dudko et al. (5) is very sensitive to poor statistics in the 

tails of the distributions, we only display values for forces smaller than 5 pN in the 

forward direction and forces smaller than 9 pN in the backward direction (Fig. 1G). 

 To validate the use of the Dudko method (developed for transforming rupture-

force histograms without “the need to make model-dependent assumptions about the 

functional form of τ(F)” (5)) for the transformation of rupture-force histograms obtained 

from the rupture of complex bonds (such as slip-ideal and catch bonds) into force-

dependent unbinding rates, we performed stochastic computer simulations. Inspired by 

the analytical catch-bond model by Evans et al. (6), we use simple Markov models with 

force-dependent rates to describe the behavior of a bond. The model consists of two 
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filament-bound states (“1” and “2”) and one unbound state (“0”). We denote the rates for 

the transitions from state 1 to state 2 and from state 2 to state 1 as k12 and k21, respectively. 

The rates of detachment from state 1 and state 2 (transitions to state 0) are given by k10 

and k20, respectively. To follow Kramer’s theory for reaction rates (7), we allow all rates 

to be force dependent, with ݇௜௝ሺܨሻ ൌ ݇௜௝
଴ exp൫ܨ/ܨ௜௝൯, where Fij are the force scales. For 

the three models tested below, we chose the intramolecular transition rates, k12 and k21, to 

be large compared to all other rates (the time scale to reach an equilibration of the 

intramolecular states is expected to be significantly shorter than the force-dependent 

unbinding rate and the time scale of the experiment (8)) such that the separation of time 

scales introduced by Evans et al. holds and that the analytical solution for the unbinding 

rate as a function of force is given by (6): 

߳ሺܨሻ ൌ ௞మభሺிሻ௞భబሺிሻା௞భమሺிሻ௞మబ
௞మభሺிሻା௞భమሺிሻ	

. 

To compare this exact unbinding rate to unbinding rate data obtained by the application 

of the Dudko method, we performed stochastic computer simulations to generate rupture-

force distributions for a slip bond, a slip-ideal bond (similar to the measured experimental 

backward unbinding-force distribution in Fig. 1E), and a catch-slip bond, respectively.  

 In our discrete-time Monte-Carlo simulations, the system starts in state 1 and after 

each time step, ∆t = 10-8 s, the force is increased by F = Fr∆t, where Fr is the loading rate. 

Accordingly, all rates are adjusted to the new force. The next transition of the system is 

chosen by comparing a uniformly distributed random number to the probabilities of 

possible transitions of the system (the probability of the system to change from state i to j 

is given by kij(F)∆t). After the transition to state 0 (bond rupture), the unbinding force is 

recorded and the system is set to its initial values (note that the rupture force distribution 
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is independent of the initial starting state since we assumed that the intramolecular bond 

dynamics are fast).  

 From the simulations described above, we determine a rupture-force histogram 

with N bins of height hi centered at Fi. Applying the Dudko method to the generated 

histogram yields the unbinding rate 

߳ሺܨ௜ሻ ൌ
ிೝ௛೔

ቀ
೓೔
మ
ା∑ ௛ೖ

ಿ
ೖస೔శభ ቁ∆ி

, 

where ∆F is the force difference between two adjacent bins and Fr the loading rate (5).  

 Using this approach, we model three different bonds, a slip bond, a slip-ideal 

bond, and a catch-slip bond. To describe a slip bond, we chose k12 = 0 and k10(F) = 

1.06exp(F/1.746)s-1, and simulate 575 unbinding events with a loading rate of 5.6 pN/s, 

as in our experiment. As expected for a slip bond, the analytical unbinding rate is in good 

agreement with the force-dependent unbinding rate obtained using the Dudko method 

(Fig. S12A; note that the increasing deviation for forces larger than ~4 pN is a result of 

the limited number of samples in the tail of the rupture-force distribution). To simulate 

slip-ideal bond behavior (as suggested by the backward unbinding-rate data in Fig. 1G), 

we chose k12 = 18exp(F/0.422)s-1, k21 = 100 s-1, k10 = 0 and k20 = 2.21 s-1. To reproduce 

the same statistics as for our experimental data (Fig. 1E, backward unbinding forces), we 

simulated 512 unbinding events and used again the same loading rate as in our 

experiments (5.6 pN/s). The good agreement between the analytical equation and the 

force-dependent unbinding rate obtained using the Dudko method (Fig. S12B) justifies 

the use of the Dudko formalism for the transformation of our backward unbinding-force 

histogram into force-dependent unbinding rates (Fig. 1G; note that the limited number of 

data points in the low-force regime results in the slight deviation from the analytical 
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equation at forces below ~2 pN, see Fig. S12B). Finally, we test the applicability of the 

Dudko method to transform an unbinding-force histogram obtained from a catch-slip 

bond. To simulate the characteristics of a catch-slip bond (decreasing unbinding rate with 

initial application of small forces, followed by an increasing unbinding rate with further 

increasing force), we chose k12 = 100exp(F/0.5)s-1, k21 = 100 s-1, k10 = 0.7exp(F/0.8)s-1, 

and k20 = 0.1exp(F/5) s-1. Here, we simulated 600 rupture-force events for a loading rate 

of 1 pN/s. Also in this case, the unbinding rate obtained from the Dudko method is in 

good agreement with the analytical unbinding rate (Fig. S12C). In conclusion, our 

computer-based analyses demonstrate that the Dudko method can be applied to more 

complex bonds (in particular to the slip-ideal bond behavior observed in the WT, apo-

state backward-pulling experiments) if the time scale of the experiment (the time of how 

fast one pulls on the bond) is long compared to the time scale of how fast the bond 

reaches steady state. In support of this conclusion, the estimated force-dependent, apo-

state backward unbinding rates shown in Fig. 1G (slip-ideal behavior) are in excellent 

agreement with the unbinding rates that the Yildiz group reported very recently using a 

constant-force unbinding assay (4). 

Effects of AAA3 E/Q mutation under zero load: microtubule binding and release 

(MTBR) experiments 

As mentioned in the main text, we observed negligible MT release in the presence of 1 

mM ATP in the MTBR assay for AAA3 E/Q mutants bearing GFP tags at either the C- or 

N-terminus (whereas the WT bearing tags at these positions exhibited measurable MT 

release in response to ATP; Fig. S7). Thus, in the absence of load, AAA3 E/Q mutation 

diminishes the response to ATP, presumably by gating the ATP-induced weakening of 
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MT affinity mediated by AAA1 (in agreement with previously published reports (9, 10)). 

For completeness, we note that other theoretical explanations are also possible. For 

example, AAA3 E/Q mutation could enhance basal MT affinity such that, even for an 

ATP-responsive motor in the presence of ATP, MT release would be minimal at the MT 

concentration used in the experiment (i.e. the MT concentration becomes saturating even 

in the presence of ATP). Although the C-terminally GFP-tagged constructs do seem to 

exhibit greater basal MT affinity in this assay, their behavior in the apo state on the single 

molecule level (i.e. in unbinding experiments) is similar to that of the N-terminally 

tagged constructs (suggesting that either the affinities are not markedly different, or that 

at least the off-rates are comparable). In addition, as we will describe in future work, 

mutations may induce subtle steric effects with significant consequences in ensemble 

dynein-MT binding assays such as the MTBR. Nevertheless, for both N-terminally and 

C-terminally GFP-labeled constructs, initial binding in the apo state is qualitatively 

similar for both the respective WT and AAA3 E/Q mutants, whereas appreciable release 

is seen only in the WT (we have refrained from precise quantification of binding fractions 

because the intensity of the InstantBlue stain used in this assay is nonlinear with protein 

concentration).  

 
 
SI Materials and Methods 

Generation of yeast strains 

Mutant yeast strains were created by the standard PCR-mediated yeast genetic 

manipulation method (11), which is based on the LiAc/ss carrier DNA/PEG protocol (12) 

with uracil and 5-fluoroorotic acid (5-FOA) as selective agents (13). Primers for PCR 
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were designed using the PrimerQuest tool from Integrated DNA Technologies 

(www.idtdna.com/Primerquest). DNA fragments were generated using standard PCR 

protocols. Yeast strains are listed in Table S2. For each mutant, we confirmed apo-state 

behavior similar to that of WT (VY137) (Figs. S3 and S5). 

Yeast culture and dynein purification 

Yeast culture and dynein purification were done as described previously (2), with minor 

modifications indicated below.  The yeast strain encoding tail-truncated, wild-type dynein 

Dyn1331kDa was designed previously in Ronald Vale’s lab and named “VY137” (“VY” for 

“Vale yeast”) and derived from a W303 parent strain (see refs. (14, 15) describing W303). 

VY137 has the genotype PGal:ZZ:Tev:GFP:HA:D6 MATa; his3-11,15; ura3-1; leu2-

3,112; ade2-1; trp1-1; pep4Δ::HIS5; prb1Δ. The gene for tail-truncated yeast dynein is 

called “D6” and encodes amino acids 1219-4092 of the S. cerevisiae Dyn1 protein 

(predicted molecular weight = 331 kDa) (2)*. It is equivalent to the 380 kDa truncated 

constructs from Dictyostelium (1, 17-23). It is expressed behind the inducible galactose 

promoter (PGAL). At the N-terminus (i.e. preceding the N-terminus of the truncated dynein 

tail domain) is a ZZ-tag (ZZ, a two-domain analogue of the immunoglobulin G-binding 

portion of the staphylococcal protein A (24)) for binding to beads coated with IgG 

(immunoglobulin G) during affinity purification, a TEV (tobacco etch virus) protease 

cleavage sequence, a GFP (green fluorescent protein; specifically, yeast-enhanced GFP, 

yEGFP3, a GFPmut3 optimized for yeast (25, 26)), and a hemagglutinin (HA) tag (not 

employed in this work).  
																																																								
* Reck-Peterson et al. (2) and Gennerich and Reck-Peterson (16) attribute the tail-truncated “D6” construct 
to amino acids 1219-4093 rather than 1219-4092, as here. This is not a true discrepancy, and the error in 
the earlier work is probably due to the accidental inclusion of the gene’s stop codon when calculating the 
total number of amino acids the gene encodes.  
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 Yeast cells were grown in galactose-containing medium (YPG: 10 g/L yeast 

extract, 20 g/L peptone, 2% (w/v) galactose) to a final OD600 between 1.5 and 2.5. After 

cell harvest by centrifugation, the yeast cell pellet was resuspended in 0.2 volumes of 

ddH2O and flash-frozen in liquid nitrogen as small droplets. The cell pellet was stored at -

80 ºC.  

During purification, the frozen droplets were pulverized using a kitchen coffee 

grinder, followed by addition of 0.2 volumes of 5 lysis buffer (1 dynein lysis buffer: 

30 mM HEPES (pH 7.2), 50 mM KAcetate, 2 mM MgAcetate, 1 mM EGTA, 10% 

glycerol, 1 mM DTT, 0.1 mM Mg-ATP, 0.5 mM Pefabloc, 10 ng/ml Leupeptin, 10 ng/ml 

Pepstatin A, 0.2% v/v Triton X-100). After cell lysis, the lysate was cleared via 

ultracentrifugation at 290,000  g for 30 min. IgG sepharose beads (Amersham 

Pharmacia) were then added to the supernatant and incubated for 1 hr at 4 °C while 

rotating.  

The dynein-bound IgG beads were then washed with 10 bead volumes (BV) of 

dynein lysis buffer, followed by 5 BV dynein lysis buffer supplemented with 250 mM 

KCl and 10 BV TEV protease cleavage buffer (10 mM Tris (pH 8.0), 150 mM KCl, 0.1 

mM ATP, 1 mM DTT (dithiothreitol), 0.5 mM Pefabloc, 0.1% v/v Triton X-100). The 

beads were resuspended in an equal volume of cleavage buffer and 2% v/v TEV protease 

(Life Technologies) was added. The mixture was incubated at 16 ºC for 2 hrs while 

rotating, resulting in cleavage of IgG-bound GFP-dynein from the beads.  

Beads were sedimented by centrifugation, and the GFP-dynein-containing 

supernatant was flash-frozen in small aliquots using liquid nitrogen. The aliquots were 

stored at -80 ºC until further use. The purity and quantity of purified yeast dynein were 
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analyzed on 4-12% Bis-Tris SDS gels (Life Technologies) with Krypton stain (Pierce), 

using BSA (bovine serum albumin) as protein standard.  

MT binding/release purification.  

To further purify dynein prior to experiments, we performed a MT binding/release 

procedure. Motors are incubated with MTs, to which they bind, followed by MT 

sedimentation by centrifugation, removal of supernatant (containing motors unable to 

bind MTs), resuspension and addition of ATP (to release motors responsive to 

nucleotide), a final sedimentation, and removal of supernatant (containing motors capable 

of both MT binding and release) (17, 27). 

 To 50 µL of purified dynein, 10 µL of 10 mg/mL paclitaxel-stabilized MTs were 

added in the presence of 10 µM paclitaxel (Sigma). This solution was then layered onto a 

100-µL sucrose cushion (30 mM HEPES, 200 mM KCl, 2 mM MgCl2, pH 7.4, 10% v/v 

glycerol, 25% w/v sucrose, 1 mM DTT, 20 µM paclitaxel) and centrifuged at 25 C for 

10 min at 60,000  g. After discarding the supernatant, and gently rinsing the MT pellet 

with 100 µL of wash buffer (identical to the sucrose cushion, but without sucrose), the 

pellet was resuspended in 60 µL of wash buffer with 5 mM MgATP added. This MT 

suspension was again centrifuged (same settings as above), and the supernatant was 

removed, aliquotted in 2 µL volumes and flash frozen in liquid nitrogen before storage at 

-80 C. Figure S7A shows SDS-PAGE analysis of the supernatants and pellets for a 

typical binding/release procedure.  
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Polarity-marked MT preparation 

The direction of unbinding forces was confirmed using polarity-marked MTs, with 

“bright,” densely fluorescence-labeled minus ends. The polarity-marked MTs were 

prepared following methods similar to those provided on the Mitchison laboratory 

website (http://mitchison.med.harvard.edu/protocols/) and the protocol by Howard and 

Hyman (28). However, paclitaxel was used instead of GMPCPP (guanylyl 5'-α,β-

methylenediphosphonate, a non-hydrolyzable GTP analog) during the polymerization of 

microtubule seeds (MT polymerization in the presence of paclitaxel produces short MTs 

(29)).  

N-Ethylmaleimide (NEM) tubulin, which inhibits MT minus-end polymerization 

(30), was prepared by dissolving bovine brain tubulin (Cytoskeleton, Inc.) to 10 mg/mL 

in 100 uL of BRB80 (80 mM PIPES, 2 mM MgCl2, 1 mM EGTA, pH ~7) with 0.5 mM 

Mg-GTP. With the tubulin solution on ice, 2.1 uL of freshly prepared 50 mM NEM 

(Thermo Scientific) was added (1 mM NEM final), and the solution was incubated for 10 

min. The reaction was then quenched with 8 mM βME (β-mercaptoethanol) for 10 min, 

after which the NEM-treated tubulin was aliquotted in 5-µL volumes, flash frozen, and 

stored at -80 C. 

Next, bright fluorescent MT "seeds" were prepared from 1.6 µL of ~18 mg/mL 

Cy3-labeled tubulin (ratio labeled:unlabeled = 1:2; Cy3 labeling described in detail in ref 

(31)), to which 10 µL of polymerization buffer (BRB80 supplemented with 20 µM 

paclitaxel/1% DMSO, 1 mM Mg-GTP, 10% glycerol) was added (yielding ~ 2 mg/mL 

tubulin). This mixture was flash frozen in 3 µL aliquots and stored at -80 C. MTs were 

then prepared by thawing the seed mixture and allowing polymerization for 10 min at 37 
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C. During this time, a mixture of one aliquot of NEM-treated tubulin was mixed with an 

equal volume of Cy3-labeled tubulin (~1:23 labeled:unlabeled) and kept on ice. 

Polymerization buffer (BRB80 supplemented with 10% glycerol and 2.5 mM Mg-GTP) 

was then added and the solution placed at 37 C for 30 seconds, after which the MT seeds 

were added (immediately prior to adding the seeds, the seed mixture was forcefully 

sheared by pipetting it up and down with the pipette tip pressed firmly against the wall of 

the tube). The mixture was then allowed to polymerize at 37 C for 20 min, at which 

point 10 µM paclitaxel was added to stabilize the MTs.  

This procedure yields Cy3-labeled MTs with brightly labeled minus ends (Fig. 

S10, probing the MT-directionality with the strictly plus-end-directed molecular motor 

kinesin-1 demonstrated that the polarity marking was on the minus end in at least 98% of 

MTs with a single bright spot on one end; N=43). These MTs were then used 

immediately for experiments (polarity marking becomes unreliable after more than one 

day of storage due to dynamic rearrangements of MTs (32)). 

Anti-GFP antibody purification 

Antibodies were purified from rabbit serum using an affinity column bearing purified 

GFP with a GST (glutathione S-transferase) tag (GST-GFP).  

 To express GST-GFP, the plasmid encoding GST-GFP (pGEX6P1) was 

transformed into NEB Express competent E. coli cells (New England Biolabs). A single 

colony was inoculated in 5 ml LB medium with 100 μg/mL carbenicillin overnight at 

37 °C with vigorous shaking, and then the overnight culture was inoculated into 50 mL 

LB medium with 50 μg/mL carbenicillin. After ~ 2 h growth at 37 °C, the 50 ml culture 

was added to 1 L LB medium with 50 μg/mL carbenicillin. The culture was inoculated at 
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37 °C with vigorous shaking for 2-3 h until OD595 reached ~ 0.6-0.8, then it was cooled 

on ice to below 20 °C. 105 μL 1 M IPTG (isopropyl β-D-1-thiogalactopyranoside) was 

added to the cooled cells, and the expression of GST-GFP was induced at 20 °C 

overnight. The cells were harvested by centrifugation at 4000× g for 15 min at 4 °C. The 

cell pellet was flash frozen in liquid nitrogen and stored at -80 °C. 

 To purify the GST-GFP, the cell pellet was thawed on ice for 15 min, and 10 mL 

of lysis buffer (50 mM NaH2PO4, 150 mM NaCl, 1 mM EDTA (ethylenediamine-

tetraacetic acid), 1 mM DTT, 2 mM PMSF (phenylmethanesulfonylfluoride), with 20 mg 

lysozyme, pH 7.4) was added to the pellet. The solution was incubated on ice for 30 min, 

and then sonicated for 10 × 30 s. The cell lysate was cleared by centrifugation (21,000× g 

for 30 min at 4 °C).  At the same time, 5 mL glutathione resin (Qiagen, 50%) was added 

to a column (BioRad) and washed with 10 mL wash buffer (50 mM NaH2PO4, 150 mM 

NaCl, 1 mM EDTA, 1 mM DTT, pH 7.4). The cleared lysate was flowed through the 

resin. The resin was then washed with 3× 10 mL wash buffer. To elute GST-GFP, elution 

buffer (50 mM Tris, 100 mM NaCl, 10 mM glutathione, 1 mM DTT, pH 7.5) was added 

0.5 mL at a time, and 0.5 mL solution was eluted. A desalting column (Econo-Pac 10DG, 

BioRad) was washed with 3 × 10 mL coupling buffer (50 mM HEPES, 80 mM CaCl2, 

10% glycerol, pH 7.5). The most concentrated fractions from the glutathione resin elution 

were loaded onto the equilibrated desalting column. The protein was eluted from the 

desalting column by the coupling buffer. 

 To covalently crosslink the purified GST-GFP to an activated immunoaffinity 

support (Affi-Gel 10, BioRad), 5 ml of Affi-gel 10 was transferred to a clean column. 

After the isopropanol in the resin drained, the resin was washed 3 × 5 mL ddH2O, 
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followed by 2 × 5 mL coupling buffer. The washing time was kept to a minimum. The 

washed resin was transferred to a 50-mL conical tube, and purified GST-GFP was added 

to the resin. The mixture was nutated at 4 °C overnight in the dark. The resin was then 

loaded to a column, and washed 3 × 10 ml storage buffer (50 mM Tris, 100 mM NaCl, 

0.1% sodium azide, pH 7.6). The anti-GFP antibody affinity column was generated and 

stored at 4 °C. 

 To purify anti-GFP antibody from rabbit serum, the anti-GFP antibody affinity 

column was washed with 4 × 25 mL 100 mM phosphate (pH 7.0). The serum was diluted 

2× with 100 mM phosphate (pH 7.0), and flowed through the affinity column for 4 times. 

The column was then washed with the following solutions (25 mL for each): 100 mM 

phosphate (pH 7.0); 100 mM phosphate, and 500 mM NaCl (pH 7.0); 100 mM HEPES 

(pH 8.0); 100 mM phosphate (pH 11.5); 100 mM phosphate (pH 7.0). To elute the 

antibody, each time 1 ml of 100 mM phosphate (pH 2.5) was added (to denature the GFP 

and thereby release the antibody), and 1 mL of solution was collected. 60 μL of 1 M 

NaOH were added to each fraction to adjust the pH to 7.0 thereby restoring the native 

protein structure of the antibody. The concentration of antibody was determined by 

measuring absorbance at 280 nm using a Nanophotometer (NanoDrop).  Fractions with 

absorbance above 0.15 were pooled and concentrated with an Amicon Ultra centrifugal 

100-kDa unit (Millipore). Glycerol was supplemented to the final solution (10%). The 

antibody solution was then aliquotted, flash frozen, and stored at -20 °C. 

Unbinding force assay preparation 

Flow chambers were prepared as described previously in detail (31, 33). Briefly, glass 

cover slips were cleaned by sonication in a 2% v/v alkaline detergent (Mucasol) followed 



	 15

by extensive rinsing, oven drying, and cleaning in a plasma cleaner (Harrick). The cover 

slips were then aminosilanized and stored under vacuum. Flow chambers (~10 µL 

volume) were assembled using these cover slips, glass microscope slides, and Parafilm. 

After treatment with an 8% glutaraldehyde solution (Sigma) (alternatively 5 mM of 

disuccinimidyl glutarate (Thermo Scientific) in DMSO was used), the chambers were 

rinsed extensively with at least 700 µL of ddH2O and dried using filtered, compressed air 

or vacuum. Then 20 µL of a dilute MT suspension in BRB80 (80 mM PIPES, 2 mM 

MgCl2, and 1 mM EGTA, pH ~7) containing 10 µM paclitaxel (“BRB/Tx”) was flowed 

into the chamber, immediately followed by washing with 40 µL of BRB/Tx. The MTs 

were allowed to react with the functionalized surface for 20-90 min before blocking with 

“dynein trapping buffer” (30 mM HEPES (pH 7.2), 2 mM MgAcetate, 1 mM EGTA) 

(34) containing 2 mg/mL -casein (Sigma) and 10 µM paclitaxel. 

 Anti-GFP antibody-coated beads were prepared as described previously (16, 33). 

Antibody was obtained from the serum of rabbits immunized with GFP, as described 

below. 

 Purified dynein motors (following MT binding/release) were removed from the  

-80 C freezer and stored in liquid nitrogen until immediately before use. After thawing 

quickly by hand, the dynein was diluted stepwise in trapping buffer containing 1 mg/mL 

-casein. Then 4 µL each of the diluted motors and a 1:50 dilution of beads in trapping 

buffer were mixed together and incubated for 10 min on ice to allow the motors to bind to 

the antibodies on the beads. The motor-bearing beads were then diluted in the final assay 

solution (40 µL total volume) containing 1 mg/mL -casein (preparation described in ref. 

(31)), 10 µM paclitaxel, 10 mM DTT, and an oxygen scavenger system (35) (22.5 mM 
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glucose, 3 U/mL pyranose oxidase (Sigma), and 90 U/mL catalase (Sigma)). For 

nucleotide-free experiments, apyrase (6.6 U/mL final, Sigma) was added to deplete any 

residual ATP and ADP. For experiments with ADP, hexokinase (0.25 U/µL final, Sigma) 

was added to convert any residual ATP to ADP. ATP and ADP nucleotides (Sigma) were 

prepared with equimolar MgSO4 and adjusted to pH 7 with NaOH prior to use (33). 

 The final 40-µL assay mixture was flowed into the slide chamber (replacing the 

blocking solution), and the ends of the chamber were sealed using vacuum grease before 

placing the chamber on the microscope. 

Unbinding-force assay  

Measurements were performed with a custom-built force-fluorescence inverted 

microscope described previously (33).  

First, a surface-bound, fluorescently-labeled MT oriented parallel to the 

microscope y-axis was identified and precisely positioned at the center of the optical trap 

using the 3D-nanopositioning stage. For initial experiments, polarity-marked MTs were 

used in order to assign measured forces to the forward vs. backward directions 

(subsequently, the forward vs. backward determination could be made based on the 

asymmetry of the forces observed). Next, a bead was trapped, and the axial (z) position of 

the nanopositioning stage was adjusted so that the separation between the lower surface 

of the bead and the cover slip was ~50 nm. Position and trap stiffness (k) calibrations 

were done for each bead tested. The trap stiffness was calculated using both the 
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equipartition and power spectral density methods (33)†, and the average of the two was 

used.  

 Following calibration, the bead was placed over the MT, and the nanopositioning 

stage was automatically swept in a triangle-wave pattern along the y axis. The stage 

velocity v was chosen such that the loading rate (RL = v  k) was 5.6 pN/s (unbinding 

forces are proportional to loading rate (36, 37), so that greater loading rates will subject 

the molecules to greater forces). The precise value of 5.6 pN/s was somewhat arbitrary, 

and was the result of preliminary experiments in which k = 0.07 pN/nm and v = 80 nm/s 

(the velocity of yeast dynein in the absence of external load (2)).  

For beads with attached motors, binding was observed when the bead attached to 

the MT was displaced from the trap center, followed by unbinding and rapid movement 

back toward the trap center (Fig. 1B). Each bead was tested for at least 4 min. Beads for 

which binding/unbinding events occurred were scored as “positive” for the presence of 

motors, and data were saved to disk for later analysis.  Bead position data were collected 

at a sampling rate of 3000 Hz. At least 10 beads were tested in each experiment.   

Unbinding-force calculation 

To ensure that the analyzed data reflected unbinding forces from single molecules, data 

were only analyzed from experiments for which 50% or fewer of the beads 

bound/unbound (38) (we also qualitatively confirmed that unbinding behavior – e.g. 

unbinding forces and the presence of secondary unbinding events – was similar at 

concentrations yielding 50% vs. 10-20% binding; see Fig. S11). 

																																																								
†	Note that the equation for Faxén’s law in ref. (33) contains a typographical error. In the numerator of the 
right-hand side of the equation, 0 should be replaced by 1. 
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Unbinding force data were visualized and analyzed using custom-written software 

programmed in MATLAB (MathWorks). To further increase efficiency of data analysis, 

we implemented an algorithm to detect unbinding events automatically (this automated 

analysis is then verified by the user, with changes or additions made as appropriate). This 

software (including the underlying algorithm and the GUI discussed above) will be 

described in detail and made available for public use in a subsequent publication. The 

essential function of the algorithm is to locate discontinuities in the force vs. time curve 

(which is noisy due to bead diffusion) for which the signal is displaced toward zero force. 

First, the signal is smoothed (to minimize diffusion-based noise) and differentiated with 

respect to time using a Savitzky-Golay filter (39). Unbinding events are chosen by 

identifying large changes in the derivative of the smoothed data, and by identifying the 

characteristic “N” shape of the residuals (original data minus smoothed data) at 

discontinuities (40). 

Because of mechanical drift during long measurements, the baseline of the optical 

trapping data can drift (~10 nm at most, corresponding to ~0.7 pN for most 

measurements). The differences between the signal value at unbinding and the baseline 

value are meaningful (provided the measurements remain in the linear region of the QPD 

response to displacements), but the absolute value may lead to inaccurate measurement of 

the unbinding force. For data in which the baseline drifted, we corrected for this using an 

automatic baseline detection algorithm, essentially as described by Golotvin and 

Williams (41).  
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Data analysis 

For each experimental condition tested, unbinding force data from separate experiments 

were pooled. Distributions were compared prior to binning of data using the 

nonparametric two-sample, two-sided Kolmogorov-Smirnov (KS) test (42), which 

assumes only that data are drawn from a continuous underlying distribution. 

To generate histograms, forward and backward unbinding forces were separated 

and grouped into bins of 1 pN in width. Normalized histograms, approximating the 

probability density functions for unbinding at a given force, were then calculated by 

dividing the value of each bin by N, the total number of unbinding force measurements. 

We then calculated the mean of each distribution. Because the unbinding force 

distributions were not normally distributed, we used bootstrapping for sampling error 

estimation rather than the standard error of the mean. For each histogram, 95% 

confidence intervals (CIs) for the mean statistic were calculated using the MATLAB 

bootci() function (with the default bias corrected and accelerated percentile method). 

Empirical (Kaplan-Meier) cumulative probability distribution functions were calculated 

using the MATLAB function ecdf(). 

To estimate p-values when comparing means of different distributions, we first 

created a dataset representing the sampling distribution of the mean for each original 

dataset, by bootstrapping 105 means with the MATLAB function bootstrp(). We then 

subtracted these means pairwise to create a dataset representing the sampling distribution 

of the difference of the means. From each measurement in this dataset, we subtracted the 

mean difference of means, so as to shift the distribution to a mean of zero, consistent with 

the null hypothesis of no difference between the means of the original unbinding force 

distributions. The p-value was then calculated as the proportion of the bootstrapped mean 
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differences that were at least as great as difference observed between the means of the 

original datasets (two tailed test). If no bootstrapped mean differences met this criterion, 

p is reported as < 10-5. 	

Changes in optical trap spring constant for large bead displacements  

Here we explain the reasons for ignoring measurements with Fstart > 10 pN in Fig. 1F. To 

calculate optical trapping forces, we employ back focal plane interferometry (33, 43-47) 

with a quadrant photodiode (QPD). The QPD signal response to bead displacement from 

the trap center is nonlinear, but can be approximated well by a 3rd-order polynomial (Fig. 

S4A), which can then be mathematically inverted to determine the bead position x 

corresponding to a given QPD measurement during data collection. Considering the trap 

as a linear spring with stiffness k, the force can then be calculated as F = -kx. While this 

method is valid for regions near the trap center, it becomes increasingly inaccurate for 

large bead displacements (Fig. S4B). This is because the QPD response signals are in fact 

linear with the trapping force over a much broader region than they are with the bead 

position (48, 49) (because the QPD signals amount to changes in photon momentum, and 

therefore the force exerted on the bead (49, 50)). Thus, since the QPD signals themselves 

are nonlinear with bead position, the trap behaves as a linear spring over only narrow 

region, at which point the force is nonlinear with displacement (k decreases near the 

edges of the trapping beam (48, 49, 51, 52)). Therefore, for large displacements (greater 

than ~150 nm), the forces calculated by our standard become unacceptably inaccurate.  

Figure S3B estimates discrepancy between actual and calculated forces for our trap as a 

function of bead displacement, and could in principle be used to obtain more accurate 

measurements. However, even if we corrected the forces measured in the outer regions of 
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the trap, the loading rate at which force is applied to the motor in our experiments would 

not be constant (again because k varies in these outer regions). Therefore, while we have 

plotted all measured forces in Fig. 1F, only those with Fstart  10 pN are both accurate and 

also measured with a constant loading rate. 
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Table S1. Results of statistical comparisons for various measured unbinding force 

histograms 

 

Experiment 1 (pN),  
mean [CI]  

Experiment 2 (pN), 
mean [CI]

D pKS pm 

WT apo forward 
1.7 [1.7, 1.8] 

WT apo backward 
3.3 [3.1, 3.6] 

0.37 < 10-10 < 10-5 

WT apo forward 
1.7 [1.7, 1.8] 

WT ATP forward 
1.4 [1.4, 1.5] 

0.21 < 10-10 <10-5 

WT apo backward 
3.3 [3.1, 3.6] 

WT ATP backward 
2.7 [2.6, 2.9] 

0.11 < 
0.003 

<10-5 

AAA1 K/A apo forward 
1.9 [1.8, 2.1] 

AAA1 K/A ATP forward 
1.7 [1.5, 1.9] 

0.11 0.49 - 

AAA1 K/A apo backward 
3.2 [3.0, 3.5] 

AAA1 K/A ATP backward 
2.9 [2.5, 3.4] 

0.10 0.72 - 

AAA1 E/Q apo forward 
1.6 [1.5, 1.8] 

AAA1 E/Q ATP forward 
0.8 [0.7, 0.8] 

0.56 < 10-10 <10-5 *

AAA1 E/Q apo backward 
2.7 [2.4, 2.9] 

AAA1 E/Q ATP backward 
0.9 [0.9, 1.0] 

0.56 < 10-10 <10-5 *

AAA3 E/Q apo forward 
1.5 [1.4, 1.6] 

AAA3 E/Q ATP forward 
1.3 [1.2, 1.4] 

0.15 0.01 0.02 

AAA3 E/Q apo backward 
2.5 [2.3, 2.8] 

AAA3 E/Q ATP backward 
2.6 [2.4, 2.8] 

0.09 0.34 - 

AAA1 E/Q + AAA3 E/Q ATP 
forward 
0.8 [0.8, 0.9] 

AAA1 E/Q ATP forward 
0.8 [0.7, 0.8] 

0.01 0.099 - 

AAA1 E/Q + AAA3 E/Q ATP 
backward 
0.9 [0.8, 0.9] 

AAA1 E/Q ATP backward 
0.9 [0.9, 1.0] 

0.07 0.46 - 

AAA1 E/Q + AAA3 E/Q apo 
forward 
1.7 [1.5, 1.9] 

AAA1 E/Q + AAA3 E/Q 
ATP forward 
0.9 [0.8, 0.9] 

0.53 < 10-10 <10-5  

AAA1 E/Q + AAA3 E/Q apo 
backward 
3.2 [2.8, 3.6] 

AAA1 E/Q + AAA3 E/Q 
ATP backward 
0.9 [0.8, 0.9] 

0.65 < 10-10 <10-5  

AAA1 E/Q + AAA3 K/A apo 
forward 
1.4 [1.3, 1.5] 

AAA1 E/Q + AAA3 K/A 
ATP forward 
1.5 [1.4, 1.7] 

0.10 0.59 - 

AAA1 E/Q + AAA3 K/A apo 
backward 
3.3 [3.0, 3.7] 

AAA1 E/Q + AAA3 K/A 
ATP backward 
3.3 [2.9, 3.8] 

0.08 0.9 - 

AAA1 E/Q + AAA3 K/A ATP 
forward 
1.5 [1.4, 1.7] 

AAA1 K/A ATP forward 
1.7 [1.5, 1.9] 

0.22 0.059 - 
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AAA1 E/Q + AAA3 K/A ATP 
backward 
3.3 [2.9, 3.8] 

AAA1 K/A ATP backward 
2.9 [2.5, 3.4] 

0.12 0.71 - 

WT apo forward 
1.7 [1.7, 1.8] 

WT 2 mM ADP forward 
1.5 [1.4, 1.5] 

0.16 <10-8 <10-5 

WT apo backward 
3.3 [3.1, 3.6] 

WT 2 mM ADP backward 
2.4 [2.3, 2.5] 

0.22 <10-10 <10-5 

AAA1 K/A apo forward 
1.9 [1.8, 2.1] 

AAA1 K/A 2 mM ADP 
forward 
1.2 [1.1, 1.3] 

0.36 <10-10 <10-5 

AAA1 K/A apo backward 
3.2 [3.0, 3.5] 

AAA1 K/A 2 mM ADP 
backward 
1.8 [1.6, 2.0] 

0.40 <10-10 <10-5 

WT apo forward 
1.7 [1.7, 1.8] 

AAA1 K/A apo forward 
1.9 [1.8, 2.1] 

0.06 0.44 - 

WT apo backward 
3.3 [3.1, 3.6] 

AAA1 K/A apo backward 
3.2 [3.0, 3.5] 

0.05 0.71 - 

WT 2 mM ADP forward 
1.5 [1.4, 1.5] 

AAA1 K/A 2 mM ADP 
forward 
1.2 [1.1, 1.3] 

0.23 <10-10 <10-5 

WT 2 mM ADP backward 
2.4 [2.3, 2.5] 

AAA1 K/A 2 mM ADP 
backward 
1.8 [1.6, 2.0] 

0.34 <10-10 <10-5 

AAA3 K/A apo forward 
1.7 [1.6, 1.9]  

AAA3 K/A 2 mM ADP 
forward 
1.7 [1.6, 1.8] 

0.056 0.67 - 

AAA3 K/A apo backward 
3.0 [2.7, 3.4] 

AAA3 K/A 2 mM ADP 
backward 
3.8 [3.5, 4.1] 

0.15 0.017 0.001 

AAA3 E/Q C-term. GFP apo 
forward 

AAA3 E/Q C-term. GFP 
ATP forward 

0.08 0.65 - 

AAA3 E/Q C-term. GFP apo 
backward 

AAA3 E/Q C-term. GFP 
ATP backward 

0.05 0.97 - 

* also pm < 10-5 when compared to the corresponding measurement in the WT apo state 
 
Table S1: Results of statistical comparisons for various measured unbinding force 
histograms. D is the KS test parameter. pks is the p-value for the KS test and pm is the p-
value for comparison of the means using bootstrapping (see SI methods). For 
comparisons in which pks  0.05 (i.e. the two histograms are statistically 
indistinguishable), pm is not calculated.  
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Table S2. Yeast strains used in this work 

 
Strain Genotype Description 

VY137 pep4Δ::HIS3, prb1Δ, pGAL-ZZ-TEV-GFP-
3×HA-331DYN1 

WT with GFP at N terminus 

VY219 pep4Δ::HIS3, prb1Δ, pGAL-ZZ-TEV-3×HA-
331DYN1-GFP 

WT with GFP at C terminus 

GY874 pep4Δ::HIS3, prb1Δ, pGAL-ZZ-TEV-GFP-
3×HA-331DYN1(K1802A) 

AAA1 K/A with GFP at N 
terminus 

GY861 pep4Δ::HIS3, prb1Δ, pGAL-ZZ-TEV-GFP-
3×HA-331DYN1(K2424A) 

AAA3 K/A with GFP at N 
terminus 

GY863 pep4Δ::HIS3, prb1Δ, pGAL-ZZ-TEV-GFP-
3×HA-331DYN1(E1849Q) 

AAA1 E/Q with GFP at N 
terminus 

GY696 pep4Δ::HIS3, prb1Δ, pGAL-ZZ-TEV-GFP-
3×HA-331DYN1(E2488Q) 

AAA3 E/Q with GFP at N 
terminus 

GY878 pep4Δ::HIS3, prb1Δ, pGAL-ZZ-TEV-GFP-
3×HA-331DYN1(E1849Q, E2488Q) 

AAA1 E/Q + AAA3 E/Q with 
GFP at N terminus 

GY879 pep4Δ::HIS3, prb1Δ, pGAL-ZZ-TEV-GFP-
3×HA-331DYN1(E1849Q, K2424A) 

AAA1 E/Q + AAA3 K/A with 
GFP at N terminus 

GY36 pep4Δ::HIS3, prb1Δ, pGAL-ZZ-TEV-3×HA-
331DYN1(E2488Q)-GFP 

AAA3 E/Q with GFP at C 
terminus 

 
Table S2: Yeast strains used in this work. “331DYN1” encodes amino acids 1219-4092 
of Dyn1, with predicted molecular weight of 331 kDa (see ref. (2) and remark in footnote 
on page 8, section “Yeast culture and dynein purification”), and WT (“wild type”) 
represents the tail-truncated, single-headed dynein construct without AAA mutation. 
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SI	Figures	
	

 
Fig. S1. Structure of VY137 monomeric dynein. (A) Linear map of primary structure from amino (N, left) to 
carboxy (C, right) termini, with color-coded regions corresponding to the different domains of the VY137 
construct. The N-terminal ZZ tag (ZZ) is removed during the purification via proteolysis at the TEV cleavage 
site (Tev), leaving an N-terminal GFP, followed by an HA tag (unused in this work), and fused to a dynein 
heavy chain lacking the first 1218 amino acids of the tail. The dynein heavy chain comprises the truncated 
tail/linker, six AAA+ domains (AAA1-AAA6) joined by flexible linkers, and a short C-terminal helix (C-helix). 
Each AAA+ domain consists of a so-called “large” (L) and “small” (S) subunit (also referred to as “/” and 
“”, respectively). AAA4S contains an insertion forming the dynein “stalk”, which consists of a coiled-coil with 
a microtubule-binding domain (MTBD) between the outgoing (CC1) and incoming (CC2) helices. AAA5S 
also contains an insertion comprising two helices (SC1 and SC2) that form the “strut,” or “buttress.” Labels 
below the map show the residue number corresponding to the beginning of each structural element 
(numbers in parentheses are the corresponding residues in full-length dynein). Divisions between domains 
were assigned in flexible linker regions. Lysine (KWA) and glutamate (EWB) residues in conserved Walker A 
and Walker B motifs, respectively, are also noted. Except for the noted point mutations (e.g. “AAA3 K/A” for 
a Walker A mutation at AAA domain 3), all constructs used here are identical to VY137, with the exception of 
VY219 (for which the GFP resides at the C terminus rather than preceding the linker). This map was 
constructed by consulting refs. (3, 53-57) (B) Schematic diagram of VY137, following cleavage of the ZZ tag, 
as viewed from the C-terminal face of the dynein ring. AAA+ domains are colored as in (A). (C) Cartoon of 
the dynein heavy chain viewed from the same orientation as in (A), with structures colored according to the 
map in (A). The crystal structure of the yeast motor domain (3) is combined with a separate structure for the 
mouse MTDB (58) via an artificial coiled-coil, as done by Carter (57). Small (AAA1S-AAA6S) domains are 
shown in lighter shades than large domains (AAA1L-AAA6L). This cartoon was prepared with VMD (59) 
using PDB entries 4AKG (motor domain), 3ERR (MTBD), and 1D7M (artificial length coiled-coil) and the 
Persistence of Vision Raytracer (POV-Ray, www.povray.org). 
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Fig. S2. Summary of unbinding force results. The labels on the abscissa denote the experimental condition 
tested (top row) and the construct used (bottom row; thick lines denote that the construct labeled below was 
used for all experiments above). (A) Box-and-whisker plot. The solid bars represent the interquartile range, 
while the whiskers denote the most extreme data in each dataset. The crosses denote the mean, while the 
horizontal lines indicate the median. (B) Vertical scatter plot. For each experiment, a single point is plotted 
for each data point (unbinding force) along a vertical line corresponding to the given experiment. 
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Fig. S3. Primary unbinding forces for the WT motor (A) and the AAA3 E/Q mutant motor (B) with GFP fused 
to the C-terminus in the absence of nucleotide (apyrase used to deplete any residual nucleotide). Tension is 
applied via the C-terminus rather than the linker. The loading rate was 5.6 pN/s. (A) Left: Schematic of 
dynein with GFP fused to the C-terminus. Right: Histograms of forward (blue) and backward (orange) 
unbinding forces, with the respective mean values noted above each histogram. Tall vertical bands 
represent 95% CIs of the means (forward: [1.6, 1.9] pN, backward: [2.8, 3.6] pN) estimated by bootstrapping 
4,000 samples. (B) As in (A), but for the AAA3 E/Q mutant (95% CIs [1.6, 1.9] and [2.8, 3.5] pN).	
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Fig. S4. Nonlinearity in optical trapping force for large bead displacements. (A) Green points: Normalized 
quadrant photodiode (QPD) response signal Sy = (VA + VB - Vc - VD)/( VA + VB + Vc + VD), where the terms on 
the right hand side are the measured voltages in each of the four QPD quadrants, A, B, C, and D. Dashed 
line: linear fit to the 50 nm region. 0 is the inverse slope of the line (Vnorm indicates “normalized voltage”). 
Solid red curve: 3rd-order polynomial fit to the data. (B) Trapping force as a function of bead displacement for 
a spring constant kmeas = 0.075 pN/nm measured near the trap center. Dashed/dotted blue line: uncorrected 
force calculated from F = kmeas x. Solid magenta curve: corrected response, F =  Sy, taking into account a 
reduced spring constant toward the edge of the trap.  is the product of  (x) k(x), where beta is the 
derivative of the Sy curve, and k(x) is the position-dependent spring constant.  is approximately a constant, 
so the value calculated near the trap center, i.e.  = (0)*k(0) = 0* kmeas, is applicable at all positions. 
Dashed black line: absolute value of the error in the uncorrected force calculation. The light (dark) gray box 
shows the region in which the error is 5% (10%) or less of the total force, approximately [-135, 135] nm ([-
175, 175] nm). The same position regions apply at different spring constants, but the corresponding force 
scales accordingly. 
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Fig. S5. Primary unbinding forces in the absence of nucleotide for nucleotide hydrolysis and binding mutants. 
Apyrase was used to deplete any residual nucleotide. The loading rate in all experiments was 5.6 pN/s. 
Forward unbinding forces are shown in blue, and backward unbinding forces are in orange. Tall vertical 
bands denote the 95% CIs of the mean (calculated by bootstrapping) for the forward (blue) and backward 
(orange) primary unbinding forces, respectively. The insets show the empirical cumulative distribution 
functions calculated from the measured forces (without binning). N is the number of total events measured in 
the given direction. (A) Nucleotide binding mutant AAA1 K/A (95% CIs [1.8, 2.1] and [3.0, 3.5] pN). (B) 
Hydrolysis mutant AAA1 E/Q (95% CIs for forward and backward directions, respectively: [1.5, 1.8] and [2.4, 
2.9] pN). (C) Hydrolysis mutant AAA3 E/Q (95% CIs [1.4, 1.6] and [2.3, 2.8] pN). (D) Nucleotide hydrolysis 
double mutant AAA1 E/Q + AAA3 E/Q (95% CIs [1.5, 1.9] and [2.8, 3.6] pN). (E) Nucleotide 
hydrolysis/binding double mutant AAA1 E/Q + AAA3 K/A (95% CIs [1.3, 1.5] and [3.0, 3.7] pN). (F) 
Nucleotide binding mutant AAA3 K/A (95% CIs [1.6, 1.9] and [2.7, 3.4] pN).  
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Fig. S6. Consensus model for dynein’s mechanochemical cycle. ATPase states are assumed to be those in 
AAA1 and the other AAA sites are generally disregarded. (1, 2) ATP binding causes MT detachment and 
‘recocking’ of the linker. (3) ATP hydrolysis in the free head. (4) Rebinding to the MT causes Pi release and 
induces the ‘high-energy ADP* state’. (5) Transition to the ‘low-energy ADP state’ generates a linker swing 
(powerstroke) toward the MT minus-end. (6) Tight MT binding in the apo (nucleotide-free) state. 	
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Fig. S7. MT binding/release assay (SDS-PAGE) with various single-headed dynein constructs. 5 μl samples 
were taken from the supernatants (S1 and S2) and re-suspended pellets (P1 and P2) at each stage of the 
MT binding/release assay (~ 1.7 mg/mL MTs), mixed with SDS loading buffer and denatured in boiled water 
for 10 min. The samples were then loaded onto a NuPAGE® Novex® 4-12% Bis-Tris Gel (Life Technologies) 
and ran for 50 min at 200 V in MOPS SDS running buffer (Life Technologies). The gel was then rinsed with 
ddH2O and stained with InstantBlue™ (Expedeon) for 30 min. The high-molecular weight band is single-
headed dynein, and the lower ~50-kDa band is tubulin. After the first sedimentation, there is some dynein in 
the supernatant (S1), but most is bound to MTs in the pellet (P1). Some tubulin is present in S1, likely small 
MTs or unpolymerized MT subunits. After resuspension of the pellet (P1) with ATP-containing buffer, 
followed by re-sedimentation, a significant fraction of dynein is present in the supernatant (S2) for WTdynein 
with N-terminal GFP or C-terminal GFP (A), while AAA3 E/Q mutants with N-terminal GFP or C-terminal 
GFP are almost undetectable in the supernatant (B). The lowest ~27K band in the S1 lanes is AcTEV™ 
Protease (Life Technologies) used during the dynein purification procedure.  
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Fig. S8. Comparison of primary and secondary backward (A) and forward (B) unbinding forces for the WT 
motor domain in the presence of 2 mM ADP and in the absence of nucleotide, respectively, and effect of 5 
mM ADP on dynein’s response to tension (C). The loading rate was 5.6 pN/s. Tal vertical bands denote the 
95% CIs of the mean (calculated by bootstrapping) for the 2 mM ADP (95% CIs for backward and forward 
unbinding forces, respectively: [3.9, 4.3] and [1.8, 1.9] pN), Apo (95% CIs for backward and forward 
unbinding forces, respectively: [5.8, 6.3] and [2.1, 2.3] pN), and 5 mM ADP (95% CIs for backward and 
forward unbinding forces, respectively: [1.8, 2.1] and [1.1, 1.2] pN) experiments, respectively. N is the 
number of total events measured in the given direction. The insets show the empirical cumulative distribution 
functions calculated from the measured forces (without binning). 
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Fig. S9. Effect of changing the first 1-pN bin of a rupture-force distribution on the estimated force-dependent 
unbinding rates, and calculated Apo and ATP unbinding rates for the WT motor. (A) Rupture-force 
distribution in which the height of the first bin is 1/10 of the height of the second bin. (B) Rupture-force 
distribution in which the first and the second bin have the same height. The relative heights of the other bins 
are the same as in the distribution shown in (A). Because of this increased population of small unbinding 
forces, the corresponding average force is smaller compared to the average force of the distribution in (A). 
(C) Corresponding unbinding rates as a function of force calculated with the Dudko-method for the 
distributions shown in (A) and (B). The difference in the distributions is only reflected at the first data point. 
(D) Unbinding rate vs. loading force obtained from analyzing the unbinding-force distributions of the primary 
unbinding events shown in Fig. 1E (Apo) and Fig. 2A (1 mM ATP). The shaded areas (Apo) and the thick 
lines (1 mM ATP) represent 95% confidence intervals for the mean values, estimated by bootstrapping 
4,000 samples. While a KS test rejects the null hypothesis that the apo and ATP forward unbinding rate data 
are drawn from identical underlying distributions (p<10-16, D = 0.25), when excluding unbinding rates 
measured below 1 pN, KS analysis suggests that the forward unbinding rate data are statistically 
indistinguishable (p=0.09, D=0.09). Applying a KS test to the apo and ATP backward unbinding rate data for 
all rates measured below 8 pN suggests that the distributions are statistically indistinguishable (p=0.06, 
D=0.08). 
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Fig. S10. Polarity-marked MTs. (A) Fluorescence image of polarity-marked MTs (scale bar: 3 μm). The 
bright ends are the “seeds” from which plus-end polymerization was nucleated. (B) Schematic diagram 
showing bright plus ends (magenta) on less densely labeled MTs (green). Kinesin K560, an exclusively plus-
end-directed motor, consistently walked away from the bright ends. 
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Fig. S11. Unbinding-force experiments (force/position vs. time) in the absence of nucleotide (ATP and ADP 
depleted with apyrase) for the wild-type motor domain (A) and the ATP-hydrolysis AAA1 E/Q mutant (B). 
The illustration in A represents the configuration for backward vs. forward tension. Orange (blue) shaded 
areas show periods of applied rearward (forward) tension. The loading rate was 5.6 pN/s (k  0.07 pN/nm, 
vstage  80 nm/s). Experiments were performed at concentrations of dynein to produce MT binding by 10% 
(A) and 18% (B) of beads in the final assay, implying binding by single motors (38).    
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Fig. S12. Computational validation of the Dudko-method for three different bond behaviors. In all graphs, the 
green points are the calculated unbinding rates from the Dudko-method applied to data from rupture-force 
simulations of stochastic bond models depicted in this figure. The red lines are analytical solutions of these 
models. The areas between the blue lines represent 95% confidence intervals (CIs) estimated by 
bootstrapping with 4000 samples. The models and the simulation procedures are described in detail in the 
Supplemental Information. (A) A typical slip-bond behavior showing an exponentially increasing unbinding 
rate as a function of force. Originally, the Dudko-method was developed to study such a bond (60). For the 
simulation of the rupture-force histograms we used a loading rate of 5.6 pN/nm and 575 unbinding events, 
as was the case for the Apo state forward unbinding-force experiments of the WT motor (Fig. 1E). (B) The 
unbinding rate of a slip-ideal bond first increases with increasing force and then saturates so that the 
unbinding rate becomes load insensitive. This behavior describes the backward unbinding-force 
experiments of the WT motor in the Apo state as shown in Figs. 1E and 1G. In the simulations we used a 
loading rate of 5.6 pN/nm and 512 unbinding events as for the corresponding experiment. (C) The unbinding 
rate of a catch-slip bond first decreases and then increases as a function of force. For the simulation we 
used a loading rate of 1 pN/nm and 600 unbinding events for the analysis. 
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