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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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umerous 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 AAA modules (AAA1-6)
linked in tandem to form a ring (Fig. 14). AAA1-4 bind nucleo-
tides, whereas AAAS 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
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differentiate between the leading and trailing heads, because they
experience oppositely directed mechanical tension (Fig. 14).
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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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 F,« and unbind again at Fenq, With force difference AF = Fyart — Feng- (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, Vgtage ~ 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% Cls 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 AF vs.
Fstart for forward (blue) and backward (orange) tension. Events grouped into 1-pN bins for Fg .. Shaded regions: 95% Cls for the mean AF, estimated by
bootstrapping 2,000 samples. For Fsar+ =10 pN (gray shaded region), the trap stiffness is not constant (S/ Appendix, SI Text and Fig. S4) and 20 or fewer events
were recorded. For Fgat < 10 pN, each mean AF was 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% Cls for the mean rates, estimated by bootstrapping 4,000 samples.

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 AAAL.
When tension is absent or applied via dynein’s C terminus, ATP
binding to AAAI 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.
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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 (Dynlssixp, 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 the MT (Fy.,« = 0), whereas for secondary events Fy,; >
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 F,,. 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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Comparison of ECDFs with a two- sample Kolmogorov—Smlmov
(KS) test (36) yields a P value pis < 107 (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 bootstrappmg, Pm <107° (81 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. S3A4).

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 Fj,,, the more rapidly a slip bond will break,
and thus the average additional force attained AF 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 AF might not decrease as a function
of Fyart.

To test this hypothesis, we measured AF for events with similar
preloads (Fy., bin size of 1 pN) and plotted the mean AF vs. Fypar¢
(Fig. 1F). Within experimental uncertainty, the mean AF 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
AF), 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. 24; 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. S54, 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. S34), ATP weakens the dynein-MT bind-
ing strength more in the presence of C-terminal tension (Figs.
2A and 34).

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
AAAL1 hydrolyzing ATP, thus preventing observation of a pure
ATP-bound state (ST Appendix, SI Text, and Fig. S6, state 1). We
therefore introduced an E/Q mutation in the AAAl 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. S5SB, 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, p,, = 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 AAAL.
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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Fig. 2.

Effect of 1 mM ATP on dynein’s response to linker-applied tension. (A, Left) Schematic of dynein with GFP fused to the N terminus. (Right) WT dynein

forward and backward unbinding forces with mean values noted. Tall vertical bands represent 95% Cls of the means (forward: [1.4, 1.5] pN, backward: [2.6,
2.9] pN) estimated by bootstrapping 4,000 samples. (B) As in A, but for the AAA1 K/A mutant (95% Cls [1.5, 1.9] and [2.5, 3.4] pN). (C) Example of optical
trapping data for the AAA1 E/Q mutant. Black trace shows raw data. Green trace shows a fifth-order Savitzky—Golay filter with a 301-sample (0.1-s) window
applied to the data to make unbinding events easier to identify. The detail shows the filtered data for the period marked by the thick black line. (D) As in A,
but for the AAA1 E/Q mutant (95% Cls [0.7, 0.8] and [0.9, 1.0] pN). (E) As in A, but for the AAA3 E/Q mutant (95% Cls [1.2, 1.4] and [2.4, 2.8] pN). (F) As in A,
but for the AAAT E/Q + AAA3 E/Q mutant (95% Cls [0.8, 0.9] and [0.8, 0.9] pN). (G) As in A, but for the AAA1 E/Q + AAA3 K/A mutant (95% Cls [1.4, 1.7] and
[2.9, 3.8] pN). Number of events in the forward, backward directions: (A) (577, 577), (B) (60, 59), (D) (320, 365), (E) (272, 294), (F) (274, 292), and (G) (77, 67).
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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%
Cls 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% Cls [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).

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 weakened MT binding (Fig. 3.4 and B; SI Appendix, ST
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
(ST 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 4 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. S54, and Table
S1). In fact, whereas the apo state unbinding force histograms for
the WT and AAA1 K/A mutants were statistically indistinguishable
(ST Appendix, SI Text and Table S1), ADP addition to the AAA1
K/A mutant yielded mean forces even smaller than those of the WT

6374 | www.pnas.org/cgi/doi/10.1073/pnas.1417422112

(Pm < 107 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, pis = 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, 34]
pN; SI Appendix, SI Text and Table S1, py = 0.017, p,, = 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
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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% Cls 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% Cls [1.1, 1.3] and [1.6,
2.0] pN). (D) As in B, but for the AAA3 K/A mutant (95% Cls [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).
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Fig. 5. Mean forward (blue) and backward (orange) unbinding forces for
the various experiments reported. Error bars denote 95% Cls of the mean.
The labels on the abscissa denote the experimental condition tested (Top
row) and the constructs used (Bottom row).

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. 24; 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 (<1 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 AAAL. 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.

Nicholas et al.

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 AAAl-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, AAAS5 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 AAAL1 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
AAAGL/AAASS relative to the stalk and AAASS/AAAAS (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 in MT 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. 4A4), 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 AAAL,
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 AAAIL (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 S/ Appendix, SI Text). Following initial purification, all constructs
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except VY874 (AAAT1 K/A), VY696 (AAA3 E/Q), and GY36 (AAA3 E/Q with a
C-terminal GFP), which are insensitive to ATP-induced MT release (S/ 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 (S/ Appendix, SI Text and Fig. S10) were covalently attached to glass
coverslips of microscopy chambers as previously described (47). Anti-GFP
antibody-coated, 1-um 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),, and 1 mM EGTA, supplemented
with 1 mg/mL B-casein, 10 pM 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
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a motor bound. For data acquisition, signals were electronically low-pass
filtered at 1.5 kHz and data were sampled at 3 kHz. See S/ Appendix, SI Text
for detailed protocols.

Data Analysis. Unbinding forces were measured using a semiautomated de-
tection program written in MATLAB (see S/ 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 (Cls) 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 S/ Appendix, SI Text for
detailed protocols.
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