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1 Summary

Cytoplasmic Dynein, a motor with an unusual architecture made up of a motor domain
belonging to the AAA+ family, walks on microtubule towards the minus end. Prompted
by the availability of structures in different nucleotide states, we performed simulations
based on a new coarse-grained model to illustrate the molecular details of the dynamics
of allosteric transitions in the motor. The simulations show that binding of ATP results
in the closure of the cleft between the AAA1 and AAA2, which in turn triggers confor-
mational changes in the rest of the motor domain, thus poising dynein in the pre-power
stroke state. Interactions with the microtubule, which are modeled implicitly, substan-
tially enhances the rate of ADP release, and formation of the post-power stroke state.
The dynamics associated with the key mechanical element, the linker (LN) domain, which
changes from a straight to a bent state and vice versa, are highly heterogeneous suggestive
of multiple routes in the pre power stroke to post power stroke transition. We show that
persistent interactions between the LN and the insert loops in the AAA2 domain prevent
the formation of pre-power stroke state when ATP is bound to AAA3, thus locking dynein
in a non-functional repressed state. Motility in such a state may be rescued by applying
mechanical force to the LN domain. Taken together, these results show how the intricate

signaling dynamics within the motor domain facilitate the stepping of dynein.

2 Introduction

Molecular motors are spectacular nanomachines that transport cargos by moving pro-
cessively along filamentous actin and microtubules (MT).13 Of the three motor families,
kinesins and dyneins walk along MTs whereas myosins step on filamentous actin. Al-
though a number of questions still remain unanswered, it is fair to say that the mech-
anism of processive motion of kinesin-1 and myosin V is fairly well understood, thanks
to remarkable experimental studies conducted over the last twenty five years. 416 In

contrast, the characterization of the motility of cytoplasmic dynein has lagged behind.

Although discovered over fifty years ago,'” it is only in the last decade the complexity
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and variations in the architecture of dyneins have been revealed, raising various questions
that challenge our views of information processing in nanoscale biological machines. Even
though this issue, which relates to to allosteric communication in protein complexes, is
most interesting, our focus here is to provide quantitative insights into the molecular
basis of the dynamics of allosteric transitions between distinct functional states in the
motility of dynein, a most intriguing molecular motor.

Cytoplasmic dynein transports cargo along MTs, and is a minus end-directed mo-
tor. Among dyne’s different cargoes are endosomes, lysosomes, and mitochondria.!® 20
Additionally, cytoplasmic dynein (or dynein from now on) is involved in the process of
positioning of the spindle during cell division.?! In almost all respects, dynein is distinct
in comparison with other cytoskeletal motors. (i) In contrast to conventional kinesin,
which transports cargo towards the + end of the polarized MT, dynein steps towards the
- end of the polar track. (ii) The motor domain belongs to the class of AAA+ family.??
Therefore, it stands to reason that dynein motors must have evolved from a different lin-
eage compared to myosin and kinesin. (iii) Several of the well studied AAA+ enzymes,
such as bacterial chaperonin GroEL and protein degradation machines, are oligomeric as-
semblies often consisting of identical domains. The motor domain in dynein, on the other
hand, is a hetero-oligomer with six AAA domains, originating from a single polypeptide
chain. (iv) Unlike many other AAA+ assemblies, nucleotide activity in each nucleotide
binding cite is distinct. How the diverse changes in the nucleotide chemistry affect dynein
motility is still largely unknown. (v) The size of the dynein motor domain (MD), is sig-
nificantly larger than the MD of kinesin and myosin. The length of the MD of dynein
along its longest axis is about 25 nm, in contrast to the diameter of kinesin, which is
only about 5-6 nm.?*»2* (vi) The complex MD of dynein comprises of several appendages
that are unique among cytoskeletal motors and are crucial to the proper functioning of
dynein.?*2%26 Owing to the presence of these peculiar structural elements, the connec-
tion between the architecture of the MD and dynein motility is not transparent, as is the
case for example in myosin V.27

The core of the MD consists of a hexameric AAA+ (AAA1-AAAG) assembly, co-
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valently linked together (Fig. 1). Of these, the first four AAA domains of dynein can
catalyze ATP to a varying degree of efficiency. However, it has been shown that the AAA1
domain is the main ATP catalytic site of the motor.?® Other than the AAA domains,
the structure of dynein contains several prominent elements (Fig. 1), among which is
the LN, a large and elongated domain, spanning the diameter of the entire AAA+ ring
(shown in purple in Fig. 1). The LN is involved in the power stroke, the conformational
transition in the motor that is responsible for propelling the motor forward to the minus
end of the MT.2:30 An interesting structural feature of dynein is that the microtubule
binding domain (MTBD) is located at the end of the stalk, which is approximately 10 nm
long coiled coil structure emerging from the AAA4 domain (shown in yellow in Fig. 1).
The MTBD is spatially well-separated from the main ATP hydrolysis site in the AAA1
domain, which raises the question of how the two sites communicate. In order for the
ATP binding site and the MTBD to communicate, an elaborate set of conformational
changes has to occur.?®2531.32 While the details of this process are still being worked
out, the most noticeable conformational change is a shift in the relative position of the

k.31:3334 This transitions appears to be induced by a structural element,

coils in the stal
referred to as the strut (orange element in Fig. 1).

Just like other motors, dynein motility depends on the ability of the MDs to trans-
late the binding and hydrolysis of ATP into mechanical work. However, the ability to
hydrolyze ATP by AAA1-AAA4 (AAA5 and AAAG6 do not bind ATP) varies greatly, and
their relative contributions to motility also differ considerably.?®3537 Binding of ATP to
AAAT1 (with ADP in AAA3) induces rapid dissociation of the motor from the MT, and a
priming stroke of the LN, leading to a pre-power stroke state in which the LN is in a bent
conformation (upper row in Fig. 2).2%36:38.39 Tn addition, ADP release from AAA1 is
accelerated when the motor binds to MT, just as in kinesin.*’ Interestingly, the binding
of the motor to MT also accelerates the power stroke transition in the LN, leading to a
post-power stroke state (lower row of Fig. 2).4! This suggests that the process of ADP

release and the power stroke must be coupled. What makes dynein so perplexing is that

the allosteric sites, the ATP binding site in AAA1 and the MTBD, are located far from
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each other (Fig. 1). It is clear that in order for dynein to walk processively on MT, an
elaborate scheme of allosteric control and conformational transitions in the MD has to
take place, and the resulting signal has to be transmitted to the MTBD.

A structural picture of how these allosteric transitions occur is starting to emerge
over the last few years, thanks to the availability of structures from different species in
several allosteric states.?32>26:36 In order to go beyond the structures and provide the
molecular basis of the dynamics of allosteric communication and gating in dynein, we
performed Brownian dynamics simulations, using a new coarse-grained version of the
Self-Organized Polymer (SOP) model®? (summarized in Experimental Procedures
with technical details in the Supplementary information (SI)) to monitor the dynami-
cal changes that occur in the MD in response to either ATP or MT binding.*>%* In
general, coarse-grained models have been remarkable insights into the dynamics of mo-
tors.¥47 Using these simulations, we consider the following questions inspired by several
experimental findings. What is the molecular mechanism of long-range structural tran-
sitions underlying the ATP/MT binding induced priming and power stroke? How does
the AAA3 unit modulate the allosteric communication in the motor? What could be
the molecular basis of gating in dynein? The results of our simulations provide answers
to these questions and shed light on the intricate allostery in dynein. Our simulations
reproduce a range of known aspects of dynein allostery, such as the structural changes
in the MD that occur in response to the binding of ATP and MT. In particular, the
simulations show that, dynamically, the formation of the priming stroke (LN in the bent
state) occurs first upon closing of the cleft between AAA1 and AAA2 followed by changes
in AAA5, AAAG, and the stalk. Furthermore, our data suggests that MT binding ac-
celerates the execution of the power stroke and ADP release. We show that the AAA2
domain is involved in the suppression of dynein activity when ATP is bound to AAA3.
Our simulations show that the persistent interactions of the insert loops (ILs) with the
LN domain when ATP is bound to AAA3 results in the repression of dynein motility.
Application of mechanical force to the LN domain restores motility, as demonstrated in

single molecule experiments,®” of the repressed state by facilitating the allosteric changes
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that occur in the normal catalytic cycle. Based on this work we make testable predictions,
especially in regard to the importance of interactions between IL and the LN domain in

dynein motility.

3 Results

In order to answer the questions posed above, we took a computational approach using
the following strategy: (i) Construct a tractable model of the dynein MD, with which we
can account for responses to external inputs such as the binding of ATP or interactions
with MT. (ii) Require that the simulations using the model reproduce the experimentally
observed response of the motor to ligand or ATP binding. (iii) Introduce and elucidate
the repressing effects of ATP binding to the AAA3 domain. (iv) Analyze the consequences
of the external force, applied to the MD.

Allosteric Communication Between the ATP Binding Site and the MT: Sev-
eral studies have shown that binding of ATP to the primary ATP binding site between
the AAA1 and AAA2 domains (referred to as AAA1/2) induces a pronounced conforma-
tional transition from a straight to bent state in the LN domain (priming stroke), leading
to detachment of the motor from the MT.?%3%4 Furthermore, once ATP hydrolysis and
phosphate (Pi) release are complete, binding of dynein to MT accelerates the release of
ADP, resulting in the conformational transition from the bent to the straight state in
the LN (power stroke).?® We require that our model reproduce the global responses of
dynein to ATP and MT binding.

It is suspected that allosteric communication between the AAA1/2 ATP binding site
and the MTBD is transmitted through a sliding motion in the coiled coil stalk domain
(shown in yellow in Fig. 1).31:3%4® How the information is transferred between AAA1/2
and the stalk, which are spatially well separated, is less clear. From the architecture of
the motor, it is reasonable to argue that the allosteric communication must occur via
conformational changes in the AAA5 and AAA6 domains. To support this argument, we

rely on two pieces of evidence. First, structural studies of dynein suggest that the strut, a
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domain that connects the AAA5 and stalk domains (orange element on the left in Fig. 1),
is involved in the conformational changes in the stalk.>* Second, when comparing crystal
structures of dynein (taken from different species) in the ATP bound and no nucleotide
(apo) states, setting aside the LN and stalk domains, most of the conformational changes
occur in the AAA1, AAA5, and AAA6 domains (see Fig. S1).232%26 Therefore, we as-
sume, when constructing our model, that the allosteric communication pathway between
AAA1/2 and the MTBD involves the participation of the AAA5, AAAG6, and the stalk.
We group these domains together and refer to them as AAA5/6/S.

In order to ensure that our results are consistent with experimental observations,
which would serve as a validation of the model and the simulation strategies, we consid-
ered two scenarios that naturally occur during the catalytic cycle of dynein. In scenario
I, starting from the apo state, ATP binds to the AAA1 domain, inducing a cascade of
conformational changes along the AAA5/6/S allosteric pathway, resulting in the detach-
ment of the MD from the MT. In this process, the LN undergoes a priming stroke (Fig.
2) from a straight (S) to bent (B) conformation (LNg — LNp transition). In scenario
II, we assume that the motor has ADP in the AAA1 domain, thus creating the pre-power
stroke state. Dynein then binds to MT at the MTBD, accelerating the release of ADP,
resulting in a power stroke (LN — LNg transition) in the LN domain. These transitions
are schematically illustrated in Fig. 2.

Conformational Transitions upon ATP Binding: In order to probe the dynamical
transitions that occur upon binding of ATP in scenario I, we probed the time-dependent
conformational changes that occur in the AAA1/2 ATP binding domain during the tran-
sition from the apo state (referred to as state E) to the ATP bound state (state A). The
most notable conformational change at the AAA1/2 site is the closure of the cleft be-
tween the AAAT and AAA2 domains (Fig. 3). The decrease in An1714- 52065, the distance
between residue N1714 in AAA1 and residue S2065 in AAA2 (upper left panel in Fig. 4a
and Fig. 4b), with time shows the closure of the cleft between these two domains upon
ATP binding. In contrast, the cleft remains open in the apo state (upper right panel in

Fig. 4a).
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Binding of ATP to the AAA1 domain leads to a cascade of conformational changes
across the entire motor domain.?®2526:36:49 We probed the dynamics associated with
transitions in the AAA5/6/S domains due to nucleotide binding to AAA1. In order to
account for the decreased affinity for MT, due to ATP binding to AAA1, we monitored
the transition of the AAA5/6/S domains from the MT bound state (referred to as state
M) to the unbound state (referred to as state U). However, the transition between the M
and U states was allowed in the simulations only after the distance A pn1714- 52065 decreased
below 0.8 nm. This procedure mimics the inference from experiments that the allosteric
transitions occur in AAA5/6/S only as a consequence of the conformational changes at the
AAA1/2 site.?25:36.38 We tracked the allosteric transition by monitoring Ani767-n3700,
the distance between residues N1767 and N3709 (Figs. S2). Comparison of the results in
the top and bottom left panels in Fig. S2a shows that the AAA5/6/S domains transition
from the conformations in the M state to the one adopted in the U state occurs only
after the closure of the cleft. In contrast, the right panels in Fig. S2a show that this
transition does not take place when the cleft remains open, thus confirming that the M
to U transition is a direct result of the cleft closure.

In order to ensure that the transitions described above are a direct result of ATP
binding and not an artifact of the simulation methodology, we performed additional
simulations of dynein in the apo state. In these simulations the AAA1/2 was restrained
to be in the E state with the cleft open (Fig. 3). We allowed for the transition in
the AAA5/6/S domains if Apni714-g2065 1S less than 0.8 nm. Fig. S2 shows that in the
simulations of dynein with ATP, the AAA1/2 site changed conformations, which in turn
affects the conformations in AAA5/6/S. On the other hand, in the simulations of the
apo state, no such transition occurred (see the upper right panel in Fig. S2a). Thus,
the proposed CG model agrees with structural and kinetic experiments, which pointed
out that the conformational changes in AAA5/6/S take place only upon ATP binding to
AAA1/2.232538

Transitions resulting from MT binding: In scenario II, dynein binds to MT at the

MTBD. In our simulations we do not include the MTBD explicitly but we assume that
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when bound to MT, the AAA5/6/S domains are predominantly in the M state. By sta-
bilizing the M state with respect to the U state at the AAA5/6/S domains, we implicitly
include the effects of MT binding (see SI for details of the simulation procedure). The
AAA1/2 is in the ATP bound A state at the start of the simulations but the stabilizing
interactions at this site are weakened (see SI) in order to reflect that the binding site
contains ADP and not ATP. If An1714—52065, reporting the fate of the cleft, increases
beyond 1.1 nm, the transition to the nucleotide free E state is facilitated.

Comparison of the M and U states show that binding to MT significantly accelerates
the opening of the cleft at the AAA1/2 site (compare the two lower panels in Fig. 4a),
which is consistent with the observation made in experiments.*! Furthermore, while there
are fluctuations in the AAA1/2 cleft in the simulations without the effects of MT, the cleft
does not open fully within the simulation time. Although A n1714- 52065 1S @ good measure
of the opening of the AAA1/2 cleft, it is not necessarily an appropriate indicator of what
transpires at the ATP binding site itself. In order to monitor the conformational changes
at the ATP binding site directly, we measured Agig92_ r1g67, the distance between residues
G1692 and R1867, located at the ATP binding site (Fig. 4b). We tracked Apn1714- 52065
and Agig92_ r1se7 simultaneously, both in the M and U states. Fig. 4c shows that when
the AAA5/6/S domains adopted the conformations of the MT bound M state, both the
AAA1/2 cleft and ATP binding pocket are open. In contrast, in the absence of MT, while
there is partial opening of the AAA1/2 cleft, the ATP binding pocket itself remains closed
(Fig. 4d). This finding supports the hypothesis that conformational changes involving
AAA5/6/S, facilitated by binding to the MT, are responsible for the acceleration of ADP
release from the AAA1/2 site.325%51

Conformational Transitions in the LN Domain: In addition to the regulation of
affinity of dynein for MT, ATP binding and hydrolysis also control the conformations of
the LN domain. In particular, it has been suggested that binding of ATP at the AAA1/2
site leads to a priming stroke in the LN domain.’? On the other hand, binding to MT
accelerates the power stroke motion in the LN domain.*! To test whether our simulations

support these findings, and to provide a structural view of the dynamics associated with
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these processes, we tracked the motion of the LN domain in both scenarios I and II.

Scenario I: In order to monitor the conformational changes in the LN domain to the
binding of ATP, we measured Agi315_p3297, the distance between residue S1315 near the
N-terminus of the LN domain and residue D3297 in the AAA5 domain (Fig. 5). Both
the residues are at the interface between the LN and the AAA5 domains (see the static
structures in Fig. 5), making Agi315_ps297 a reasonable order parameter for assessing if
the LN domain is in the post-power stroke conformation or whether the LN domain is
detached from the AAA5 binding site.

The upper panel in Fig. 5a shows that in a large percentage of the trajectories the LN
domain detaches from the AAAS domain, as can be seen from an increase in Ag1315- p3297-
To ensure that this is a result of ATP binding, we also measured Agi315-p3297 in simula-
tions of the apo state with no ATP bound at the AAA1/2 site. With the exception of a
couple of trajectories, the LN domain remained bound to the AAA5 domain (Fig. S3).
In order to ascertain if the LN domain reaches the AAA3 binding site in the pre-power
stroke state, we measured A 41333_n2341, the distance between residue A1333 in the LN
domain and residue N2341 in the AAA3 domain. These residues come into contact only
in the pre-power stroke, L Np state, and therefore A 4133392341 18 an indicator of whether
the priming stroke is complete. The lower panel in Fig. 5a shows that in a number of
trajectories, due to ATP binding to AAA1, the LN domain reaches LNpg state within
the simulation time. It should be noted that this transition is not complete in most
trajectories, at least within the time scale of our simulations. It is again worth remark-
ing that there is a great deal of variation from trajectory to trajectory, underscoring the
importance of heterogeneity associated with the transition involving the LN domain.

To better characterize the correlated motion in the dynamics of the priming stroke
transition, we plotted Ag1315_ p32g7 versus A 41333 n2341, obtained from a number of trajec-
tories (Fig. 5b). As can be seen from both Figs. 5a and 5b, the LN detached from AAA5
rapidly. However, the binding to AAA3, indicated by the approach of A 41333 n2341, tO its
equilibrium value in the pre-power stroke, lags behind. Instead, the LN makes multiple

transitions between the LNg and LNg states. In order to monitor the conformations of

10
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the LN itself we calculated 6y, the angle between residues Q1255, F1418, and G1585,
which directly measures the bending of the LN (Fig. S4). Interestingly, the LN does not
bind to AAA3 and complete the priming stroke until relatively late in the transition. As
can be seen in Fig. S4a (top panel), the LN spends a significant amount of time in a
partially bent state. During the second half of the simulation (2.25 — 4.5ms) the LN has
a probability of 44% to be only partially bent and 10% to be fully bent (Fig. S4a).

The picture of how the post-power stroke (LNg) state is destabilized by ATP binding
is complex. Our simulations suggest that the LN dynamically comes into contact with the
AAA2 insert loops (IL) in the post-power stroke state (Fig. 6). The interaction between
the LN and the ILs in AAA2 leads to partial detachment of the LN from the AAA5
binding site even in the apo state (Fig. 6a). This is not entirely surprising, because in
the crystal structure by Kon et al, the LN domain interacts with the IL in the ADP bound
state (which is structurally similar to the apo state).?¢ The LN is also somewhat shifted
from its AAAS bound position in this structure, and is located in the cleft between AAA4
and AAA5 domains. Naively, this may suggest that favorable interactions between the
LN and the AAA2 domains are not compatible with LN-AAA5 docking. Nevertheless,
these interactions seem to stabilize the post stroke conformation as a whole (Fig. 6a and
6b). To further support this claim, we performed mutation simulations of the apo state in
which the stabilizing interactions between the LN and the AAA2 domain are switched off.
Fig. S5 shows that without the stabilizing interactions between the LN and the ILs, the
post-power stroke conformation is destabilized as the LN is more likely to detach from the
AAAS5 domain, as indicated by the large values of Agi1315_p3297, the distance reporting the
LN-AAAS5 interactions. In order to make a quantitative comparison between the wild type
and mutation simulations in the apo state, we calculated the percentage of trajectories
in which the LN was completely detached from both AAA2 and AAA5. Our calculations
show that during the second half of the the mutation simulation, the LN has ~ 41%
chance of being completely detached, in contrast to the wild type simulations in which
the probability was only ~ 1%. This confirms our conclusion that the IL interactions

with the LN stabilize the post-power stroke state.

11
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The involvement of the ILs of AAA2 in stabilizing the post-power stroke state provides
a possible explanation for why ATP binding to the AAA1/2 binding site destabilizes this
state. Closing of the AAA1/2 cleft brings the ILs in proximity to the AAA1 domain,
making them unavailable to interact with the N-terminus regions in the LN domain. This
is illustrated in Fig. S6, which shows the dynamics associated with the distance between
the LN and the AAA2 ILs, and the transition of the AAA1/2 cleft. While the AAA1/2
cleft remains open, the AAA2 ILs are found to be mostly in contact with the LN domain
(Fig. S6a). When the cleft closes, however, due to the binding of ATP, these contacts
are destabilized (Fig. S6b). This implies that the AAA2 ILs serve as a switch for the
formation of the post-power stroke state.

Scenario II: We expect the binding to MT to accelerate the power stroke (LNg — LNg
transition). By comparing the time-dependent increase in A 41333 n2341 in the two lower
panels in Fig. S7, we conclude that the LN-AAA3 detachment rate is considerably faster
when dynein is bound to MT. In addition, the upper left panel in Fig. S7 also shows
that in several trajectories, in which MT is bound to dynein, the LN domain reaches the
AAAS5 binding site (indicated by the approach of Agi315_psog7 to the value in the post-
power stroke state), thus completing the power stroke. In contrast, such transitions are
not observed when the motor does not interact with the MT. Therefore, we conclude that
our results are in accord with the experimental observation that MT binding accelerates
both ADP release, and increases the rate of the power stroke, reflected in the LNp — LNg
transition.

The mechanism by which the conformational changes in the AAA1/2 cleft affect the
stability of the pre-power stroke state is evident. The segment of the LN that connects
the AAA3 domain to the AAA1 domain is almost perpendicular to the AAA1/2 cleft,
which implies that any opening motion in the AAA1/2 cleft would pull the LN domain
away from its binding sites in the AAA3 domain, thus destabilizing the pre-power stroke
state. A plot of A41333-n2311 (LN-AAA3 distance) against Apn1714-s0065 (AAA1/2 cleft)
in Fig. 7a and 7b shows that as the AAA1/2 cleft tends to be more open, the LN is more

likely to detach from the AAA3 binding site. This effect is intensified in the MT bound
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state. Similarly, closing the AAA1/2 cleft would increase the stability of the pre-power
stroke conformation. Thus, MT plays a key role in inducing the conformational changes
in the LN. Both the opening of the AAA1/2 cleft, which occurs first, and the subsequent
detachment of the LN from AAA3, occur more readily in the presence of MT.

Inactivation of Dynein Through ATP binding to the AAA3 Domain: It
is well established that the AAA1/2 domain is the principal site for ATP binding and
hydrolysis in dynein.®® Nevertheless, several studies show that nucleotide binding and
hydrolysis occur at two additional sites, located in the AAA3 and AAA4 domains respec-
tively. Recent studies have revealed that the nucleotide state of AAA3 plays a crucial role
in the regulation of dynein activity.?:3%53 In particular, while the AAA3 site contains
ADP, dynein behaves normally, executing processive motion. However, when the AAA3
site is in the apo state or is occupied by ATP, the LN domains appears to be locked in the
post-power stroke conformation regardless of the nucleotide state of the AAA1/2 site.3
Additional studies have shown that in this repressed state, with ATP bound in the AAA3
domain, dynein maintains a high affinity for MT as well.3%37 Thus, the repressed state
is incapable of stepping on MT.

In order to investigate the mechanism involved in the repression of dynein activity by
the AAA3 domain, we simulated Scenario I (ATP binding to AAA1) using the crystal
structure of the repressed system instead of the crystal structure of the apo state as a
reference.®® We monitored the motion of the LN domain in the simulations by calcu-
lating the evolution of the distance Agi315_p3297, reporting on the LN-AAAD5 interaction
(structure on the right in Fig. 5¢) as a function of time (Fig. 8a). In contrast to the
non-repressed active motor, Fig. 8a shows that in most of the trajectories, the LN do-
main remained bound to the AAA5 binding site even though the AAA1/2 switched to
the A state. Furthermore, the AAA1/2 cleft remained open in most of the trajectories,
preventing the M to U transition in the AAA5/6/S domains (left panels in Fig. S8). This
finding is consistent with the experimental results of Bhabha et al.3°

We already showed that the involvement of the AAA2 domain is required in the

stabilization of the post-power stroke state (Fig. S5). This is further supported by
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structural and mutational studies showing that the ILs play an important role in the
regulation of dynein activity.?¢:3¢ In particular, the ILs come into contact with the LN
domain in the repressed structure.26:3¢ To better understand the role that the ILs play
in the repression mechanism, we performed simulation of a mutated system in which
the stabilizing interactions between the ILs and the LN were replaced with repulsive
interactions, causing destabilization. Fig. 8b shows that in the absence of attractive LN-
IL interactions the LN does detach from the AAA5 domain. Interestingly, when these
interactions were turned off, the AAA1/2 cleft did close, even though the AAA3 domain
was in the ATP bound state (right panels in Fig. S8). Thus, favorable interactions
between the LN and AAA2 are needed to maintain dynein in the repressed state. We
investigated the repression mechanism further by plotting Apn1714- 52065 (AAA1/2 cleft)
against Agigoz—riser (AAA1/2 ATP binding site) in both the repressed and the non-
repressed states (Fig. 8c and 8d). Interestingly, the ATP binding site itself does close
as a result of switching to the ATP bound state, even when the AAA3 domain is in
the repressed state (Fig. 8c). However, the AAA1/2 cleft is open in the majority of
trajectories. Because closure of the cleft is required for the formation of the pre-power
stroke state the LN is unable to make a transition to the bent conformation in the
repressed state. Therefore, our simulations support the hypothesis that the IL in AAA2
are crucial for the repression mechanism. In addition, the results lead to the prediction
that mutations that destabilize IL-LN interactions could effect dynein motility even if it
is in the repressed state.

AAA2 ILs (Insert Loops) Involvement in Motor Gating: In order to provide
structural insights into how gating could work, we performed simulations of dynein in
the repressed state with ATP bound to AAA1 (scenario I), while applying a constantly
increasing force at the N-terminus of the LN. We performed two sets simulations. In one
set, the direction of the force was in the negative direction along the MT axis (assisting
force), and in the second set, the direction of the force was along the positive direction
(resisting force) (Fig. S9). As the magnitude of the force increased in both sets of simula-

tions, the AAA1/2 cleft closed, indicating that the allosteric communication between the
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AAA1/2 site and the AAA5/6/S pathway was no longer repressed (Fig. S9). Interest-
ingly, detachment of the LN from the AAA2 ILs was not required for the AAA1/2 cleft to
close (Fig. 9a and 9b). The criteria for the closing of the AAA1/2 cleft was detachment
of the LN from the AAA5 binding site (Fig. 9c¢ and 9d). This suggests that the AAA1/2
cleft can close even when the LN is bound to the ILs as long as it is not simultaneously
bound to the AAA5 domain. The release of LN from the AAAS5 site allows it to assume
conformations that can accommodate the closing of the AAA1/2, thus allowing the al-
losteric communication pathway to function normally. Our simulations show that both
assisting and resistive force can facilitate closing of the AAA1/2 cleft even if dynein is in
the non-functional repressive state.

We calculated the distribution of the force required to allow for the closure of the
AAA1/2 cleft (Fig. S10). The histogram in Fig. S10 is an indicator of the unbinding force
of the motor from the MT. In both simulation sets we obtained mean unbinding forces
of the order of ~ 40p/N, which is about an order of magnitude larger than the unbinding

37,53,54  We attribute this to the approximations made

forces measured in experiments.
in constructing the CG model. Interestingly, there was no significant difference between
the two sets of simulations in terms of the mean value of the unbinding force . Single
molecule unbinding assays indicate that the mean unbinding force tends to depend on the

37,53,54 However, this asymmetrical behavior presents

directionality of the applied force.
itself even when the force is applied to the C-terminus of the motor, suggesting that the

asymmetry is not LN dependent.

4 Discussion

Reaction Cycle of Dynein: The scenarios I and II, as described above, are consis-
tent with the common understanding of how dynein reacts to the binding of ATP and
MT.2%3841 While the reaction cycle of dynein in the repressed state is still not fully un-
derstood, a clearer picture is starting to emerge.?%3%%3 Our view of the possible dynein

reaction pathways, which is fully in accord with experiments, is summarized in Fig. 2
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and Fig. 10. It becomes clear from our simulations that the ILs of AAA2 play a critical
role in the allosteric communication in dynein, and play an even more important role in
the repressed reaction cycle (Fig. 10).

ATP-Driven Formation of the Priming Stroke: Of particular interest is the
way in which ATP binding to the AAA1/2 pocket translates into detachment of the LN
from its binding site on the AAA5 domain, leading to the priming stroke transition.
The effects of ATP binding on the AAA1/2 domains can be separated into two parts.
The first is a conformational transition in the ATP binding pocket, which occurs as
a result of the interactions with the bound ATP, and initiates a series of transitions
across the entire AAA+ ring. The interactions with ATP are implicit in our simulations,
but they are taken into account indirectly by the conformational information obtained
from the crystal structure. The second part is the closure of the AAA1/2 cleft. This
transition is likely due to the stabilizing interactions between the AAA1l and AAA2
domains by the conformational change in the ATP binding pocket. It is the closing
motion of the AAA1/2 cleft that transmits information to the rest of the motor domain.
Our simulations are consistent with the observation from experiment that changes in
other domains occur only after the closing of the cleft between AAA1 and AAA2 (see
Fig. 5 and S2). In the particular context of the priming stroke, closing of the AAA1/2
cleft pulls the AAA2 domain towards the AAA1 domain and the IL away from the LN.
This leads to destabilization of the post-power stroke conformation as the AAA2 ILs are
no longer in contact with the LN. The stabilizing interactions between the LN and the
AAA5 domain are not strong enough for the two domains to stay in contact and the LN
eventually undergoes a priming stroke, leading to the bent structure. Our simulations
follow a hierarchy of times scales that control the conformational changes leading to the
formation of the priming stroke: closing of the AAA1/2 followed both by a rapid transition
in the AAA5/6/S and detachment of the ILs from the LN, leading to detachment of the
LN from AAA5.

Dynamics of the LN Conformational Transitions: A particularly interesting

conclusion from our simulations is that there is a great deal of heterogeneity in the
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conformations of the LN domain during both the power stroke and the priming stroke
(see Fig. 5, S4, and S7). Rather than taking a direct path from AAA3 to AAA5 (and
vice versa), the LN assumes many orientations before binding to its final destination
(Fig. S4a). Once the LN reaches either binding site (AAA3 and AAAS5), however, it
remains tightly bound. This is consistent with the observation from experiments that
the LN assumes particular orientations in the pre- and post-power stroke states.?330:3
Interestingly, we find that the LN spends a significant amount of time bound to the
AAA2 ILs (Fig. 6), indicating that the ILs are important for the stabilization of the
post-power stroke conformation. This is further supported by our simulations of the apo
state with a mutation in the ILs. In this simulations we switched the ILs-LN interactions
from attractive to repulsive, resulting in destabilization of the post-power stroke state
(see Fig. S5). Our findings are supported by the observation made by Kon et al that
when a series of mutations is introduced to the ILs, the LN assumes an intermediate
conformation between the pre- and post-power stroke states, just as we observe.2%

Insert Loops in Dynein Motility: The fact that the AAA2 ILs are imperative for
dynein proper function is appreciated.?®2%36 The precise mechanisms, however, used by
the ILs to regulate motor activity have not been fully solved. Our simulations present a
picture of the possible ways in which the AAA2 domain is involved in allosteric commu-
nication in the MD. We surmise that there are three important roles of the AAA2 IL.
(i) Stabilizing the LN-AAAD5 interactions in the apo state. (ii) Preventing the closure of
the AAA1/2 cleft in the repressed state. (iii) Serving as an external force sensor in the
repressed state (see below).

Persistence of LIN-A A A2 Interactions in the Repressed State: The LN-AAA?2
interactions also play an important role in the repression of the allosteric pathway along
the AAA1/2 and AAA5/6/S domains by the AAA3 unit. While it is clear that the
conformational changes in the AAA3 domain are involved in the repression of dynein
activity, the dynamical manner in which they do so is not clear because the changes are

subtle.?® Our simulations reveal that AAA3 unit suppresses the detachment from MT by

over-stabilizing the interactions between the LN and the ILs in AAA2 (see Fig. S8). In
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the crystal structure of the repressed state, the AAA3 and AAA4 domains are slightly
shifted relative to one another, when compared with the other structures. This shift is
sufficient to bring the AAA2 ILs closer to the LN. In addition to stabilizing the LN-
AAA2 interactions, this shift may directly or indirectly destabilize the AAA1 and AAA2
interactions in the AAA1/2 cleft. As a result, the cleft is prevented from closing, even
when ATP is bound at the AAA1/2 binding pocket. As shown in Fig. 6, the LN and
AAA2 ILs do come into contact regardless of the nucleotide state of the AAA3 domain.
However, these interactions by themselves are not enough to prevent conformational
changes in the AAA1/2 domains without contribution from the AAA3 domain. This can
be seen from our simulations of the ATP bound dynein in the non-repressed state (Fig.
4a and 6b), in which the AAA1/2 cleft is able to close despite the LN interactions with
the ILs.

Mechanical Forces Rescue the Motility of Dynein in the Repressed State:
Studies show that even when the AAA3 domain is occupied by ATP, if a strong enough
external mechanical force is applied at the N-terminus of the LN domain, dynein resumes
normal activity,?” thus restoring processivity. The results of our simulations, which pro-
vide a molecular picture of communication between AAA1 and ATP-bound AAA3 needed
for stepping, are consistent with experiments. Interestingly, we find that pulling on the
LN does not immediately destabilize the interactions of the LN with the AAA2 domain
(Fig. 9a-b). Instead, breaking the contacts between the LN and the AAA5 domain ap-
pear to be sufficient to reverse the mobility suppressing effects of the AAA3 when dynein
is the repressed state (Fig. 9c¢-d). This implies that the combination of LN interactions
with both the AAA2 and AAA5 domains as well as the stabilization of these interac-
tions by the ATP bound AAA3 domain are required for repression of dynein activity. It
is sufficient to disrupt interactions associated with one of these three elements to allow
dynein to undergo the priming stroke and detach from MT. As we mentioned earlier,
there have been previous studies of dynein in which the AAA2 ILs were mutated.?¢:36
However, these studies focused on the effects of mutations on the ATPase activity and

LN conformation but did not measure their effect on the affinity of dynein for MT. We
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propose that force dependent unbinding experiments on dynein, such as those reported
recently®” with mutations of the AAA2 IL, be performed to test our predictions regarding
the role of the AAA2 IL in the repression mechanism.

Effect of Mechanical Force and Implications for Gating: In the context of
gating, it is worth pointing out that in our simulations, pulling in both the negative and
positive directions along the MT axis had approximately the same effect. This implies
that the AAA3 repression system does not work as a gating mechanism in the classical
sense of creating an asymmetry between the leading and trailing MDs. Instead, it prevents
dynein detachment from the MT in the absence of external strain, indicating that the
repressed state, in addition to potential regulation mechanism may play an important in
the context of processivity of dynein.?6

Since we know that dynein does respond asymmetrically to an external load, it might
seem that our findings may not be correct.>® This is, however, not necessarily the case
as there are other possible reasons for the asymmetric response. One reason could be
that when dynein binds to MT, it does so at an angle.?>%¢ This, by itself, could be
sufficient to elicit an asymmetric response to force, especially in the context of single
molecule unbinding experiments.?”%3%% It has been pointed out that when the MDs in
the dynein dimer are far apart, there is a higher probability that the trailing MD is
likely to step.?”®® This indicates that there is some gating mechanism in dynein that is
sensitive to internal strain. Our results do not account for this effect, because we have
focused on transitions that occur in a single motor. A reasonable explanation, however,
can be given by the possibility that a backward load, acting on the leading MD, would
either prevent or slow down the power stroke associated with the leading motor, which
is necessary for ADP release and completion of the dynein mechanochemical cycle. This
is a plausible gating mechanism that does not require an asymmetric response to force,
and would be consistent with our findings. We hasten to add that until simulations of
the dynein dimer are performed, preferably in complex with MT, we cannot clarify the
origin of the observed asymmetric response to tension. However, the structural reasons

for restoration of dynein motility upon application of external force, predicted here, is
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likely to be robust.

5 Conclusions

By taking advantage of the available structures of dynein in various nucleotide binding
states, we constructed a new coarse-grained model to investigate the dynamics of allosteric
transitions in cytoplasmic dynein, and performed Brownian dynamics simulations. The
model vividly illustrates the hierarchy of structural changes that occur when ATP binds
to AAA1 and propagate through the entire MD, thus producing the pre-power stroke state
with the LN domain in the bent conformation. Although the observed series of structural
transitions was already anticipated by comparing the end states of dynein from several
structures in different nucleotide states, our simulations provide some estimates of the
relative rates and molecular changes that occur as a result of binding of ATP to AAA1.

Because our simulations monitor the dynamics of the various allosteric transitions,
we are able to assess the order of structural transitions. For example, the scatter plot
in Fig. 6 shows that only after the LN forms contacts with the ILs of AAA2 does the
LN detach from AAA5. Similar time-dependent changes that must occur during other
allosteric transitions naturally emerge from our simulations. Our work supports the
observation that even the repressed state could be rescued by application of an external
force. The main prediction is that the insert loops in AAA2 play a crucial role in the
repression mechanism as well as in the ability of dynein to respond to external force. The
prediction that alteration of interactions between ILs and AAA2 could impact motility
in the repressed state even when the LN is not subject to a mechanical force is amenable
to experimental tests. Finally, the present work showcases the efficacy of coarse-grained
models in providing the dynamics of allosteric transitions in complex molecular machines

such as dynein.
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6 Experimental Procedures

Self Organized Polymer Model: In order to monitor the allosteric transitions in
the dynein MD we performed Brownian dynamics simulations, using the SOP model,
which has proven to be remarkably successful in modeling the behavior of motor pro-
teins.434446:59 T the SOP representation each amino acid is represented by a single
bead, centered at its C, carbon. The energy function that governs the interactions be-
tween the different beads is described in detail in the SI.

State-Dependent Triggers of the Allosteric Transitions: A fundamental aspect
of our approach is that the allosteric transitions in dynein occur only in response to
external stimuli. More specifically, the priming stroke and detachment from the MT
occur in response to the binding of ATP to the AAA1 domain. The power stroke and
ADP release are consequences of rebinding to the MT. This behavior is introduced in our
model by using the conformations of the AAA1/2 cleft (ATP binding) and the AAA5/6/S
domains (MT binding) as the systems inputs. The conformational changes of the LN
domain, which occur in response to the conformational transitions in these domains, are
the outputs that are automatically produced in our simulations.

In order to simulate the effects of the binding of ATP to the AAA1 domain, we
stabilized the ATP bound, A state of the AAA1/2 domain (upper row in Fig. 2). Only
after the AAA1/2 cleft is closed, the conformational transition of the AAA5/6/S domains
from the M state to the U state was initiated. Similarly, in order to simulate the binding
of dynein to the MT, in the ADP bound state, we stabilized the M state in the AAA5/6/S
domains (lower row in Fig. 2). The AAA1/2 was allowed to transition to the open E
state after the transition of the AAA5/6/S domains is complete.

In order for the LN to respond spontaneously to the conformational changes of the
AAA1/2 domain, we used a double-well SOP potential, as described by the third term
of Eq. 2 in the SI. This allows the LN to transition freely between the bent LNpg state
and the straight L Ng state. Therefore, the particular conformations adopted by the LN
in our simulations are entirely due to a response to the conformational changes of the

AAA1/2 and AAA5/6/S domains.

21


http://dx.doi.org/10.1101/306589

bioRxiv preprint first posted online Apr. 23, 2018; doi: http://dx.doi.org/10.1101/306589. The copyright holder for this preprint (which was
not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.

Acknowledgements: We are grateful to the National Science Foundation for sup-
porting the work through grant CHE 16-36424. Additional support from the Collie-Welch

Chair (F-0019) is greatly appreciated.

References

[1] Ronald D Vale and Ronald A Milligan. The way things move: looking under the
hood of molecular motor proteins. Science, 288(5463):88-95, 2000.

[2] John A Hammer and James R Sellers. Walking to work: roles for class V myosins

as cargo transporters. Nature Reviews Molecular Cell Biology, 13(1):13-26, 2012.

[3] Steven M Block. Kinesin motor mechanics: binding, stepping, tracking, gating, and

limping. Biophysical journal, 92(9):2986-2995, 2007.

[4] David D Hackney. Evidence for alternating head catalysis by kinesin during
microtubule-stimulated ATP hydrolysis. Proceedings of the National Academy of
Sciences, 91(15):6865-6869, 1994.

[5] Sotaro Uemura, Kenji Kawaguchi, Junichiro Yajima, Masaki Edamatsu, Yoko Yano
Toyoshima, and Shin’ichi Ishiwata. Kinesin—microtubule binding depends on both
nucleotide state and loading direction. Proceedings of the National Academy of Sci-

ences, 99(9):5977-5981, 2002.

[6] Charles L Asbury, Adrian N Fehr, and Steven M Block. Kinesin moves by an asym-
metric hand-over-hand mechanism. Science, 302(5653):2130-2134, 2003.

[7] Ahmet Yildiz, Michio Tomishige, Ronald D Vale, and Paul R Selvin. Kinesin walks
hand-over-hand. Science, 303(5658):676-678, 2004.

[8] Nicholas R Guydosh and Steven M Block. Backsteps induced by nucleotide analogs
suggest the front head of kinesin is gated by strain. Proceedings of the National
Academy of Sciences, 103(21):8054-8059, 2006.

22


http://dx.doi.org/10.1101/306589

bioRxiv preprint first posted online Apr. 23, 2018; doi: http://dx.doi.org/10.1101/306589. The copyright holder for this preprint (which was
not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.

[9] Ahmet Yildiz, Michio Tomishige, Arne Gennerich, and Ronald D Vale. In-
tramolecular strain coordinates kinesin stepping behavior along microtubules. Cell,

134(6):1030-1041, 2008.

[10] Nobutaka Hirokawa, Yasuko Noda, Yosuke Tanaka, and Shinsuke Niwa. Kinesin
superfamily motor proteins and intracellular transport. Nature reviews Molecular

cell biology, 10(10):682-696, 2009.

[11] Merve Yusra Dogan, Sinan Can, Frank B Cleary, Vedud Purde, and Ahmet Yildiz.
Kinesin’s front head is gated by the backward orientation of its neck linker. Cell

reports, 10(12):1967-1973, 2015.

[12] Amit D Mehta, Ronald S Rock, Matthias Rief, James A Spudich, Mark S Mooseker,
and Richard E Cheney. Myosin-V is a processive actin-based motor. Nature,

400(6744):590-593, 1999.

[13] Claudia Veigel, Fei Wang, Marc L Bartoo, James R Sellers, and Justin E Molloy.
The gated gait of the processive molecular motor, myosin V. Nature cell biology,

4(1):59-65, 2002.

[14] Ahmet Yildiz, Joseph N Forkey, Sean A McKinney, Taekjip Ha, Yale E Goldman,
and Paul R Selvin. Myosin V walks hand-over-hand: single fluorophore imaging with

1.5-nm localization. science, 300(5628):2061-2065, 2003.

[15] Claudia Veigel, Stephan Schmitz, Fei Wang, and James R Sellers. Load-dependent
kinetics of myosin-V can explain its high processivity. Nature cell biology, 7(9):861—
869, 2005.

[16] Noriyuki Kodera, Daisuke Yamamoto, Ryoki Ishikawa, and Toshio Ando. Video
imaging of walking myosin V by high-speed atomic force microscopy. Nature,

468(7320):72-76, 2010.

[17] TR Gibbons and AJ Rowe. Dynein: a protein with adenosine triphosphatase activity
from cilia. Science, 149(3682):424-426, 1965.

23


http://dx.doi.org/10.1101/306589

bioRxiv preprint first posted online Apr. 23, 2018; doi: http://dx.doi.org/10.1101/306589. The copyright holder for this preprint (which was
not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.

[18] Owen J Driskell, Aleksandr Mironov, Victoria J Allan, and Philip G Woodman.
Dynein is required for receptor sorting and the morphogenesis of early endosomes.

Nature Cell Biology, 9(1):113-120, 2007.

[19] Ingrid Jordens, Mar Fernandez-Borja, Marije Marsman, Simone Dusseljee, Lennert
Janssen, Jero Calafat, Hans Janssen, Richard Wubbolts, and Jacques Neefjes. The
rab7 effector protein rilp controls lysosomal transport by inducing the recruitment

of dynein-dynactin motors. Current Biology, 11(21):1680-1685, 2001.

[20] Aaron D Pilling, Dai Horiuchi, Curtis M Lively, and William M Saxton. Kinesin-1
and dynein are the primary motors for fast transport of mitochondria in drosophila

motor axons. Molecular biology of the cell, 17(4):2057-2068, 2006.

[21] Francis J McNally. Mechanisms of spindle positioning. The Journal of cell biology,
200(2):131-140, 2013.

[22] Andrew F Neuwald, L Aravind, John L Spouge, and Eugene V Koonin. Aaa+:
A class of chaperone-like ATPases associated with the assembly, operation, and

disassembly of protein complexes. Genome research, 9(1):27-43, 1999.

(23] Helgo Schmidt, Ruta Zalyte, Linas Urnavicius, and Andrew P Carter. Structure of
human cytoplasmic dynein-2 primed for its power stroke. Nature, 518(7539):435-438,
2015.

[24] Stefan Sack, Jens Miiller, Alexander Marx, Manfred Thorméahlen, Eva-Maria Man-
delkow, Scott T Brady, and Eckhard Mandelkow. X-ray structure of motor and neck

domains from rat brain kinesin. Biochemistry, 36(51):16155-16165, 1997.

[25] Andrew P Carter, Carol Cho, Lan Jin, and Ronald D Vale. Crystal structure of the

dynein motor domain. Science, 331(6021):1159-1165, 2011.

[26] Takahide Kon, Takuji Oyama, Rieko Shimo-Kon, Kenji Imamula, Tomohiro Shima,
Kazuo Sutoh, and Genji Kurisu. The 2.8 A crystal structure of the dynein motor
domain. Nature, 484(7394):345-350, 2012.

24


http://dx.doi.org/10.1101/306589

bioRxiv preprint first posted online Apr. 23, 2018; doi: http://dx.doi.org/10.1101/306589. The copyright holder for this preprint (which was
not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.

[27] Michael Hinczewski, Riina Tehver, and D Thirumalai. Design principles govern-
ing the motility of myosin V. Proceedings of the National Academy of Sciences,
110(43):E4059-E4068, 2013.

[28] Takahide Kon, Masaya Nishiura, Reiko Ohkura, Yoko Y Toyoshima, and Kazuo Su-
toh. Distinct functions of nucleotide-binding/hydrolysis sites in the four aaa modules

of cytoplasmic dynein. Biochemistry, 43(35):11266-11274, 2004.

[29] Takahide Kon, Toshifumi Mogami, Reiko Ohkura, Masaya Nishiura, and Kazuo
Sutoh. ATP hydrolysis cycle-dependent tail motions in cytoplasmic dynein. Nature

structural € molecular biology, 12(6):513-519, 2005.

[30] Stan A Burgess, Matt L. Walker, Hitoshi Sakakibara, Peter J Knight, and Kazuhiro
Oiwa. Dynein structure and power stroke. Nature, 421(6924):715-718, 2003.

[31] Andrew P Carter, Joan E Garbarino, Elizabeth M Wilson-Kubalek, Wesley E Ship-
ley, Carol Cho, Ronald A Milligan, Ronald D Vale, and IR Gibbons. Structure and

functional role of dynein’s microtubule-binding domain. Science, 322(5908):1691—
1695, 2008.

[32] Andrew P Carter. Crystal clear insights into how the dynein motor moves. J Cell
Sei, 126(3):705-713, 2013.

[33] IR Gibbons, Joan E Garbarino, Carol E Tan, Samara L Reck-Peterson, Ronald D
Vale, and Andrew P Carter. The affinity of the dynein microtubule-binding do-
main is modulated by the conformation of its coiled-coil stalk. Journal of Biological

Chemistry, 280(25):23960-23965, 2005.

[34] Yosuke Nishikawa, Momoko Inatomi, Haruka Iwasaki, and Genji Kurisu. Structural
change in the dynein stalk region associated with two different affinities for the

microtubule. Journal of Molecular Biology, 428(9):1886-1896, 2016.

[35] Carol Cho, Samara L Reck-Peterson, and Ronald D Vale. Regulatory ATPase sites
of cytoplasmic dynein affect processivity and force generation. Journal of Biological

Chemistry, 283(38):25839-25845, 2008.

25


http://dx.doi.org/10.1101/306589

bioRxiv preprint first posted online Apr. 23, 2018; doi: http://dx.doi.org/10.1101/306589. The copyright holder for this preprint (which was
not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.

[36] Gira Bhabha, Hui-Chun Cheng, Nan Zhang, Arne Moeller, Maofu Liao, Jeffrey A
Speir, Yifan Cheng, and Ronald D Vale. Allosteric communication in the dynein

motor domain. Cell, 159(4):857-868, 2014.

[37] Matthew P Nicholas, Florian Berger, Lu Rao, Sibylle Brenner, Carol Cho, and Arne
Gennerich. Cytoplasmic dynein regulates its attachment to microtubules via nu-
cleotide state-switched mechanosensing at multiple aaa domains. Proceedings of the

National Academy of Sciences, 112(20):6371-6376, 2015.

[38] Kenji Imamula, Takahide Kon, Reiko Ohkura, and Kazuo Sutoh. The coordination
of cyclic microtubule association/dissociation and tail swing of cytoplasmic dynein.

Proceedings of the National Academy of Sciences, 104(41):16134-16139, 2007.

[39] Anthony J Roberts, Naoki Numata, Matt L. Walker, Yusuke S Kato, Bara Malkova,
Takahide Kon, Reiko Ohkura, Fumio Arisaka, Peter J Knight, Kazuo Sutoh, et al.
AAA+ ring and linker swing mechanism in the dynein motor. Cell, 136(3):485-495,
2009.

[40] Erika LF Holzbaur and Kenneth A Johnson. Microtubules accelerate ADP release

by dynein. Biochemistry, 28(17):7010-7016, 1989.

[41] Toshifumi Mogami, Takahide Kon, Kohji Ito, and Kazuo Sutoh. Kinetic characteri-
zation of tail swing steps in the ATPase cycle of dictyostelium cytoplasmic dynein.

Journal of Biological Chemistry, 282(30):21639-21644, 2007.

[42] Changbong Hyeon, Ruxandra I Dima, and D Thirumalai. Pathways and kinetic
barriers in mechanical unfolding and refolding of rna and proteins. Structure,

14(11):1633-1645, 2006.

[43] Riina Tehver and D Thirumalai. Rigor to post-rigor transition in myosin V: link
between the dynamics and the supporting architecture. Structure, 18(4):471-481,
2010.

[44] Zhechun Zhang and D Thirumalai. Dissecting the kinematics of the kinesin step.
Structure, 20(4):628-640, 2012.

26


http://dx.doi.org/10.1101/306589

bioRxiv preprint first posted online Apr. 23, 2018; doi: http://dx.doi.org/10.1101/306589. The copyright holder for this preprint (which was
not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.

[45] Paul C Whitford, Karissa Y Sanbonmatsu, and José N Onuchic. Biomolecular
dynamics: order-disorder transitions and energy landscapes. Rep. Prog. Phys.,

75(7):076601, 2012.

[46] Changbong Hyeon and D Thirumalai. Capturing the essence of folding and functions

of biomolecules using coarse-grained models. Nature communications, 2:487, 2011.

[47] Shintaroh Kubo, Wenfei Li, and Shoji Takada. Allosteric conformational change
cascade in cytoplasmic dynein revealed by structurebased molecular simulations.

Plos Comp. Biol., 13(9), 2017.

[48] Takahide Kon, Kenji Imamula, Anthony J Roberts, Reiko Ohkura, Peter J Knight,
IR Gibbons, Stan A Burgess, and Kazuo Sutoh. Helix sliding in the stalk coiled coil
of dynein couples ATPase and microtubule binding. Nature structural € molecular

biology, 16(3):325-333, 2009.

[49] Helgo Schmidt, Emma S Gleave, and Andrew P Carter. Insights into dynein mo-
tor domain function from a 3.3-A crystal structure. Nature structural € molecular

biology, 19(5):492-497, 2012.

[50] Gira Bhabha, Graham T Johnson, Courtney M Schroeder, and Ronald D Vale. How
dynein moves along microtubules. Trends in biochemical sciences, 41(1):94-105,

2016.

[51] Helgo Schmidt and Andrew P Carter. Structure and mechanism of the dynein motor
ATPase. Biopolymers, 105(8):557-567, 2016.

[52] Anthony J Roberts, Bara Malkova, Matt L. Walker, Hitoshi Sakakibara, Naoki Nu-
mata, Takahide Kon, Reiko Ohkura, Thomas A Edwards, Peter J Knight, Kazuo

Sutoh, et al. ATP-driven remodeling of the linker domain in the dynein motor.

Structure, 20(10):1670-1680, 2012.

[53] Mark A DeWitt, Caroline A Cypranowska, Frank B Cleary, Vladislav Belyy, and
Ahmet Yildiz. The aaa3 domain of cytoplasmic dynein acts as a switch to facilitate

microtubule release. Nature structural & molecular biology, 22(1):73-80, 2015.

27


http://dx.doi.org/10.1101/306589

bioRxiv preprint first posted online Apr. 23, 2018; doi: http://dx.doi.org/10.1101/306589. The copyright holder for this preprint (which was
not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.

[54] Frank B Cleary, Mark A Dewitt, Thomas Bilyard, Zaw Min Htet, Vladislav Belyy,
Danna D Chan, Amy Y Chang, and Ahmet Yildiz. Tension on the linker gates the
ATP-dependent release of dynein from microtubules. Nature communications, 5,

2014.

[55] Hironori Ueno, Takuo Yasunaga, Chikako Shingyoji, and Keiko Hirose. Dynein pulls
microtubules without rotating its stalk. Proceedings of the National Academy of

Sciences, 105(50):19702-19707, 2008.

[56] William B Redwine, Rogelio Hernandez-Lépez, Sirui Zou, Julie Huang, Samara L
Reck-Peterson, and Andres E Leschziner. Structural basis for microtubule binding

and release by dynein. Science, 337(6101):1532-1536, 2012.

[57] Weihong Qiu, Nathan D Derr, Brian S Goodman, Elizabeth Villa, David Wu,
William Shih, and Samara L Reck-Peterson. Dynein achieves processive motion
using both stochastic and coordinated stepping. Nature structural & molecular bi-

ology, 19(2):193-200, 2012.

[58] Mark A DeWitt, Amy Y Chang, Peter A Combs, and Ahmet Yildiz. Cytoplasmic
dynein moves through uncoordinated stepping of the aaa+ ring domains. Science,

335(6065):221-225, 2012.

[59] Changbong Hyeon and José N Onuchic. Mechanical control of the directional step-
ping dynamics of the kinesin motor. Proceedings of the National Academy of Sciences,

104(44):17382-17387, 2007.

28


http://dx.doi.org/10.1101/306589

bioRxiv preprint first posted online Apr. 23, 2018; doi: http://dx.doi.org/10.1101/306589. The copyright holder for this preprint (which was
not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.

AAA+ Ring

Figure 1: Key structural elements of the dynein motor domain (MD). Left: Parts list
of the MD: hexameric AAA+ ring (gray), linker (purple), strut (orange), stalk and
Microtubule Binding Domain (MTBD) (yellow). Right: The AAA+ ring, comprised
of the six AAA domains, is assembled from a single polypeptide chain: AAA1 (blue),
AAA2 (cyan), AAA3 (green), AAA4 (yellow), AAA5 (orange), and AAA6 (red).
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Figure 2: Mechanochemical reaction cycle pathways in dynein. Starting in the M'T bound
apo state, with ADP in the AAA3 site, ATP binds to the AAAT site. ATP binding induces
detachment of dynein from the MT as well as the priming stroke in the LN domain (upper
row). Upon ATP hydrolysis and phosphate release the MD has ADP in AAA1. Dynein
then binds to the MT, which in turn accelerates the released of ADP and the power stroke
motion in the LN (lower row).

D/ AAA3
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Figure 3: Conformational transitions in dynein. Top: Structures of dynein in the apo
(E) state (left) or ATP bound (A) state (right). The AAA1 and AAA2 units are marked
in blue and cyan respectively. The cleft between the AAA1 and AAA2 domains is open
in the E state but is closed in the A state. Bottom: Structures of dynein in the MT
bound (M) state (left) and MT unbound (U) state (right). The AAA5, AAA6, and stalk
domains are highlighted in orange, red, and yellow respectively. Notice the conformational
differences between the two states, particularly in the strut sub-domain.

31


http://dx.doi.org/10.1101/306589

bioRxiv preprint first posted online Apr. 23, 2018; doi: http://dx.doi.org/10.1101/306589. The copyright holder for this preprint (which was
not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.

]
(o]

2.0 ATP apo MT Bound
= o c
£ 18{ © g
= o o
3] ‘
| v 0,
: ] _ 96% open
b
g closed & g 1.4 apo
5=
0.00 0.02 0.04 0.06 0.08 0.10 0.0 0.2 0.4 0.6 0.8 O 3
N N
N
MT Bound MT Unbound 2!
.20 < 3
€ < 2101 4%
£ g
N n 154 open g open
5 8
< &
2 5101 ATP bound closed
=
2 closed 0.6 1
3
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 05 08 11
time [ms] time [ms] Bo1692 - p1ge7lNM]
ATP Binding Pocket

MT Unbound

closed
open

ATP Binding Pocket
AG1692-R1867

open

=
IS
L

apo

AAA1/2 Cleft

An1714 - 52065 [NM]

AAA1/2 Cleft _.--==""
AN1714-S2065

=
=}
L

closed

0.6 4

05 08 11
Dg1692 - r1867(NM]
ATP Binding Pocket

Figure 4: Consequences of dynein interactions with ATP and MT. (a) The value
An1714-52065 (AAA1/2 cleft) is plotted as a function of time in 100 trajectories. The
dashed lines mark the values of Apni714_g0065 in the A (closed) and E (open) states.
(blue) The AAA1/2 cleft closes rapidly in response to the binding of ATP. (green) The
cleft remains open in the absence of nucleotide. (yellow) MT binding accelerates the
opening of the AAA1/2 cleft and ADP release. (red) In the absence of MT, opening of
the cleft is slow. (b) The extent of conformational change in the AAA1/2 ATP bind-
ing pocket is monitored by Agiee2_riss7 (orange) while Apni714-s0065 (red) measures
whether the AAA1/2 cleft is open or closed. (c) Plot of Ani714-s2065 (AAA1/2 cleft)
against Agieo2—riser (ATP binding pocket). The distances are sampled in 100 trajec-
tories when dynein is bound to MT (yellow). Both the AAA1/2 cleft and the ATP
binding pocket are either partially or completely open. The percentage of fully/partially
open clefts/ATP binding pockets, sampled during the second half of the simulation, is
shown by the numbers in the plot. The mean trajectory, averaged over all trajectories, is
shown by the black curve. (d) Same as (c) except the distances Ani714-52065 (AAA1/2
cleft) versus Agieg2—riser (ATP binding pocket) are shown in the absence of MT (red).
While the AAA1/2 cleft partially opens, the ATP binding pocket remains predominantly
closed. The dashed are the values of Apn1714-52065 and Agio2— r1ser in the A (closed) and
E (open) states.
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Figure 5: The priming stroke of dynein. (a) Response of the LN to ATP binding as a
function of time is tracked USiIlg A51315—D3297 (LN—AAA5 distance) and AA1333—N2341 (LN-
AAA3 distance), with the dashed lines being the values of Agi315-p32o7 and A 1333 n2341
in the pre- and post-power stroke states. When dynein binds ATP, the LN detaches from
the AAAS domain (yellow). The distance between the LN and the AAA3 decreases in
some of the trajectories until the LN reaches the pre-power stroke conformation (green).
There is a great deal of heterogeneity, which is reflected in the large variations from one
trajectory to another. (b) Scatter plot of Agi315-p32o7 versus A 41333 n2341 in the presence
of ATP. The LN diffuses between many partially bent conformations before completing
the priming stroke (red). The black curve shows the average of 13 trajectories in which
the LN reaches the AAA3 binding site. The arrow indicates the general direction of the
priming stroke transition. (c) The distances between the LN domain and the AAA3
and AAA5 domains are monitored LISil’lg AA1333—N2341 (blue) and A51315—D3297 (cyan),
respectively. The mean trajectory, averaged over the 13 trajectories in which the LN
reaches the AAA3 binding site, is shown by the dark curve.
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Figure 6: The effects of the Insert Loops (ILs) of AAA2 on the stability of the post-power
stroke state. (a) Changes in Ag1315-p32o7 (LN-AAAD distance) against Ay9s1 72026 (LN-
AAA2 distance) sampled in 100 trajectories of dynein in the apo state (blue). In the
absence of ATP, the LN still binds to the AAA2 ILs, suggesting that these interactions
stabilize the post stroke conformations. The Agi315-p32g7 and Ay19g1_72026 values in the
reference structures are given by the dashed lines. The mean trajectory, averaged over
all trajectories, is shown by the black curve.(b) Same as (a) except Agizi5-p329r (LN-
AAA5 distance) against Ayqag1-72026 (LN-AAA2 distance) is shown in the ATP bound
state (red). Before the LN detaches from the AAA5 domain, the the ILs in AAA2 tend
to form contacts with the LN. Eventually the LN detaches from both the domains due
to the closure of the AAA1/2 cleft. The three structures in the bottom right illustrate
the AAA5 bound state (bottom), AAA2 bound state (middle), and pre-power stroke
state (top). The ILs and the AAA1/2 cleft are highlighted by the red and orange circles,
respectively. (c) The distance between the AAA2 ILs and the LN domain is measured
by Ay12s1-72026 (yellow), whereas the distddice between the AAA5 domain and the LN
is measured by Agi315_p3207 (Cyan).
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Figure 7: Mechanism of LN-AAA3 detachment. (a) Plot of Aaizzs_n23s1 (LN-AAA3
distance) versus An1714-s2065 (AAA1/2 cleft) generated in 100 trajectories in the absence
of MT (red). When the AAA1/2 cleft is closed, the LN remains mostly bound to the
AAA3 binding site. The percentage of trajectories in which the LN detached from the
AAA3 domain, sampled during the second half of the simulation, is indicated in the
plot. The mean trajectory, averaged over all trajectories, is shown by the black curve.
(b) Variations in A 41333-n2341 (LN-AAA3 distance) against Ani714—s2065 (AAA1/2 cleft)
when dynein is bound to MT (blue). As the AAA1/2 cleft opens, the LN detaches from
the AAA3 domain and undergoes a power stroke. Dashed lines are the A A1333_n2341
and An1714-52065 values in the reference structures. Comparison of (a) and (b) shows
the profound effect MT has on the LN-AAA3 detachment dynamics. The conformational
changes in the AAA1/2 cleft (blue/cyan) and the resulting transition in the LN (purple)
are illustrated by the four structures at the bottom of the figure.

35


http://dx.doi.org/10.1101/306589

bioRxiv preprint first posted online Apr. 23, 2018; doi: http://dx.doi.org/10.1101/306589. The copyright holder for this preprint (which was
not peer-reviewed) is the author/funder. All rights reserved. No reuse allowed without permission.

a AAA3/ATP WT b AAA3/ATP Mutant
€ €
in S 81 pre-stroke nCc 8
< ~ < ~
386 1%
58, 58,
— 7 ~ 47
3 post-stroke S W
0.0 0.5 1.0 1.5 0.0 0.5 1.0 15
time [ms] time [ms]
c AAA3/ATP WT d ATP
®
1.4 apo 1.4
€ €
& c & c
L= Q=
O 8 O 8
o g c N R
=59 L 37
i‘: % 1.0 ° < 210
o < o
2 =
< <
0.6 & 0.6
05 0.8 1.1 05 0.8 1.1
Ag1692 - R1867[NM] Ag1692 - R1867[NM]
ATP Binding Pocket ATP Binding Pocket

Figure 8: ATP bound to the AAA3 domain represses dynein activity. (a) The time
dependent response of the LN to ATP binding in the repressed state is tracked using
A51315_D3297 (LN—AAA5 distance) in 100 trajectories. The A51315_D3297 values in the
pre- and post-power stroke are represented by the dashed lines. Even when the AAA1/2
site is occupied by ATP, the LN remains bound to the AAA5 domain in the repressed
state (yellow). (b) 20 trajectories of the mutated motor in which LN-AAA2 interactions
are turned off show that the LN does detach from the AAA5 domain (purple). This
implies that the LN-AAA2 contacts are essential for the repression of dynein. (c) Plot
of An1714—52065 (AAA1/2 cleft) against Agigoo—riser (ATP binding pocket) in 100 tra-
jectories with ATP bound to both AAA1 and AAA3 sites (blue). In this repressed state
the AAA1/2 cleft remains open even though the nucleotide binding pocket is occupied
by ATP, which would normally induce the closure of the cleft between AAA1 and AAA2
(see Fig. 3). This is a result of the AAA2 ILs contacts with the LN. The percentage of
trajectories in which the cleft remained open/closed, sampled during the second half of
the simulation, is indicated in the plot. The mean trajectory, averaged over all trajecto-
ries, is shown by the black curve. (d) Same as (c) except ATP is bound only to AAA1
and dynein activity is not repressed (red). In this state both the ATP binding pocket and
the AAA1/2 cleft close due to the blndlng of ATP. The AN1714—S2065 and A01692—R1867
values in the open and closed states are given by dashed lines.
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Figure 9: LN interactions under external load. (a/b) Plot of Ayqsg1 79026 (LN-AAA2
distance displayed in Fig. 5c) against Ani714—s92065 (distance in Fig. 2b reporting con-
formational change in the AAA1/2 cleft) in the transitions in dynein in the repressed
state (ATP bound to AAA3 domain) with increasing force applied in the negative (blue)
and positive (green) directions. The mean trajectory, averaged over all trajectories, is
shown by the black curve. The arrow indicates the general direction of the transition.
(c/d) Same as (a/b) except these panels show Agi315-p3207 (LN-AAA5 distance) versus
An1714-52065 (AAA1/2 cleft) with increasing force applied in the negative (orange) and
positive (red) directions. While the external force causes detachment of the LN from the
AAA5 domain (c,d), the LN-AAA2 contact remains intact (a,b).
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Figure 10: The repressed mechanochemical reaction cycle in dynein. Dynein is in the M'T
bound apo state. However, unlike in the normal cycle, the AAA3 site is either unoccupied
or occupied by ATP. The ILs of AAA2 are in close contact with the LN domain (red circle
in the bottom left figure). In this state the MD remains tightly bound to the MT, even
after ATP binds to the AAA1 site. The AAA1/2 cleft remains partially open regardless
of ATP binding. However, if an external force is applied at the N-terminus of the LN
domain, the MD domain can detach from the MT and complete the priming stroke.
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