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RDynein is a large cytoskeletal motor protein that belongs to the AAA+ (ATPases associated with diverse
cellular activities) superfamily.While dynein has had a rich history of cellular research, itsmolecularmechanism
of motility remains poorly understood. Here we describe recent X-ray crystallographic studies that reveal
the architecture of dynein's catalytic ring, mechanical linker element, and microtubule binding domain.
This structural information has given rise to new hypotheses on how the dynein motor domain might
change its conformation in order to produce motility along microtubules. This article is part of a Special
Issue entitled: AAA ATPases: structure and function.

© 2011 Published by Elsevier B.V.
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C1. Introduction

Dynein is a molecular motor that uses the chemical energy of ATP
to produce mechanical work on microtubules. Initially discovered as
the driving force of flagellar motility in Tetrahymena cilia [1], dynein
has been found in many different organisms and cellular locations.
This large family of molecular motors consists of two major classes:
axonemal and cytoplasmic dyneins.

Axonemal dyneins power the beating movements of cilia and
flagella, and can be further subdivided into inner arm and outer arm
dyneins based upon their position in the axoneme. Cytoplasmic
dyneins, which are involved in the transport of various intracellular
cargoes, are subdivided into two major groups. Cytoplasmic dynein 1
is responsible for most microtubule minus-end-directed motility in
animal and fungi, including organelle transport, mitotic spindle posi-
tioning, and nuclear segregration (see [2] for review). Cytoplasmic
dynein 2 (also known as intraflagellar transport (IFT) dynein or dy-
nein 1B) appears to function exclusively within the flagellum, where
it transports IFT particles along the axoneme towards the cell body.

Despite their functional diversity, all dyneins have a similar mo-
lecular organization consisting of several heavy chains, intermediate
chains, and light chains. The heavy chains contain catalytic motor
activity and bind the intermediate chains. The intermediate chains,
in turn, bind to light chains, and also interact with cargoes. In addi-
tion to this core complex of heavy, intermediate, and light chains,
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dynein interacts with several adaptor proteins such as dynactin,
NudE, and Lis1, which are essential for the proper regulation and
localization of dynein (see [3] for review).

The well-conserved heavy chain consists of three major parts: the
AAA ring, the tail, and the stalk (Figs. 1A and B). The AAA ring, which
is structurally related to hexameric ATPases in the AAA+ superfamily
[4–6], serves as the catalytic engine of the motor; it consists of six
AAA (AAA1-6) domains, four of which (AAA1-4) contain nucleotide
binding Walker A (P-loop) motifs. AAA1 is the primary ATPase site
and essential for motility [7], whereas ATP binding and/or hydrolysis
at AAA2-4 play supporting roles in regulating the motor [8–10]. AAA5
and AAA6 do not contain any known nucleotide binding motifs and
are thought to serve structural roles. Lying N-terminal to the AAA
ring is the “linker”, which has been proposed to serve as a mechanical
element [11]. Emerging from the AAA ring near AAA4 is the stalk, a
~15 nm anti-parallel coiled-coil that has a globular microtubule-
binding domain (MTBD) at its tip [12].

Dynein's molecular mechanism remains poorly understood com-
pared to other cytoskeletal motors such as kinesin or myosin. One
reason why research on dynein has lagged behind is due to the
biochemical challenges posed by its large size (the heavy chain
polypeptide is ~500 kDa and the entire dynein holoenzyme with
its associated chains is ~2 MDa). Despite these technical chal-
lenges, several groups have now succeeded in obtaining dynein
from yeast, Dictyostelium, and Chlamydomonas in quantities suffi-
cient for structural analyses. These advances have recently culmi-
nated in the solution of two crystal structures of the cytoplasmic
dynein motor domain, one from yeast [13], and the other from
Dictyostelium [14] (Figs. 1C and 2A). The resolution of these
tility: Insight from crystal structures of the motor domain, Biochim.
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Fig. 1. (A) Primary structure of the dynein heavy chain showing the functional domains of dynein. (MTBD=microtubule binding domain, CC= coiled coil) (B) Cartoon depiction of
the dynein motor domain as revealed by the crystal structures of yeast and Dictyostelium cytoplasmic dynein. (C) A crystallographic model of yeast cytoplasmic dynein based on the
6 Å crystal structure of the motor domain (lower box, PDB ID: 3QMZ) and the 2.3 Å resolution structure of the mouse cytoplasmic dynein MTBD (upper box, PDB ID: 3ERR). Domains
are color-coded as in (B). Inset shows the MTBD structure in detail, highlighting the proline residues in CC1 and CC2 that induce a kink in the stalk. The middle portion of the stalk
coiled coil is modeled from a typical anti-parallel coiled coil. (D) Architecture of the yeast dynein AAA6 domain. The large domain (H0–H4 and S1–S5) is colored in red, and the
small domain (H5–H9) in pink. A flexible peptide connects the large and small domains. (E) A side view of the AAA ring, linker, and C-terminal domain. Large domains (red)
form one level near the linker (purple), while the small domains (pink) form another level near the C-terminal domain (magenta).
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Nstructures (4.5–6 Å) is not sufficient for visualizing side chains and

accurately tracing the polypeptide chain. However, they reveal the sec-
ondary structure of themotor domain,which provides valuable new in-
sights into its organization and allosteric communication
mechanism. Here we will review these advances, compare the yeast
and Dictyostelium dynein motor domain structures, and discuss the
implications for dynein motility.
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2. Structural organization of the dynein heavy chain

The C-terminal ~350 kDa fragment of the dynein heavy chain is
sufficient for motor activity in vitro [15–17]. In this section, we
describe the structure of the three essential components of this
motor domain: the AAA ring, the linker, and the stalk/microtubule
binding domain.
Please cite this article as: C. Cho, R.D. Vale, The mechanism of dynein mo
Biophys. Acta (2011), doi:10.1016/j.bbamcr.2011.10.009
2.1. AAA ring

Dynein is a unique AAA ATPase that has 6 distinct AAA domains
(AAA1–6) linked in tandem on a single polypeptide chain. Midasin/
Rea1 is the only other AAA ATPase known to have 6 tandem AAA
domains encoded on a single gene [18, 19]. Early electron microscopy
studies first observed the asymmetric ring structure of dynein [20,
21]. Further work mapped the position of AAA1–6 on the ring and
also confirmed that no other domain besides the AAA domains was
required to form a closed ring [22]. The new crystal structures reveal
the secondary structure of individual AAA domains and how these
domains are organized within the ring.

Dynein's AAA domains contain the signature structural fold of
AAA ATPases: a large α/β domain (five helices (H0–H4) that flank a
five-stranded beta sheet (S1–S5)); the large domain is connected
to a small α-helical domain (H5–H9) by a short, flexible peptide
tility: Insight from crystal structures of the motor domain, Biochim.
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N(Fig. 1D). Each AAA large domain has unique inserts that protrude

upwards from the face of the ring (Fig. 4B). For example, AAA2 has
hairpin inserts in H2 and H3–S4, while AAA4 has a helix–loop–
helix insert in H3–S4. The small domains all have one additional
helix (H9) compared with most other AAA proteins; this C-terminal
helix enables the polypeptide chain exiting the small domain of one
AAA domain to connect to the large domain of the neighboring AAA
domain.

Although the structural fold of each AAA domain is similar, the
angle between the large and small domains differs for each AAA do-
main. This angular variation is achieved through the flexibility of a
short peptide that connects the final beta strand (S5) of the large
domain to the first helix (H5) of the small domain (Fig. 1D). Inter-
estingly, all of the small domains pack against the neighboring
large domains in a similar manner, thus creating six rigid units in
Please cite this article as: C. Cho, R.D. Vale, The mechanism of dynein mo
Biophys. Acta (2011), doi:10.1016/j.bbamcr.2011.10.009
the dynein motor domain (see Figs. 3C,D from [13]). For example,
AAA1 small–AAA2 large and AAA2 small–AAA3 large constitute two
such rigid units. Similar packing of small domains against neighbor-
ing large domains has been noted for the bacterial protease AAA
proteins ClpX [23] and HslU [24], both of which self-assemble into
rings from monomers. Thus, building rings from rigid units (small
domain-neighboring large domain) separated by flexible linkers may
be a common organizational principle of many AAA ATPases.

The dynein AAA ring has several asymmetric features. First, it is a
two-tiered structure with theα/β large domains on one level near the
linker, and the small domains positioned below the large domains
away from the linker (Fig. 1E). However, these levels are not uniform,
as the positions of each of the six large and small domains vary with
respect to the plane of the ring. When the ring is viewed from above
(from the linker face), the AAA domains also display uneven spacing
tility: Insight from crystal structures of the motor domain, Biochim.
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Caround the ring. This is particularly pronounced in the yeast motor

domain structure, where prominent gaps exist between adjacent
AAA large domains (AAA1–AAA2 and AAA5–AAA6), as will be dis-
cussed later.

Following the AAA6 domain, a helical C-terminal domain packs on
the bottom of the small helical domains. In yeast, this structure is
small compared to other dyneins, and stretches from the AAA6 small
domain to the bottom of AAA5 small. In Dictyostelium, however, the
C-terminal domain is longer and has an additional segment that
wraps back from AAA5 small and ends underneath AAA1 small. The
C-terminal domain may help to interconnect and perhaps rigidify
this portion of the ring.

2.2. Linker

The linker was originally identified by negative stain electron mi-
croscopy as a proximal region of the tail that could dock and undock
from the AAA ring [11]. Based on different orientations of the linker in
Please cite this article as: C. Cho, R.D. Vale, The mechanism of dynein mo
Biophys. Acta (2011), doi:10.1016/j.bbamcr.2011.10.009
the apo and ADP-Vi states, Burgess and co-workers [11] proposed
that the linker is a mechanical element that undergoes a nucleotide-
dependent power stroke. Subsequent studies further supported this
model by placing fluorescent probes at different positions on the linker
andAAAdomains. Based on negative stain electronmicroscopy [22] and
fluorescent resonance energy transfer (FRET) [25], the N-terminus of
the linker was proposed to move from a pre-powerstroke state near
AAA2 to a post-powerstroke state near AAA4.

The two crystal structures of yeast [13] and Dictyostelium [14]
dynein, now reveal that the linker is a predominantly α-helical
structure that arches over the large domain face of the AAA ring
like a basket handle (Fig. 4B). Although there is still some ambiguity
in the overall connectivity of the helices that compose the bulk of the
linker, it appears to be composed of four subdomains. Subdomains 1
and 2 contain antiparallel triple helical bundles that resemble spec-
trin repeats [26]; spectrin repeats generally exist as modular units
within long structures of high elasticity. Subdomain 3 is a less defined
parallel helical structure, which has particularly weak electron density.
tility: Insight from crystal structures of the motor domain, Biochim.
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This suggests that the middle region of the linker, particularly the
juncture of subdomains 2 and 3, might serve as a hinge where the
linker can bend. Subdomain 4 at the C-terminus is a five-helix bundle
that contains two unique helices that lie perpendicular to the main
axis of the linker.

Contrary to earlier suggestions that the linker stacks on top of the
ring, the crystal structures show that the linker makes limited con-
tacts with the ring only at its terminal portions. At its C-terminus,
subdomain 4 of the linker has extensive interactions with both the
large and small domains of AAA1 as well as part of the small domain
of AAA6. This extensive interface is suggestive of a relatively stable
interaction. At the N-terminus, the interactions of linker subdomain
1 with the ring are less clear at the present resolution of these crystal
structures. In Dictyostelium dynein, some of the linker helices sit
between AAA4 and 5 large domains while they sit above AAA5 in
yeast dynein (Fig. 2A). The interactions appear more tenuous com-
pared to the other end of the linker, which is consistent with electron
Please cite this article as: C. Cho, R.D. Vale, The mechanism of dynein mo
Biophys. Acta (2011), doi:10.1016/j.bbamcr.2011.10.009
microscopy studies indicating that tail-AAA ring contacts are broken
during the ATPase cycle to enable the linker to adopt a pre-power stroke
state.

2.3. Stalk and microtubule binding domain (MTBD)

The stalk is a ~15 nm long anti-parallel coiled coil that protrudes
out of the AAA ring and has a microtubule binding domain at its tip
[27]. Sequence prediction studies [28] showed that the helix return-
ing from the microtubule binding domain to the ring (CC2) has a
clear heptad repeat along its length that is typical of coiled coils,
with the first and fourth residues (“a” and “d” positions) being hy-
drophobic residues that can pack in the interior of the coiled coil.
In contrast, the partner helix (CC1) tends to have only one repeating
hydrophobic residue per seven residues along its length, creating a
less well-packed coiled coil. The single hydrophobic in CC1 can be
aligned potentially with either of the two hydrophobic residues in
tility: Insight from crystal structures of the motor domain, Biochim.
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CC2, creating two potential registries. Interestingly, the distinct hy-
drophobic repeat patterns in CC1 and CC2 appear to be evolutionari-
ly conserved among all dyneins. Based upon these features, it was
proposed that CC1 might slide relative to CC2 during the ATPase
cycle and that the shift from one registry to the other might confer
different binding affinities to the distal microtubule binding domain.
In support of this idea, fusions of an isolated microtubule binding
domain to a stalk in the “α-registry” displayed weak microtubule
binding while fusions in the “β+ registry” displayed ~10–fold tigh-
ter binding [28]. A second and more direct demonstration of the
coiled coil sliding model came from a study of disulfide crosslinking
in the stalk of an active dynein motor [29]. When CC1 and CC2 were
locked into theα and β+ registries by crosslinking cysteines, dynein
showed an order of magnitude difference in microtubule binding
affinity, as well as changes in ATPase activity.

An atomic resolution structure of the mouse cytoplasmic dynein
microtubule binding domain (Fig. 1C) revealed the details of the
microtubule binding region as well as intriguing structural features
of the distal stalk (in the α-registry) [30]. In this structure, CC2 makes
extensive contacts with several helices (H2, H4, H5, and H6) in the
microtubule binding domain, while CC1 only packs against a single
helix (H4) with limited contacts. This difference agrees with the
model that CC2 is fixed in position and that CC1 could slide relative
to CC2. The structure also revealed a disruption in the coiled coil
between a highly conserved pair of staggered prolines, one in CC1
and the other in CC2 (Fig. 1C). This region might help to facilitate
or propagate a shift in the registry of the two coiled coil helices.

Further work on the structure of the whole motor domain [13, 14]
provide a refined view of the structural relationship between the
stalk and the AAA ring, as well as revealing novel interactions of the
stalk. The stalk was originally modeled as a structure exiting the AAA
ring by coiled coil helix 1 (CC1) at AAA4, and re-entering via its partner
coiled coil helix 2 (CC2) at AAA5 [12, 27, 31]. Now the crystal structures
reveal that the stalk is an integral part of the AAA4 small domain. CC1
and 2 are long extensions of the H7 and H8 helices (see Fig. 5C of refer-
ence [13]), somewhat analogous to the ~8 nm long anti-parallel coiled
coil in the small domain of ClpB [32]. Thus, the base of the CC1 and
CC2 helices are likely to be highly constrained by interactions with the
other small domain helices.

An important revelation of the crystal structures is the existence of
an additional antiparallel coiled coil near the base of the stalk (see
Fig. 5 of [13]). This second coiled coil, which is an extension of the
H5 and H6 helices of the AAA5 small domain, has a sharp kink in its
middle and its tip interacts with the side of the stalk. Based on its
appearance, it has been named the “buttress” [13] or the “strut” [14],
suggesting that it supports the base of the stalk (we use the term
“buttress” in this review). In addition to serving a structural role,
we think it likely that the buttress regulates the conformation of
stalk during the ATPase cycle, given the apparent interaction of the
end of the buttress with the stalk, and a proposed mechanism for
regulation will be discussed in Section 4.

3. Comparison of the yeast and dictyostelium dynein motor
domain structures

The crystal structures of the yeast and Dictyostelium dynein motor
domains have a similar overall organization, as well as many common
features. However, several differences exist between the two struc-
tures, which could be due to either species differences, crystal contacts,
or the truncations used in the constructs. However, we believe that it is
likely that the distinct conformations reflect different nucleotide
states in AAA1 (the main hydrolytic site), since the Dictyostelium
motor domain was crystallized with ADP and the yeast motor domain
was crystallized in nucleotide-free conditions.

Both the yeast and Dictyostelium dynein crystal structures contain
two monomers in the crystallographic asymmetric unit. In yeast, the
Please cite this article as: C. Cho, R.D. Vale, The mechanism of dynein mo
Biophys. Acta (2011), doi:10.1016/j.bbamcr.2011.10.009
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monomers are joined at the N-terminus via GST, forming a dimeric
conformation that is compatible with processive motility [15]. The
two monomers of the yeast dimer have virtually identical structures.
In contrast, the two Dictyostelium monomers in the unit cell (mono-
mers A and B), which pack together through a back-to-back interac-
tion of the C-terminal face, show pronounced structural differences,
even though both are presumably in the same nucleotide state. Differ-
ences are notable in AAA3, 4 and 5 and changes in orientations of
these domains result in a prominent change in the angle (~37°) of
the distal region of the stalks in the two monomers. The cause of
this difference is unclear, although these differences might be due
to different crystal contacts. Regardless, these results reveal consider-
able conformational flexibility of dynein, which might be important
for its mechanism.

Several notable differences are found in the AAA ring of yeast
and Dictyostelium dynein. The yeast AAA ring is much more asym-
metric and slightly expanded compared to the Dictyostelium AAA
ring (Fig. 2A). This gross difference results from larger gaps between
AAA domains in yeast dynein and differences in the positions of the
AAA domains with respect to the plane of the ring (Figs. 2B and C).
More specifically, AAA2 is positioned higher up in the plane of the
ring in Dictyostelium, and AAA5 is shifted farther towards the linker
and above AAA4 in yeast. We speculate that this difference in the shape
of the ring might be due to different nucleotide states (nucleotide-free
for yeast and ADP for Dictyostelium), as will be discussed later.

The linker structures are fairly similar in Dictyostelium and yeast
as well as the manner in which the linker packs against AAA1. How-
ever, the position of the linker N-terminus relative to the ring differs
slightly; in yeast, it is located above AAA5, while in Dictyostelium, it is
closer to AAA4 (Fig. 2A). This variation seems to be a consequence of
the above mentioned differences in the position of AAA5 in yeast and
Dictyostelium, rather than a change in the linker structure.

The tip of the stalk of Dictyostelium dynein structure also differs
from the crystal structure of the isolated mouse stalk/microtubule
binding domain structure. In the mouse microtubule binding domain
structure, the stalk is locked into a “weak-binding” α-registry of the
coiled coil [30]. In this conformation, the conserved pair of staggered
prolines near the microtubule binding domain introduces a kink in
the stalk. However, in the Dictyostelium dynein structure, a kink is
less obvious and the stalk smoothly continues into the microtubule
binding domain (Fig. 5B). Higher resolutions structures will be needed
to ascertain the registry of the stalk coiled coil in this motor domain
structure.

Finally, the C-terminal domains of yeast and Dictystelium dynein
differ not only in size, but have considerably distinct structures. The
smaller yeast C-terminus has an elongated structure consisting
mainly of one long helix that bridges AAA6 small and AAA5 small.
The larger Dictyostelium dynein C-terminus, however, has two-lobes
which appear to consist of helical bundles. The first lobe assumes a po-
sition similar to the yeast C-terminus, while the second lobe packs un-
derneath AAA5small and AAA1small. In between the two lobes seems
to be a flexible hinge region that can affect motor processivity [33].
The difference in how the C-terminal structure crossbridges AAA
domains is intriguing, and might be related to the different motile
properties of yeast and Dictyostelium dynein.

4. Intramolecular communication of dynein

A fundamental question regarding the dynein mechanism is how
allosteric communication can occur across long distances within the
motor domain. The affinity of the MTBD for microtubules is known
to be regulated by the nucleotide binding state of AAA1 [34]. Further-
more, binding of the microtubules can stimulate the ATP turnover
cycle of dynein by 10–20-fold [8, 9]. This transfer of information is
particularly remarkable given that the distance from the ATP binding
site of AAA1 to the microtubule binding interface is ~25 nm.
tility: Insight from crystal structures of the motor domain, Biochim.
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posite side of the ring to cause the detachment and mechanical swing
of the linker. With the structural information available from two crys-
tal structures and electron microscopy reconstructions, we can begin
to speculate how these communication pathways might work.

4.1. Communication within the AAA ring

The nucleotide binding pockets of AAA domains are formed at the
interface of two domains, a feature that likely facilitates interdomain
crosstalk as indicated in other AAA proteins [35, 36]. Surprisingly,
there is a very large gap between AAA1 and AAA2 in yeast dynein
(Fig. 3B), which constitutes the primary site of nucleotide hydroysis
by dynein. Based upon structural information from other AAA pro-
teins, the extent of this gap would be too large to enable ATP hydro-
lysis and potentially even ATP binding. The gap, however, is consistent
with no nucleotide being bound at AAA1, and indeed the yeast crystal
was obtained under nucleotide-free conditions; however, confirmation
of this important point must await a higher resolution structure in
which the presence or absence of nucleotide can be clearly discerned
in the electron density map.

From our yeast structure, we proposed that the gap between AAA1–
AAA2 must close upon ATP binding [13]. Akin to a switch, nucleotide
Please cite this article as: C. Cho, R.D. Vale, The mechanism of dynein mo
Biophys. Acta (2011), doi:10.1016/j.bbamcr.2011.10.009
binding or release could trigger an open vs. closed conformation of the
AAA domain interface. This type of mechanism is supported by a struc-
ture of a ClpX hexamer [23], which has two nucleotide-free and four
nucleotide-bound subunits (Fig. 3A). In this structure, the nucleotide-
free interfaces are more open (large domains separated further apart)
than the nucleotide-bound interfaces (Fig. 3A). This hypothesis also is
consistent with differences between the nucleotide-free yeast motor
domain and the Dictyostelium motor domain (crystallized with
ADP). In Dictyostelium, the AAA2 large domain is displaced higher
in the ring and thus closer to the AAA1 large domain (Fig. 2B). How-
ever, there is still a significant gap between the two, suggesting that a
further lateral closure may occur in the ATP state, which brings the
domains closer to enable the hydrolysis of the β−γ phosphate bond.

Because the packing interactions between neighboring AAA domains
are relatively conserved, closing of the AAA1–AAA2 cleft would probably
drive a global conformational change such as contraction of the whole
AAA ring (Fig. 3C). Considering that AAA2-4 have been suggested to
play regulatory roles in dynein motility [37] [9], we initially proposed
that such change might be primarily transmitted around the ring from
AAA1 to AAA2-4 via sequential nucleotide changes [13]. Alternatively,
Kon et al. [14] suggested a conformational propagation around the
other side of the ring, from AAA1 to AAA6 and 5, which is mediated by
the C-terminal domain. Distinguishing between these two distinct
tility: Insight from crystal structures of the motor domain, Biochim.
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allosteric mechanisms of dynein will require new structures and/or
experimental probes of different nucleotide states. In any case, how-
ever, changes in the AAA ring would be expected to drive downstream
allosteric movement in the linker and stalk as discussed below.

4.2. Communication between the linker and the AAA ring

The current crystal and electron microscopy structures of the
nucleotide-free and ADP state show the distal end of the linker
extending across the ring and perhaps docked near AAA4/AAA5 in
the post-stroke conformation (also referred to as the “unprimed con-
formation [22]”). In order to reset after a mechanical stroke, ATP
hydrolysis at AAA1 must be relayed to the linker so that it can undock
and move from this post-powerstroke to pre-powerstroke state. How
might such a change be communicated? Carter et al. proposed that a
“domino effect”, which is triggered by the aforementioned AAA ring
contraction after ATP binding at AAA1, causes the distal linker to de-
tach from the ring and perhaps adopt a more disordered state with
its position centered around near AAA2 (as suggested by EM data
of Roberts et al. [22]).

Besides the overall closure of the ring, it is also possible that local
structural remodeling of AAA domains near the linker contact sites
plays an important role in the process of linker movement. A good
candidate for such conformational changes might be the hairpin and
helix insert sequences of the AAA large domains in H2 and H3–S4
(Fig. 4B). The protrusion of these loops towards the linker makes
them attractive candidates for a docking surface. In NtrC and PspF,
two bacterial transcriptional activating proteins of the AAA family,
H2 and H3–S4 hairpin inserts mediate intermolecular interactions
between these AAA ATPases and their substrate (σ54 factor of bac-
terial RNA polymerase) and also undergo nucleotide-dependent
structural changes [38, 39] (Fig. 4A). One intriguing possibility is
that dynein has evolved a similar mechanism, but in this case uses
its loops to interact with the linker, which sits on top of the ring in
a similar manner to the way that σ54 factor sits on top of the
NtrC/PspF rings (Fig. 4C). It is particularly intriguing that dynein's
AAA2 large domain has two inserts loops in the same positions as
NtrC/PspF. This is an unusual feature among crystal structures of
AAA proteins; to our knowledge, the H2 and H3–S4 hairpin inserts
are only found in dynein AAA2, NtrC/PspF, and the magnesium
chelatase BchI. It is also possible that a subset of dynein's six insert
loops interacts with regulatory molecules that interact with the motor
domain, such as Lis1/NudE ([40]).

The above model assumes a more passive role for the linker,
responding to rather than instigating allosteric communication. How-
ever, a more active role for the linker is certainly possible. For exam-
ple, ATP-dependent rearrangements in subdomain 4 of the linker
through its interaction with AAA1 could be propagated towards the
N-terminus to facilitate conformational change and possible bending
of the linker. In this model, a conformational change in the linker
could play an active role in swinging the linker in a particular direc-
tion, rather than passively being pried off its post-powerstroke posi-
tion by AAA ring movements.

4.3. Communication between the microtubule binding domain (MTBD)
and the AAA ring

Since the discovery of the dynein stalk as an anti-parallel coiled
coil [27], it has been recognized that the stalk must somehow relay
information bidirectionally along its length to modulate microtubule
binding affinity and ATP turnover in the AAA ring. Various mecha-
nisms of communication along the stalk have been proposed including
stalk tilting [41] or coiled coil melting [42], but more recent studies
favor a model where coiled coil 1 (CC1) slides with respect to coiled
coil 2 (CC2), as discussed in Section 2.3.
Please cite this article as: C. Cho, R.D. Vale, The mechanism of dynein mo
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The discovery of the buttress coiled coil [13, 14] has prompted a
new model for how sliding of the two helices in the coiled coil might
be initiated (Fig. 5C). The original coiled coil sliding model postulated
that CC1 was pulled relative to CC2 at the base of the stalk, thus propa-
gating a sliding motion of the entire helix. However, since CC1 and CC2
are tightly packed helices in the AAA4 small domain, it seems unlikely
that they could slide relative to one another at their base. As an alterna-
tive possibility, sliding might be propagated at the stalk-buttress con-
tact site. In such a model, relative movements of the rigid body units,
AAA3small–AAA4large and AAA4small–AAA5large would move the
stalk and buttress relative to one another. If the two coiled coils remain
in contact, then this ATP-generated motion within the ring could be
translated into a distortion of the stalk coiled coil that could propagate
as a registry shift to the proline region near the microtubule binding
domain. It also could control the angle in which the stalk emerges
from the ring, as suggested by the different stalk angles seen in the
two monomers in the Dictyostelium crystal structure (Fig. 5A).

5. Implications of the dynein structure for processive movement

The new crystal structures also have generated information that is
relevant for understanding the orientation of the two motor domains
when dynein moves processively along a microtubule. From studies
of kinesin and myosin V (two well studied dimeric, processive
motors), it is widely believed that both motor domains must be
polymer-bound for at least some phase of their ATPase cycle, so
that they can walk without falling off. How might dynein achieve
such a two-head-bound intermediate?

In the yeast dynein structure, the two motor domains are dimer-
ized by the fusion of gluthione S-transferase (GST) N-terminal to
where the linker interacts with the ring. This GST-dynein fusion
moves processively with a similar run length and velocity to wildtype
yeast dynein [15]. In the crystal structure, the two motor domains
point away from one another in a pseudo-two-fold symmetry (Fig. 6A
inset). However, for processive motion, both microtubule binding
domains must dock onto the samemicrotubule. Carter et al. modeled
this two-head-bound intermediate with both rings in the same ori-
entation (linker faces pointing to the left as one looks down the
microtubule axis towards its minus end) (Fig. 6A). However, because
of the short tether connecting the linkers to the GST, this state required
the N-terminus of the linker in the front head to detach from the ring
and move ~8 nm, so that it could point backward to its partner motor
domain. It is also possible that the linker completely detaches from
the ring to achieve larger step sizes that have been observed for dynein.
Based upon the power stroke model of the linker proposed by Roberts
et al. [22], this would create a pre-powerstroke state in the leading
motor domain and a post-powerstroke state in the rear head. In addi-
tion to this dramatic reorientation in the linker, one of the stalks must
bend or twist to enable docking of both microtubule binding domains
onto the polymer. Another interesting observation that emerged from
this modeling is that the two motor domains are unlikely to be bound
to the same protofilament due to the thickness of the AAA ring [13].
Therefore, it seems likely that dynein walks on microtubules with its
twomicrotubule binding domains attached to different protofilaments.

The Dictyostelium crystal structure shows a very different arrange-
ment of the two motor domains in the unit cell. The two monomers
(which are separate polypeptide chains without a dimerizing domain)
are interacting back-to-back (C-terminal domains facing one another);
the two rings are essentially stacking on one another through interac-
tions between the C-terminal domain of one head and the small domain
face of AAA2-4 of the other head (Fig. 6B inset). This interaction might
simply reflect theway that themonomers pack in the crystal. However,
Kon et al. [14] suggested that the rings might interact in this conforma-
tion during processive movement and that this interaction could allow
for communication/coordination between the two motor domains.
Indeed, a compact form of the dynein dimer would be expected during
tility: Insight from crystal structures of the motor domain, Biochim.
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processive motility, as dynein mostly takes small steps (8 nm, the
minimal subunit spacing along the microtubule), and ring stacking
has been observed in axonemal dyneins by electron microscopy
[43]. Furthermore, truncation studies show that the processivity of
Dictyostelium dynein is enhanced by the presence of its distal C-
terminal domain [33], which might be related to a role in a stacking
interaction between the two heads. However, in this back-to-back
orientation of the rings, the microtubule binding domains would
be oriented in opposite directions, thus requiring the stalk in one
motor domain to have considerable rotational flexibility in order
for its distal microtubule binding domain to interact with the micro-
tubule (Fig. 6B).

Thus, in conclusion, the Carter et al. and Kon et al. models propose
distinct orientations of the rings (back-to-front and back-to-back) in
a processively moving dynein. However, both models have structural
challenges for achieving a two-head bound state. The first challenge
lies in the position of the linkers; they must have sufficient space to
swing with respect to the ring, while still being close enough to be
adjoined by a dimerization domain. In the Carter et al. back-to-front
orientation of the rings, one of the linkers is sandwiched between
the rings, creating possible steric clashes. In the Kon et al. back-to-
back stacking of rings, the linkers are pointing in opposite directions
on the outside of a double stacked ring and thus must cross a long
distance around the side of the rings to form a connected dimer. In
addition to joining the linkers into a dimer, a second challenge lies
in the simultaneous binding of two microtubule binding domains
on the microtubule lattice. For two microtubule binding domains to
bind 8 nm apart, the stalks must be rotated in both structures, al-
though the magnitude of rotation is significantly smaller in the Car-
ter et al. model. This implies that there might be considerable
flexibility in the stalk, which is also suggested by the variable confor-
mations that the stalk assumes in different crystal structures (Fig. 5B).
To distinguish between these models derived from crystal structures,
Please cite this article as: C. Cho, R.D. Vale, The mechanism of dynein mo
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it will be important to establish the orientation of the rings and the
stalks in a processively moving dynein molecule.

6. Future perspectives

Although recent structural studies have added to our understand-
ing of dynein, many missing pieces of information remain to be eluci-
dated in order to emerge with a comprehensive understanding of
dynein motility. In addition to obtaining better diffracting crystals
that provide atomic resolution, a crystal structure of an “ATP” and/
or “ADP-Pi” state will be needed to reveal the key “pre-stroke” state
of the cycle. The current ADP (Dictyostelium) and nucleotide-free
(yeast) structures are “post-stroke” states, where the N-terminus of
the linker is docked near AAA4/5 and the microtubule binding domain
is in a presumed strong binding conformation. Information on both
the pre- and post-powerstroke states will be essential for understand-
ing the motility cycle of dynein. But there are likely to be many more
important conformations to investigate, since dynein has three addi-
tional nucleotide binding sites (AAA2–4) in addition to themain hydro-
lytic site. Variations in the nucleotide state of these sites are likely to
change the conformation of the AAA ring.

The function of the interacting two coiled-coils (the stalk and but-
tress) and the conformational changes in the stalk are important
subjects for further investigation. The current reigning hypothesis
of a half-heptad shift in the stalk helices is intriguing, but a long
range conformational change in a coiled coil is without clear prece-
dence in the literature and the energy barrier for the proposed half
heptad sliding of the helices is not known. Thus, this model requires
more direct data to determine whether this or other conformational
changes occur during dynein's ATPase cycle. Such investigations of
the dynein stalk will likely provide broader insight into how coiled
coils might be used in biological systems. Computational studies as
well as designing probes that can measure the conformational changes
tility: Insight from crystal structures of the motor domain, Biochim.
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of the stalk and buttress will be important next steps in this investiga-
tion. It also will be interesting to ascertain whether angular changes in
the stalk contribute to dynein movement by facilitating a diffusional
search of the microtubule binding domain.

Further down the road, it will also be important to understand not
only the properties and structure of a minimal dynein motor domain,
but also the dynein holoenzyme as it exists in the cell. Several studies
have already started to dissect how adaptor proteins such as Lis1 or
dynactin regulate dynein ATPase activity [44], processivity [45], and
force persistence [40]. Thus, an important frontier lies in reconstituting
and obtaining structures of the dynein holoenzyme and complexeswith
its associated regulatory proteins.
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