Research Summary

The cytoplasmic dynein complex, along with its cofactor dynaatid other
regulatory proteins, acts as a motor that moves along microtubdlesong its many
functions, dynein organises membraneous compartments, gathers aldedigiroteins,
carries viruses and plays key roles in cell division and replication.

Despite playing such a prominent and crucial role in numerous bialogid
disease processes, very little structural information is knowrcytplasmic dynein.
Challenges such as its large size, complexity and low abundaeae thnat it represents
one of the major unexplored and exciting frontiers in structural biology.

The goal of our group is to use a combination of X-ray crystallograptotein
engineering and advanced single molecule techniques to further oustandéarg of the
structure and mechanism of the dynein mega complex. ThisaNaW us to answer
questions such as how it moves along microtubules, how it is reguwdatedow it
interacts with cargos. The long-term hope is that this infaomawill aid the
development of therapeutics that will block certain dynein functisash as transport of
viruses) without inhibiting the whole motor.
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Research Highlights
1. Recombinant expression of dynein

A significant hurdle to studying the dynein motor has been itsrsdiee. One
of the major breakthroughs in recent years has been the ability to
recombinantly express and manipulate the dynein gene. Thisrsdescribes
the use of homologous recombination in Saccharomyces cerevisiaestatgen
an artificially dimerised minimal dynein motor. This work farine basis for
many biochemical, biophysical and protein engineering experiments.

2. Singlemolecule studies
It is now possible to determine the position of a fluorophore with namomet
precision. At this scale it is possible to get direct infaromaabout the
movements within proteins using light microscopy. My colleagued avete
able to use these methodologies to follow the stepping of dynetmasves
along microtubules.

3. Structureof thedynen stalk
We have recently reported the crystal structure of the dynetmotmbule
binding domain. This is the first part of the dynein motor to be scdweb
gives insight into long range communication within the dynein molecule.



Background
1) Thedynein family and itsroles

Dyneins are protein complexes consisting of one or more heavygschad a
variety of different light, intermediate and light-intermediahains. The heavy chain is
around 500kDa (4000-5000 amino acids) in size and contains a motor domain that is
related to the AAA+ family of proteins. Higher eukaryotepidglly contain 10-15
dynein heavy chain genes, which are related by their higiiigerved, C-terminal motor
domain. In contrast, the N-terminal third of the heavy chains, krasathe tail region, is
very divergent.
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cilia and flagella. All the remaining
dynein genes are known as axonemal dyneins and are responsildewlering the
beating motion of axonemes. The axonemal dyneins are themsel=idiviouter arm
dyneins and inner arm dyneins depending on their location within the axoneme.

There is a large variation in number of dynein heavy chain gem@sdfin
eukaryotes [1, 2]. Cytoplasmic dynein is an essential gene iy endaryotes [3], but
has been lost from others such as higher plants and some fungi. Axalyamas are
missing in a number of species including plants, fungi and theatoel® wormC.
elegans In other species, such as the cilidsggrahymenahermophila, the number of
axonemal innerarm dynein heavy chain genes has undergone a lpagesier to 25
copies [4].

2.1) Roles of cytoplasmic dynein in thecell

In interphase cells cytoplasmic dynein is responsible foyicgy a diverse range
of cargos back towards the nucleus. These include membrane-bound osgsundiles
components of the endosome pathway [5], golgi vesicles [3] and peroxi$6]yess
well as transcription factors [7]; aggregated proteins [8];raRINA containing particles
[9]. In neurons, dynein drives retrograde transport back alongsatowards the cell
body [10, 11].



Cytoplasmic dynein also plays a fundamental role in mifa&sl4]. It has been
found at the cortex, where it pulls on microtubules attached to thdlsmpoles [15-17],
and at the spindle pole, where it accumulates after transpdeucigrs required for
focusing of the poles [18, 19]. It also localises to the kinetochdrerent has a number
of possible functions [20], including playing a role in the checkpoint that monitors correct
attachment of the spindle to the chromosome [21, 22].

Interphase Mitosis
* Membrane compartments 1) Cortex: Spindle alignment
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Roles of cytoplasmic dynein in inter phase microtubule transport and in mitosis.

2.2) Roles of dynein in disease

Given the multiple roles of cytoplasmic dynein in many highéaeyotes, it is
perhaps unsurprising that it should be associated with a number ofedigercesses.
The process of viral infection, for example, involves dynein. Virugeglire active
transport to the nucleus as they are too big to reach it puyeljiftusion. This is
especially apparent in the case of herpes viruses, which sgrteory neurons at the
nerve termini and then travel back to the cell body in order taset latent infection
[23].

In addition to viral transport in sensory neurons, dynein has been iteglioca
many other neuronal diseases. Perhaps the best studiedeisceigisaly. Mutations in
the dynein regulatory protein Lisl result in defects in dyneediated movement of
nuclei within certain neurons. This results in failure of thesgars to migrate during
brain development, leading to brains with an unusual smooth appearancsl as
severe retardation and early death [24].



Dynein may also have a part to play in a number of neurodegeneaiatesses.
In mice, mutations in the tail region of dynein lead to phenotypesrésemble patients
with motor neuron disease [25]. Furthermore a mutation (G59S) in ohe dfyhactin
subunits, called pl@b‘ed, has been linked to motor neuron disease in both humans and
mice. One of the established functions of dynein is to trangggregated proteins [26],
possibly collecting them up so they can be disposed of via phagacytdsie link
between protein misfolding and aggregation in many neurodegeneratpases, such as
Parkinsons and Lewy Body dementias, implies that dynein may havie & play in
these disesase as well. Lewy Bodies themselve resembésaggps and may be formed
by a dynein dependent process [26].

Finally the role of dynein at the spindle assembly checkpoint measnsvolved
in a process that is crucial for cancer cell division. Thisighlighted by the fact that a
number of anticancer compounds, such as vinblastine, are thought toldathgg this
checkpoint for long enough to drive dividing cells into apoptosis.

3) Components of cytoplasmic dynein
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interact with the cytoplasmiq The cytoplasmic dynein complex and some of the cargosthat
dynein complex via different interact with it.
accessory chains. This may be
important to allow their attachment to be regulated in order torertbat only the correct
cargo is transported. Specificity may also come from theofiddferent splice isoforms
of the light (LC), light-intermediate (LIC) and intermediateams (IC). In effect there
would be multiple species of dynein within the cell that eacty ahfferent cargos and
can be individually regulated.For example LIC1 but not LIC2 has been shown to be
responsible for transport of pericentrin, a centrosomal compoént [n contrast only the LIC2
isoform is present in the pool of dynein that mediates fast retrograpra in axons [28].

The cytoplasmic dynein complex is more than just a set ofcddaf) proteins
linked to a motor domain. A number of the factors, such as Lislyarattin, have been
reported to have a direct effect on dynein’'s ATPase activityis also likely that the
dynein will be regulated both in terms of its activity andwihen it interacts with its
cargos. Understanding this complex web of interactions will reqai much better



knowledge of the structures of the whole complex. Currently crgstattures of some
of the components, including Lis1l [29] and the light chains [30] are knowrmmbah
needs to be done to work out how all the components fit together.

4) Structure of the motor domain
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Structure of the dynein protein and model of how the elements are arranged in the motor. The
core of themotor isaring of six AAA domains (blue). Thelinker and C terminal region probably
lie on top of thering. The almost one complete turn of antiparallel coiled coil that makes up the
stalk emerges from between AAA4 and AAA5 and has the microtubule binding domain (M TBD)
at itstip.

The minimal motor domain of dynegontains the C terminal ~3000 amino acids
of the heavy chain gene [31 ]. It contains six putative AAA+ domfB82], which form
an ~15 nm diameter ring structure. The microtubule binding domaan tise tip of a
15nm long stalk, made of an antiparallel coiled coil that emerges lretween AAA4
and AAAS [33]. The N terminal ~400 amino acids of the motor domain #ostucture
called the “linker” (or sometimes the “stem”) which streglaeross the face of the ring.
This linker changes position in the different nucleotide states $84that in the absence
of nucleotide it exits the ring close to AAA4, whereas in thresence of ATP it appears
to move nearer to AAA2 [35, 36]. This rearrangement of the posdfothe linker
domain corresponds to the powerstroke that drives motility [37]. Kio#ter elements,
such as the very C terminus of the motor are also likely to sit on top of the AAA ring.

The motor domain of dynein is much larger than that of other motoeipsot
(kinesin and myosin), is evolutionarily unrelated and clearly moyea bery different
mechanism [1]. Some of the interesting mechanistic questionsreéhain to be
answered include: whether one [38] or two [36, 39] AAA+ domains hyzdeoTP per
dynein step; exactly how the AAA+ ring communicates with distant MT binding
domain [40]; how flexible the orientation of the stalk is as cyspla dynein moves and
how rearrangements in the AAA+ domains are amplified to producewiey of the
linker domain.



Resear ch Highlights
1) Recombinant expression of dynein

A large body of structural, biochemical and biophysical expamis on other
motor proteins, such as myosin V and kinesin, has led to their mechahmmvement
being understood in considerable detail. Underpinning much of this redeascbeen
the ability to recombinantly express, tag and manipulate theisgenhevell as the ability
to produce them as dimers that move processively for multiple stBps.large size of
the dynein gene has, until recently [39, 41], made recombinant expresstsnmotor
domain particularly challenging.

Saccharomyces  cerevis
(baker's  yeast) offers  twg S
significant advantages for the stuq e ey —
of dynein. The first is that dynein i o o
not essential for growth, which wechpoder | IERORE
allows the genomic copy of thg W Transform yeast and select on ura-plates
gene to be deleted or modified { “Trimerd
will. The second is thal """ ——1 Timsl s
homologous recombination can K B |“"//ps,. mj\“_l
used to alter only the desired regio
This does away with the need fq W Transform yeast and select on 5-FOA plates
dealing with large plasmids| ., ..o i
difficult ligation reactions and the . N Head —
use of rare restriction enzyme sit o _
ond makes it reltively simple § D16 2.0 e [ooonaien L e s
manipulate the gene [3_9]' A typ|(_:e lCJyRA?L% geneis}i/nsertgd into the dynein gene. In the second step
scheme for truncating dynein thisURA3 marker isreplaced with the desired modification.
adding some tags and a stroi,

promoter is shown in the figure to your right.

Using this system we atrtificially
dimerised the dynein motor domain using the
constitutive dimer glutathione-S-transferase
(GST) [42]. We also added a HaloTag from
Promega, which is a genetically encoded tag
HaloTag that can be labelled very specifically with a
range of different ligands. This allowed us to
tag the protein with stable fluorescent dyes,
An engineered dynein construct for motility | such as rhodamine, or even quantum dots
assays: the dynein motor is dimerised by | (inorganic crystals that fluoresce very brightly
fusing it to GST. Thehead istagged withthe | Lo v/ light). The movie (please see the

genetic HaloTag (Promega) that can be . .
labelled with different fluorescent dves such | Website) shows single molecules of these

Rhodamine

fluorescently labelled GST-dynein constructs
moving along axonemes. These constructs have now helped open the door to the study of
dynein.



2) High precision tracking of single molecules.

The movie in the above section shows single, fluorescently labelledird
molecules moving along microtubules. It is possible to track thetignosof these
fluorescent spots with a precision of a few nanometers asaoiigey are bright enough
[43, 44]. This means that it is possible to follow the individual stiegisa motor protein
makes as it walks along a microtubule. The two traces inigleefbelow show the
movement of a kinesin and a dynein molecule tagged with a very bhgitedcent
molecule called a quantum dot. The kinesin molecule takes regular $&ps, which
are defined by the spacing of tubulin molecules [45]. In conmadtnot unexpectedly
given its size and long stalk, the movement of dynein is muchidgstar and exhibits a
large number of forward and backward movements.
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Traces of kinesin and dynein tagged with quantum dots stepping along microtubules. Notethe
tracesareoriented for ease of display. Dynein and kinesin in fact move in opposite directions.

By attaching quantum dots to different parts of the
molecule, we were able to propose an initial model for
how dynein moves [42]. In the future, advances in this
high precision tracking, such as the ability to monitor two
different colour fluorophores simultaneously [46], will
allow us to build up a complete picture of how dynein
moves along microtubules. Some questions that need to
ad _ be answered include what angle the stalks make with
Cartoon of the dynein construct | ragnect to the microtubule and whether its orientation

during movement. .
changes as dynein moves.




3) Structure of the dynein stalk

One of the remarkable features of dynein is that its microtutinl@ing domain
(MTBD) is found at the tip of a long stalk [33] and is thus sepdrly over 10 nm from
the rest of the motor. This is in stark contrast to the kiremsthmyosin motors where the
polymer binding site is an intrinsic part of the motor domain arsksaithe question of
how the two parts of dynein communicate with each other. Such conatianics a key
part of how motor proteins couple the cycle of ATP hydrolysis to memmNucleotide
hydrolysis and conformational changes in the AAA+ ring that dmagility occur only
after dynein has bound to microtubules. Reciprocally, the MTBRelsased from
microtubules when ATP binds to the AAA+ ring [47]. An explanation fioe
communication mechanism has now begun to emerge from recent biogahemic
experiments and the determination of the crystal structure ailgrMTBD, all carried
out in collaboration with lan Gibbons (UC Berkeley) [40, 48].

In order to produce
a stable protein construg
for  crystallization, the
dynein MTBD and the top
part of the stalk, which
forms an antiparallel coiled
coil of two alpha helices
(CC1 and CC2), was fuse
into the coiled coil of a
protein called seryl-tRNA
synthetase (SRS). The 2.3
crystal structure we solve(q A) Fusion of seryl-tRNA synthetase (cyan) and the tip of the
confirms the coiled-coil| dynein stalk (red). B) Close up of the dynein stalk (helices CC1
B o e e S it i < om e G 01 (T
and shows that It is kinked Helices H1, H3 and H6 are propose% tg form the surface that
by the presence of t_WC interacts with microtubules. The conserved proline residues
highly conserved proling are shown in red spacefilling representation.
residues. The rest of the

MTBD consists of a novel fold of alpha helices that pack agdiesiop of the stalk. The
top face (including helices H1, H3, and H6) was identified as thefsitgeraction with

microtubules, based on mutations that interfere with binding. Confomatas provided
by docking the crystal structure into an electron-density mapdyhain stalk bound to
microtubules that was obtained by cryoelectron microscopy.

)



A) Cryo electron microscopy
., Dynein MTBD (EM)  reconstruction  of

dynein stalk bound to
microtubules.

B) Close up showing a
tubulin protofilament (made

+ up of e and p tubulins) and a
dynein microtuble binding
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the EM map (blue mesh).
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We propose that the mechanism of communication along the stalk inwelves

sliding movement of helix CC1 with respect to the helix CC2 [40, 4Bjis model is
based on 3 lines of evidence.

1)

2)

Changing the fusion site between the stalk and the SRS basadwing exactly
four amino acids from CC1 leads to an almost ten fold increases iaffinity of
the MTBD for microtubules. This suggests that conformational gdwim the
AAA ring could alter the affinity of the MTBD by driving a dlng of CC1
relative to CC2 by the equivalent of four amino acids (see theemavithe
website for an animation).

In a standard coiled coil, such a sliding motion would be highly entlyic
unfavourable as it would expose some of the hydrophobic residues in éhefcor
the coiled coil (see the movie on the website). The dynein $iakever, has a
conserved feature which may lower the barrier to such a confamahtthange.
The residues in the core of a standard coiled-coil are arranged adsetostripes

of hydrophobic amino acids running up each of the two helices. In thendynei
stalk the residues in CC2 mostly follow this regular pattere (ggpire below).

By contrast, CC1 has one stripe of hydrophobic residues and one of hydrophil
residues. The consequence of this arrangement is that if @e$ sblative to
CC2 then the only residues to be exposed would be the hydrophilic oneasvhere
the hydrophobic residues simply move from one side of the coiled-ceiltadhe
other. As no hydrophobic residues are exposed to the solvent, the eotrstpot
sliding should be considerably reduced in comparison to a regular coiletiat

has predominantly hydrophobic amino acids in its core.



cc2
A conserved feature of the stalk may aid diding of thetwo helicesin the stalk coiled coil. Left
panel: spacefilling model of the stalk showing the two helicesin stalk (CC1in blue & CC2in
red) and the microtubule binding domain in white. Right panel: the two helices have been
open up to show the amino acids that are packed together to form their core. Theseresidues
are arranged in a zig-zag pattern, marked with arrows. In CC2 most of the residues are
hydrophabic (green) whereasin CC1, those on the left are hydrophobic, whereas those on the
right are hydrophilic (orange).

3) Other features of the stalk structure also hint that helixngjidnay provide the
communication mechanism. CC2 makes multiple contacts with otheefeth
the MTBD (See figure below), whereas CC1 only makes a smuaber of
interactions with a single helix (H4). This arrangement is istet® with CC1
being relatively free to move, while CC2 is held in place by ipielinteractions.
Furthermore CC1 is followed by one of the main helices atntierotubule
binding interface (H1). This suggests that microtubule binding wouldeca
rearrangement in the position of H1, which would be propagated backtbp to
AAA ring by a sliding of CC1 against the relatively rigid C Reciprocally
nucleotide driven conformational changes in the AAA ring would, via the
movement of CC1, alter the conformation of H1 and thus change théyaf
dynein for the microtubule.
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Cartoon showing the sequence of amino acidsin the dynein stalk. Blue lines show packing
of residues in the coiled-coil core. Residues that contact other parts of the microtubule
binding domain are marked with ared dot. In comparison to the extensive contacts made
by CC2, the first helix (CC1) makes only a small nhumber of contacts with H4. This is
consistent with CC2 being relatively rigid, while CC1 can move in response to changes at
the microtubule binding interface.
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