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Dynein Mutation, Abnormal Rear Leg (Arl)

Abstract

The aim of this project was to investigate the effects of a novel mouse cytoplasmic
dynein mutation; Abnormal rear leg (Arl). Cytoplasmic dynein is a microtubule
(MT) based motor protein important for diverse cellular processes including Golgi
maintenance and retrograde transport of organelles. Arl is a mouse point mutation

in the heavy chain subunit of dynein (Dync1h1). Homozygous Dync1h1*"A" die at

lAl’l/+

embryonic day 10. Dynclh heterozygotes have a normal life span, but exhibit

abnormal gait and hindlimb clasping during tail suspension, typical of neuronal

dysfunction. Protein purification from wildtype and heterozygous brain tissue

1Ar|/+

showed increased MT binding in Dynclh compared to wildtype. Delayed

endosomal trafficking was observed in EGF stimulated Dynclh1*™*

mouse
embryonic fibroblasts (MEFs) compared to wildtype, in both fixed cells and using
live cell imaging. Similarly, a delay in the reassembly of the Golgi complex after
disruption with a MT depolymerisation agent, nocodazole, was observed in
Dync1h1*"* MEFs compared to wildtype. In addition, the Golgi complex was

1AI"|/+

observed as being structurally perturbed in Dynclh lumbar spinal cord neurons

using transmission electron microscopy (TEM) compared to the wildtype. TEM
also revealed that the mitochondria were structurally perturbed in Dynclh1”"*
lumbar spinal cord neurons compared to wildtype, and O, consumption assays

1A"* mitochondria to have increased

investigating their function showed the Dynclh
respiration rates compared to wildtype. Thus, these data highlight the Arl mouse as
an invaluable model for studying the mechanism of dynein function and the

subsequent outcomes when they are compromised.
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INTRODUCTION

1.1 Motor Proteins

The often large size and complex organisation of eukaryotic cells requires a system of
efficient directed transport. This transport is provided by motor proteins that power the
movements of subcellular components such as organelles and chromosomes.
Movement is along the two polarised cytoskeletal fibres - actin filaments and

microtubules.

There are three families of motor proteins; myosins, kinesins and dyneins. Kinesins
and dyneins move along MTs, with kinesins mainly moving towards the plus ends
(anterograde transport) and the majority of dyneins moving towards the minus end
(retrograde transport). Most myosins move along actin filaments towards the barbed,

plus end.

1.2 Dyneins

There are two classes of dyneins - axonemal dyneins are responsible for the movements
of cilia and flagella, while cytoplasmic dyneins are involved in a number of processes,

for example, transport of organelles, nuclear migration and mitosis.

Cytoplasmic dynein has two forms, designated as cytoplasmic dynein 1 and 2.
Cytoplasmic dynein 2 is involved in retrograde intraflagella transport (IFT), a process
required for assembly and maintenance of lower eukaryotic cilium/flagellum, first
identified in Chlamydomonas (Pazour, Dickert et al. 1999; Porter, Bower et al. 1999).
It is now also well established in the generation and maintenance of mammalian cilia
(Grissom, Vaisberg et al. 2002; Mikami, Tynan et al. 2002; Perrone, Tritschler et al.
2003). Cytoplasmic dynein 1 is the more abundant of the two complexes and is
responsible for multiple activities such as transport of organelles, chromosome

segregation and positioning of Golgi apparatus.



1.2.1 Cytoplasmic dynein

1.2.1.1 Dynein Heavy Chain

Dyneins are members of the AAA family (ATPase associated with various cellular
activities) of ATPases (Neuwald, Aravind et al. 1999). They consist of extremely large
heavy chains of more than 500kDa each. The C terminal 380kDa fragment contains the
motor domain with the C terminal 2350 residues forming 6 linked AAA modules
(AAA1-AAAG6) each 35-40kDa in a ring structure. There is also thought to be a
seventh domain, C terminal to AAA6 which is not an AAA module. When a truncated
motor domain was engineered without the C terminal sequence, the overall motor
domain structure under EM was mainly unchanged and no gap was left in the ring,
which would be expected if it were a heptameric ring structure (Roberts, Numata et al.
2009). The ring consisting of the six AAA modules forms the globular head of dynein.
Between the AAA4 and AAAS modules, the dynein heavy chain forms a rod-like loop
with a small, globular, ATP-sensitive microtubule-binding site at the tip. The stalk, or
the stem, is formed by an anti-parallel coil of the folded back heavy chain and can be up
to 15nm in length (Gee, Heuser et al. 1997).

IC dynactin
binding
region

Figure 1. Schematic of cytoplasmic dynein.
Schematic diagram of cytoplasmic dynein showing dimerised heavy chains and sites of accessory chain
binding. Adapted from (Vale 2003). LIC refers to light intermediate chain, I1C refers to intermediate

chain and LC refers to light chain of the dynein complex.



The N terminal 1800 residues form a tail that interacts with accessory chains and cargo.
Modules 1 to 4 bind ATP, but only AAA1L, nearest the N terminus, hydrolyses ATP
during the interactions with microtubules that generate movement (Gibbons, Lee-Eiford
et al. 1987; Ogawa 1991; Gee, Heuser et al. 1997). The other domains may regulate the
ATPase cycle at AAAL. These four modules contain a highly conserved Walker A

motif, also called a P loop, and a Walker B motif.

Walker motifs are 3 different, non-contiguous stretches of sequence known as Walker
A, B and C that bind phosphates and are found in a number of ATP- and GTP-binding
proteins. Walker A defines the binding site for the triphosphate and is important in the
removal of the y-phosphate of ATP during hydrolysis, and the B and C motifs interact
with the base of the nucleotide (Gee, Heuser et al. 1997; Petsko and Ringe 2004).
Evidence of a functional role for the first P loop came from molecular dissection of
cytoplasmic dyneins in which mutation of the P loop caused loss of their motor
activities (Silvanovich, Li et al. 2003). Dyneins have a high affinity for ADP bound to
vanadate (vi), which can absorb light in the UV region. Illumination of dynein bound
to ADP-vi causes a break in the heavy chain near the AAA1 domain (Vallee and Hook
2006). When the AAAL was destroyed through UV photocleavage, most of the ATPase
activity of the dynein was lost (Gibbons, Lee-Eiford et al. 1987). It is thought that the
other P loops have a regulatory role binding either ATP or ADP. Removal of the
extreme C-terminal portion of the heavy chain eliminates the AAAL photocleavage by
vanadate, suggesting the AAA ring needs to be intact to function fully (Gee, Heuser et
al. 1997).

More recently, Reck-Peterson and Vale have used systematic mutagenesis of nucleotide
binding sites in the non-essential DYN1 gene of budding yeast to elucidate the functions
of the individual AAA nucleotide binding sites. They showed that AAA2 and AAA4
can be made hydrolysis-incompetent without affecting function, but ATP hydrolysis is
required in AAA1 and AAA3 for dynein function. Nucleotide binding at AAA2 and
AAA4 is needed for maximal levels of MT binding in vitro (Reck-Peterson and Vale
2004).



In cytoplasmic dynein the MT binding domain at the end of the stalk is far away from
the site of ATP hydrolysis in the AAA ring. This is in contrast to both myosins and
kinesins, where the nucleotide binding site and filament binding site are relatively close
together, allowing direct communication. In dynein this may be dealt with by the
ATPase activity affecting the MT binding through conformational changes in adjacent
AAA domains that are passed around the ring structure.

Cytoplasmic dynein heavy chain MTED
stalk tail
_ tail X stalk
= g head
I T T T T 1T T

N C

A

motor domain

N-sequence 1 2 3 4 MTBD 5 6 C-sequence
I H B [ T I .
1383 4725

Figure 2. Diagram showing arrangement of domains of C terminal of the heavy chain.
Diagram showing the arrangement of the AAA domains, stalk and MTBD in the C-terminus of DHC.
From (Roberts, Numata et al. 2009).

Another suggestion of how MT-binding affinity could be affected by ATP-hydrolysis
and/or the powerstroke which occurs from the stem, comes from axonemal dyneins. In
the axoneme, the globular heads appear to rotate during the mechanochemical cycle
(Goodenough and Heuser 1984). Thus, if the powerstroke of cytoplasmic dynein
contained a rotary and linear component, the rigid MT-binding stalk would dramatically
change its orientation in relation to the MT axis. This could disrupt the interaction with
the MT and cause a significant change in the affinity of the dynein stalk for the MT
(King 2000).

Gibbons et al (Gibbons, Garbarino et al. 2005) have suggested that the alignment of the
two strands of the coiled-coil, CC1 and CC2, directly affects the affinity of the MT
binding domain (MTBD) for MTs. In using a number of expressed fragments that
contained different lengths of the coiled-coils, which placed them out of alignment, the

authors were able to show that only one conformation gave maximum MT binding, one



other gave intermediate binding, whilst all others showed greatly reduced affinity. A
model for how the coiled-coil stalk mediates “communication” between the ATP
binding site and the MTBD proposes a small sliding movement between CC1 and CC2,
changing the alignment and therefore the MTBD affinity for MTs.

The “powerstroke mechanism” has become the generally accepted model for force
generation in cytoplasmic dynein. Using EM analysis of axonemal dynein, it has been
proposed that the dynein tail assumes two different positions relative to the head - the
prestroke or primed and poststroke or unprimed positions - depending on the binding of
the nucleotides at the head (Imamula, Kon et al. 2007; Roberts, Numata et al. 2009).
Burgess et al (Burgess, Walker et al. 2003) have shown that the stem and stalk are
closer together in dynein-apo (136°) than dynein-ADP-vi molecules (160°). As there
was negligible change in the length of either the stalk or stem, it appeared the change in
their relative distances must be due to translational movement between the two
domains. The tail therefore acts as a lever arm for the powerstroke due to
conformational changes originating in the head. Movement of the stalk in cytoplasmic
dynein has also been seen to be nucleotide dependent, with a shift of 5nm in a

clockwise direction upon nucleotide binding (Roberts, Numata et al. 2009).

Whilst using a rare, long-stemmed form of axonemal dynein, termed dynein-c, it was
noticed that there was often a sharp, approximately 90° bend in the stem which
corresponded to the position of the bend normally seen in typical molecules. A
previously unnoticed structure was seen between the bend and the head, of
approximately 10nm in length and a width similar to the neck of 2 nm (Burgess, Walker
et al. 2003). This structure was termed the linker and suggested to undergo a swinging
movement across the head, depending on nucleotide binding, thus facilitating the

powerstroke.

Evidence for a linker domain in cytoplasmic dynein has recently been proposed. To
determine if a linker exists in cytoplasmic dynein, the function of the top of the stem
was investigated. A truncation construct of Dictyostelium discoideum that lacks 542
residues N terminal to the AAA1 (AN) was engineered. This region is known to be
essential for motor activity. Using negative stain EM, removal of the N terminal

sequence changed the shape of the ring structure of the head, causing it to become more



symmetrical in shape with well defined “wedge-shaped” domains (Roberts, Numata et
al. 2009). Fusion proteins were also constructed, in which GFP and BFP were inserted
at specific locations in the motor domain sequence, including the N terminal region at
residue 1383, allowing the location of the N terminal to be mapped by EM. In
unprimed motor the N terminal region tag was consistently found close to the periphery
of the head near the base of the stalk at AAA4, which is close to the tail-linker junction
in axonemal dynein-c, suggesting that a similar linker exists in cytoplasmic dynein.
When ATP and vanadate were added to form the primed conformation, the N terminal
tag shifted towards AAA2 by a distance of approximately 16-18 nm. Based on this, a
model is proposed where the linker portion of the N terminal is closest to AAA2 when
ATP is bound to the motor (prestroke or primed conformation) then, during the
powerstroke the linker swings across the head towards AAA4 pulling cytoplasmic
dynein forwards, resulting in the post-stroke conformation (Roberts, Numata et al.
2009).

Right view Top view

1 Unprimed

ATP
ADP + Pi

Primed

Figure 3. Schematic demonstrating the model for a linker domain in dynein powerstroke.

The 6 AAA domains form a ring, with a 7" non-AAA domain, here shown in shaded black. The purple
domain represents the linker which is positioned across the motor head from AAAL (blue) to AAA4
(yellow) when in the unprimed position. This linker domain moves down across the ring towards AAA2
(light blue) in the primed conformation, thus causing the N-terminus of DHC to move by ~17 nm [From
(Roberts, Numata et al. 2009)].



To investigate step size, Mallik et al (Mallik, Carter et al. 2004), used purified dynein
bound to beads. The beads allowed the position of the motor head to be tracked during
the experiment. An optical trap was used to determine the force exerted by dynein
based on the distance moved at different stiffness of the trap. It was found that the size
of the step taken by dynein is dependent on the cargo load. At low load, dynein took
steps of 24 — 32 nm. However, under high load (>0.8 pN) the step size measured was 8
nm. This suggests that dynein can act as a molecular gear where nucleotide binding at
AAA1-AAA4 leads to a “tighter” conformation of the AAA ring, which results in a
smaller, but stronger dynein step. Kinesin takes 8 nm steps, so under low load, the 32
nm steps taken by dynein suggest that dynein can be four times more efficient, in terms

of ATP usage, at transporting cargo, compared to kinesin (Mallik, Carter et al. 2004).

1.2.1.2 Dynein Accessory Chains

At the N-terminal base of the heavy chain stems there are a number of accessory chains.
These comprise a number of intermediate, light intermediate and light chains. At least
10 genes are known to encode the components of the dynein complex (King, Bonilla et
al. 2002).

The intermediate chains are 70-74kDa polypeptides that are encoded by 2 genes,
Dynclil (encoding DYNCL1I1, from this point onwards referred to as 1C1) and Dync1i2
(encoding DYNCL112, from this point onward represented as 1C2), which undergo much
splicing and phosphorylation to produce a number of structural isoforms. Nurminsky et
al have shown, using Drosophila, that there are at least 10 structural isoforms of IC
produced by alternative splicing from one IC gene, and that the splicing is tissue
specific. The variation in structure of the isoforms is specific to the N-terminus of the
IC, where it interacts with dynactin, the dynein activator, suggesting differences in the
dynactin-mediated organelle binding by IC isoforms (Nurminsky, Nurminskaya et al.
1998).

More recently, Kuta (Kuta, Deng et al. 2010), have reported new splice isoforms for
both IC genes and detailed the expression of isoforms in a range of mouse embryonic

and adult tissues. Their data corroborates the theory that alternative splicing of the N-



terminus of ICs is important for dynein function. Neural specific isoforms identified

indicate that specialised regulation may occur in neurons.

The conserved N-terminus of IC interacts with dynactin (King, Bonilla et al. 2002)
while the C-terminus contains multiple WD repeats that are thought to fold into a B-
propeller structure. This predicted domain is conserved between all ICs (cytoplasmic
and axonemal) and is thought to play a part in subunit-subunit interactions with the
dynein molecule (Paschal, Mikami et al. 1992; King, Bonilla et al. 2002).

The light intermediate chains are 52-61 kDa polypeptides with 2 genes Dyncllil
(encoding DYNCL1LIL, referred to from now as LIC1) and Dynclli2 (encoding
DYNC1LI2, referred to now as LIC2), which through alternative splicing give rise to at
least seven isoforms. The LIC chains bind directly to the heavy chain and are thought
to interact with cargos, as LIC1 chains have been shown to directly interact with
pericentrin, a centrosomal protein. This suggests LICs may have a cargo targeting
function (Tynan, Gee et al. 2000).

Studies performed in COS7 cells have demonstrated that LICs bind directly to the N-
terminus of the HCs, adjacent to and overlapping with the IC binding site. No direct
interaction has been seen, but both ICs and LICs are present in the same complexes,
suggesting that LICs and ICs need to be independently located on DHC to allow
necessary interactions with other proteins, but without sterically interfering with each
other (Tynan, Gee et al. 2000).

The light chains (referred to from now as LC) are 10-13 kDa polypeptides, thought to
be encoded by three gene families and currently accepted to contain 6 different genes
(See refs included in (Banks, Bros-Facer et al. 2009). The gene families are, Tctex1 (t),
Roadblock (rb) and LC8 (I). Current evidence suggests that LCs are common to
cytoplasmic and some axonemal dyneins (King, Bonilla et al. 2002), therefore they are
designated as: Dynltl (referred to as Tctex1), Dynlt3 (rp3), Dynlrbl (Robl1), Dynrb2
(Robl2), Dynll1 (LC8-1) and Dynll2 (LC8-2) (Pfister, Fisher et al. 2005). However,

some variation in nomenclature still exists.



Both Tctex-1 and LC8 have very similar structures and are homodimers in solution
(King, Bonilla et al. 2002). They both bind ICs at non-overlapping sites that have
sequence homology. Tctex-1 has some role in cargo binding as it has been shown to
directly interact with retinal opsin and is needed for correct opsin localisation (Tai et al
2001). LCS8 interacts with a number of other polypeptides, but these have not yet been
confirmed as definite cargos of dynein.

Different isoforms of the dynein complex may exist, as components of the complex are
differentially expressed in different tissues. This suggests that dynein complexes
consisting of different combinations of subunits may exist (Vaughan and Vallee 1995;
Vaisberg, Grissom et al. 1996; King, Barbarese et al. 1998). The variety in composition
of dynein sub-complexes may allow for the large range of cargos that it binds and

transports.

1.2.2 Dynein in neurons

Co-ordinated active transport systems are extremely important in neurons due to their
enormous size in comparison to other somatic cells. Neurons are numerous in size and
shape, but can have tremendously long axons and the neuronal cytoskeleton is
exceptionally important in maintaining the specialised and polarised morphology

necessary for their proper functioning.

The neuronal cytoskeleton is comprised of networks similar to those in non-neuronal
cells, such as actin filaments and MTs, but also contains specialised intermediate
filaments known as neurofilaments. The actin filaments are important during
development for axonal outgrowth and cell motility, and in mature neurons for integrity
of the cell. Actin filaments can also provide tracks for short range movement by
myosins for distribution of vesicles and organelles. The MTs are essential to maintain
the processes that extend from the cell and to provide polarity, distinguishing axonal
and dendritic areas of the neuron, as well as providing tracks for kinesins and dynein to
move along. Neurofilaments (NFs) are necessary for resistance to stress and cell

integrity and accumulate as the neuron matures (Levy and Holzbaur 2006).
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In neurons anterograde movement, mainly by kinesins, transports newly synthesised
synaptic vesicles and proteins, and organelles from the cell body along the axon to areas
where they are needed, such as the synapse. Retrograde transport, predominantly by
dynein, is responsible for translocating cargo from the cell periphery and distal axon

back to the cell centre, often for degradation and recycling.

Retrograde signaling in neurons is very important and the dynein/dynactin complex
plays a key role in transporting neurotrophic factors from the synapse to the cell body.
Neurotrophins are a family of small molecules, such as nerve growth factor (NGF),
brain derived neurotrophic factor (BDNF) and neurotrophin-4 (NF-4), that are secreted
by target tissues, then bind to receptor tyrosine kinases (Trk receptors) on the surface of
the neuron. The neurotrophin/Trk receptor complex is then internalized and transported
by dynein to the cell centre, beginning signalling cascades that regulate growth and
survival (Levy and Holzbaur 2006). When dynein function was blocked in cultured
sensory neurons, the transport of activated Trk receptors was inhibited, demonstrating

dynein is required (Heerssen, Pazyra et al. 2004).

Degradation and recycling of misfolded or degraded proteins is particularly important
in neurons as many neurodegenerative diseases have been linked to defective
accumulation of protein aggregates. Dynein has been established as the motor
responsible for transporting proteins back to the cell body for lysosomal degradation or
autophagy (Burkhardt, Echeverri et al. 1997; Levy and Holzbaur 2006).

Because of the unique size and morphology of neurons, anterograde and retrograde
transport systems are extremely important. This makes neurons acutely sensitive to
defects in, or disruption to, motor proteins, but particularly dynein as the predominant
retrograde motor.
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1.3 Dynein requlators and adaptors

1.3.1 Dynactin

Dynactin is a multisubunit complex, required for most, if not all, types of cytoplasmic
dynein activity in eukaryotes (Schroer 2004). It binds dynein and allows the motor to
move long distances along the MTs.

The dynactin complex consists of 11 different polypeptide subunits, some of which are
present in more than one copy, resulting in a 1.2 MDa, 20S complex with more than 20
polypeptide chains (Schroer 2004). It consists of 2 morphologically distinct domains -
a rod shaped domain that binds cargo, and an extended arm projection that binds MTs
and dynein (Kim, Ling et al. 2007).

The rod part of the dynactin molecule is a ~10x40 nm rod that resembles a short actin
filament. It is an octameric polymer of Arpl - the actin related protein. Arpl filaments
are very stable, short and of uniform length, meaning they are far less dynamic than
conventional actin. On one end of the Arpl rod is the conventional actin capping
protein, CapZ, and on the other end is another actin related protein, Arpll, and the
dynactin subunit p62 (Schroer 2004).

P62 primary sequence predicts a 53 kDa protein with a zinc-binding motif near the N-
terminus. These motifs usually allow protein-protein interactions, so the N-terminus of
p62 may be involved in binding to Arpl, Arpll, other dynactin subunits, or to other
subcellular structures. Its loss from the complex does not, however, affect the stability
of dynactin (Lee, Kumar et al. 2001). P62 and Arpll associate with the two smallest
dynactin subunits, p25 and p27, forming a heterotetrameric complex that is positioned
at the end of the Arp1 rod, opposite CapZ (Schroer 2004).

The components of the rod - Arpl, Arpll, p62, p25, p27, and CapZ are more highly
conserved, in comparison to the arm projection of dynactin, and therefore may have
important structural roles (Schroer 2004).

The arm structure that projects from the Arp rod is both flexible and extendable and

consists of 3 subunits: p150%"“® dynamitin (p50) and p24/22, with each dynactin
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molecule containing 4 copies of dynamitin and 2 copies each of p150°"* and p24/22
(Schroer 2004). Based on the sequences, all three polypeptides are predicted to form a-

helices with coiled-coils responsible for the interactions between the subunits.

,\Microtubule binding

Motor b|nd|ng p150 Glued

Arp1 polymer

Cargo binding
Figure 4. Schematic showing structure of dynactin
Schematic illustration of dynactin showing the arrangement and structure of the subunits in the complex.
The structure and arrangement of dynactin have been inferred from EM studies and results combined
from published results [From (Schroer 2004)].

Of all the dynactin subunits, p150¢"* is the largest and is thought to form an elongated
dimer containing 2 central coiled-coils (~50 and ~20nm long respectively), with regions
of unknown structure in between. At the tip of the dynactin arm are 2 globular heads
which contain a conserved CAP-Gly (cytoskeleton-associated protein, glycine rich)
domain, which is at the far N-terminus (aal-110) (Schroer 2004).

The CAP-Gly motif is important for MT binding, which is necessary for dynactin to
enhance the processivity of dynein. This is demonstrated through the use of antibodies
against the CAP-Gly domain which have been shown to abolish dynactin’s ability to
increase the run length of dynein coated beads (King and Schroer 2000). Truncation of
p150 polypeptides have also been used to demonstrate that only fragments containing
the CAP-Gly domain are able to bind to MTs (Culver-Hanlon, Lex et al. 2006).
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Dynactin enhancement of dynein transport over long distances is necessary for proper

neuronal function, indicating the importance of dynactin.

Apart from MTs, the CAP-Gly domain also binds proteins such as the MT plus-end
binding proteins EB1 and CLIP-170. It is currently not known if p150%"* binds both
MTs and associated binding proteins at the same time, or only one at a time, which
could suggest that the binding of associated proteins offers some form of regulation of
dynactin. This could be through either the promotion of enhancement of processivity,

or binding of plus ends possibly to anchor the MTs (Schroer 2004).

Another form of regulation may come from phosphorylation. p150¢"“* affinity for MTs
is reduced by phosphorylation of p150%"“ at S19, suggesting that protein kinases can
associate with and affect the activity of the CAP-Gly domain (Vaughan, Miura et al.
2002).

The N-terminal third of p150%"® past the CAP-Gly motif (aa~220-550), is predicted to
form an a-helical coiled-coil of approx. 50 nm length. As the well defined arm of
dynactin is known to be 24 nm in length, it suggests that the C-terminal half (aa~380-
550) of the arm is involved in the flexible shoulder located on top of the Arp rod
(Schroer 2004).

The middle part of p150°"* is involved with binding dynein, as an antibody to the
p150%"*® subunit blocks binding of dynein to dynactin, demonstrating that this region is
important for binding (Waterman-Storer, Karki et al. 1997). Also, a 123 aa fragment of
DIC has been shown to bind a recombinant fragment of p150°“*® (aa 150-811)
(Vaughan and Vallee 1995). Vaughan et al found a serine residue (S84) in DIC that is
thought to regulate, via phosphorylation, the ability of DIC to bind to p150%"e
(Vaughan, Leszyk et al. 2001).

p150%" has been shown to interact with members of the kinesin family - p150°"* aa
410-811 binds Eg5 and aa 600-811 binds kinesin 11, suggesting p150°"*! may allow

dynactin to interact with multiple MT based motors.
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The C-terminal third of p150°"* (aa ~900-1300) is less well defined than the N-
terminal region, but seems to allow a number of protein-protein interactions. It is also
proposed to play a role in linking the arm to the rod of dynactin, as it contains a
conserved actin-binding motif which has been suggested to bind to the Arpl filament.
In addition, a mutation in Drosophila of the Glued gene product (which has sequence
homology and functional similarities with p150°"*) in a region that corresponds with
the C-terminal third of p150%" results in it not binding to the complex (McGrail,
Gepner et al. 1995). This suggests that the C-terminal region of p150°"“* is important
for attachment of the arm projection to the Arp rod in dynactin.

Also important for linking the arm to the Arp rod is dynamitin (p50). In each dynactin
molecule there are four subunits of dynamitin which are thought to tightly associate
with each other and p24/22 via 3 coiled coils, forming the shoulder of dynactin. P24/22
is one of the smallest subunits of dynactin at only 21 kDa and is thought to be a-helical
in structure (Karki, LaMonte et al. 1998). The dynamitin-p24 complex interacts with
p150%"*® and components of the Arp rod to hold the complex together (Maier, Godfrey
et al. 2008). Free dynamitin disrupts the structure, displacing p150°"* and p24/22
from dynactin and leaving the remaining structure non-functional (Echeverri, Paschal et
al. 1996). This demonstrates that dynamitin is essential in maintaining the structure of

dynactin.

There are a number of theories suggesting how dynactin might aid the function of
dynein. A number of studies have shown dynactin is involved in binding to some
cargos, such as Arpl binding to BIII, a Golgi specific spectrin isoform (Holleran, Ligon
et al. 2001). Bicaudal D (BICD) is a protein involved in Golgi-ER transport and has
binding sites for both dynein and dynamitin. Also, the BICD binding partner, Rab6
binds to p150°"® (Short, Preisinger et al. 2002) suggesting Rab6 may function as a
tethering or specificity factor controlling the recruitment of dynactin to membranes.
Rab7 and its effector protein Rab interacting lysosomal protein, RILP, recruit the
dynein/dynactin complex to late endosomes and lysosomes, allowing their transport to
the —end of MTs. When this interaction is blocked, it results in late endosomes being
transported towards the cell periphery by kinesin. A direct interaction between

dynein/dynactin and Rab7 or RILP has not been identified, but it suggests the existence
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of a linker protein that mediates the association of the two complexes with each other
(Jordens, Marsman et al. 2005).

Another proposed function of dynactin is in increasing the processivity of dynein along
MTs. It has been shown that dynactin does increase the processivity of dynein, through
increasing the run length of coated beads, but without affecting the velocity or ATPase
kinetics of dynein (King and Schroer 2000). The MT binding activity of dynactin is
required for the increased processivity which indicates that dynactin aids processivity
by providing an extra contact with MTs, reducing the risk of detachment from the MT
(King and Schroer 2000).

Further investigations into dynactin’s MT binding found that there are two MT binding

domains in p150%"

- the CAP-Gly domain and a previously unknown basic region in
the N-terminus. This basic region binds to MTs, even in the absence of the CAP-Gly
domain and is sufficient to increase processivity of dynein by demonstrating a “skating”
behaviour along MTs (Culver-Hanlon, Lex et al. 2006). This suggests that the two

different MT binding domains in p150%"

may play different roles in aiding dynein’s
movement, with the basic domain maintaining contact between dynein, cargo and MTs,
and the CAP-Gly domain allowing stable biding of MTs at the plus end to allow

loading of cargo (Culver-Hanlon, Lex et al. 2006).

A recent study by Ross et al (Ross, Wallace et al. 2006) has suggested that dynactin
may play a role in the directionality of dynein. The movement of GFP tagged
dynein/dynactin complexes along MTs was tracked by single-molecule fluorescent
microscopy. The data suggests that dynactin may allow reversals in dynein’s
movement as significant plus-end directed motion was detected in addition to the
expected minus-end directed movement (Ross, Wallace et al. 2006). However, a more
recent study by Kardon et al, using yeast, suggests that although the dynein/dynactin
complex is more processive than dynein alone, it does not increase the plus-end directed
movement (Kardon, Reck-Peterson et al. 2009). These differences may result from
dynactin having different roles depending on its cargo, or simply from differences

between mammalian and yeast dynactin.
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1.3.2 Lisl, NudE and NudEL

A number of proteins have been found to interact with dynein, and studies have shown
them to be necessary for its proper functioning, suggesting them to be adaptors or
regulators of dynein. Lissencephaly 1 (Lisl) is a protein that directly interacts with
dynein. Mutations in the Lisl gene are linked to the disease lissencephaly 1 which
causes severe malformation of the cortex of the brain due to defective neuronal
migration (Reiner, Carrozzo et al. 1993). Nuclear distribution protein E (NudE) is
involved in kinetochore function and along with the homologous protein NudE-like
(NudEL) function with Lis1, interacting with dynein.

Studies have shown that Lis1l, NudE and NudEL are extremely important for a number
of dynein functions, including organelle transport, kinetochore activity, and nuclear and
spindle positioning (Liang, Yu et al. 2004). Loss of function mutations in all three
proteins result in very similar phenotypes affecting dynein function, which suggests
they act as important co-factors. They directly interact with dynein and have been
shown to be involved in dynein mediated transport of kinetochore proteins (Howell,
McEwen et al. 2001). However, their exact mechanisms are not currently well

understood.

NudE and NudEL mutants defective for Lisl or DHC binding cause phenotypes similar
to those seen from dynein disruption, such as Golgi fragmentation and reduced vesicle
trafficking. Studies have also shown that in the absence of NudE/NudEL, dynein is still
able to bind to MTs and cargo, but movement is impaired (Liang, Yu et al. 2004),
suggesting that the interaction of Lisl, NudE, NudEL with dynein is important in

regulating a number of dynein functions.

Complete inhibition of NudE and NudEL function prevents dynein, dynactin and Lisl
from localising to kinetochores, which leads to cell arrest at metaphase and
misorientation of the kinetochores (Stehman, Chen et al. 2007). This suggests that
NudeE and NudEL are important for recruiting dynein/dynactin and Lisl to

kinetochores.
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In neural progenitor cells, Lisl, NudE and dynein are responsible for the proper
positioning of nuclei and spindles for cell division. The resulting neurons require Lis1,
NudEL and dynein for the movement of the centrosome and nucleus during migration
[Refs in (Kardon and Vale 2009)].

A unique feature of Lisl is that it binds directly to the motor domain of dynein. Lisl
comprises an N-terminal coiled-coil attached to seven WDA40 repeats (40 amino acids
with a C-terminal Trp-Asp dipeptide), which dimerises at the coiled-coil. The WD40
repeat binds to the AAAL domain of the dynein motor. Lisl interacts with both NudE
and NudEL, but exact sites of interaction have yet to be identified (Sasaki, Shionoya et
al. 2000).

'
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Figure 5. Schematic of cytoplasmic dynein showing sites of interaction with regulators and
adaptors. The dimerised dynein heavy chain is shown in blue. The sites of interaction with the dynein
regulators dynactin, Lis1, NudE and NudEL are shown, as well as other proteins proposed to regulate and

adapt dynein function [From (Kardon and Vale 2009)].

NudE and NudEL are highly homologous, both containing an N-terminal coiled-coil,

which is important for dimerisation, as well as Lisl binding. The C-terminus is
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unstructured, but binds to the AAAL domain of dynein. This region also interacts with
the light chain, LC8 and DIC (Sasaki, Shionoya et al. 2000), as well as kinetochore
proteins, centromere protein F (CENPF) and ZW10. ZW10 also interacts with
dynamitin in dynactin (Starr, Williams et al. 1998). Lisl has been shown to be

necessary for dynein to localise to MT plus ends (Markus, Punch et al. 2009).

Recent studies have indicated that Lisl may be involved in regulating the ATPase
activity of dynein, however, there are conflicting results from the different studies.
Mesngon et al (Mesngon, Tarricone et al. 2006), showed that in using native brain
dynein and recombinant Lis1, the two proteins bind and Lis1 significantly increases the
MT stimulated ATPase activity of dynein. Their data showed that Lisl must be
dimerised for this ATPase regulation to occur, as a C-terminal fragment lacking the
dimerisation domain, but retaining the dynein interaction site was unable to alter

ATPase activity.

However, the Hirotsune group showed that Lisl suppressed the motility of native
dynein (purified from porcine brain tissue) along MTs and it is NudEL that releases this
effect by blocking Lisl suppression. Lisl increased ATPase activity at concentrations
that inhibit motility, suggesting Lisl separates the mechanical-chemical coupling of
dynein. NudEL reduced by ~60% the MT stimulated ATPase activity, which is in
keeping with data showing NudEL is involved in dissociating dynein from MTs
(Yamada, Toba et al. 2008).

It appears that Lis1, in conjunction with NudE and/or NudEL, is involved in regulating
ATPase function in the dynein motor, but further work is needed to determine the exact

mechanism of this regulation.

It has been proposed that Lisl and NudE or NudEL complexes may affect the
conformation of dynein. As Lisl/NudE and Lisl/NudEL are dimers, they could
possibly bridge across two AAALl domains, bringing them into closer proximity.
Another possibility is that the motor and tail domains of dynein could be brought
together into a folded conformation, as the C-terminus of NudE and NudEL is able to
bind LC8 and Lisl binds the motor (Kardon and Vale 2009), although if this occurs,

and how it might affect regulation remains to be determined.



19

1.4 Dynein Cargos

As the main retrograde motor in cells, cytoplasmic dynein is responsible for the
transport and localisation of an enormous range of cargos. These include large
membrane organelles such as the Golgi, mitochondria and nuclei; small vesicles and
tubular intermediates in the endocytic and secretory pathways; and cytoskeletal

filaments such as MTs and actin filaments.

1.4.1 Golai

The Golgi apparatus consists of a network of flattened membrane cisternae that are
interconnected and associated with tubules and vesicles. The Golgi is responsible for
the post-translational modifications of proteins and macromolecules transported from
the rER which are then packaged for transport to the plasma membrane (e.g. for

exocytosis) or the secretory or endocytic pathways.

The Golgi maintains a perinuclear position, often close to the MT organising centre
(MTOC). MTs are known to have an important role in maintaining the location and
integrity of the Golgi as disruption of MTs using depolymerising drugs causes the Golgi
to fragment and disperse throughout the cell. Upon removal of the depolymerising
drug, the MTs are able to repolymerise and the Golgi fragments move along the MTs

towards the centrosome to re-form the membrane network.

Dynein was proposed to be the MT motor responsible for maintaining the structure of
Golgi and repositioning it after disruption, and a number of studies have confirmed this.
Burkhardt et al overexpressed the dynactin subunit, dynamitin, which caused
fragmentation of the Golgi, despite the MT complex remaining intact. Also, the
microinjection of function blocking DIC antibodies resulted in the same Golgi
fragmentation and dispersal (Burkhardt, Echeverri et al. 1997). A similar phenotype
was also identified in blastocysts cultured from DHC knockout mice (Harada, Takei et
al. 1998), confirming that dynein is the motor responsible for maintaining integrity and

localisation of Golgi.
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There appear to be a number of factors that play a role in the recruitment of
dynein/dynactin to Golgi membranes. Arpl of dynactin has been shown to directly
bind a Golgi specific isoform of spectrin, BIII (Holleran, Ligon et al. 2001). Spectrins
are cytoskeletal proteins that provide structure and integrity to many membranes. There
are two Arpl binding sites in BIII spectrin, one of which overlaps with the well
conserved actin binding site (Holleran, Ligon et al. 2001). The interaction between BIII
spectrin and Arpl provides a direct link between the dynein/dynactin complex and its

Golgi cargo.

1.4.2 Mitochondria

The correct distribution of mitochondria throughout a cell is essential for proper cell
functioning and survival. Mitochondria have a number of crucial roles in the cell-
energy production, cell signalling, calcium homeostasis and apoptosis. Different types
of cells have different requirements, and thus the distribution of mitochondria is
specific to the energy needs of that cell. For example, in neurons, high energy demands
at the synapse mean more mitochondria are required at this location (Hollenbeck and
Saxton 2005).

Dynein and kinesin motors play important roles in the transport of mitochondria and are
essential for proper distribution throughout the cell. Mitochondria are synthesised in
the cell body and must be transported to the location of energy requirement. In neurons
they need to be distributed along the axon, which occurs through a combination of
transport, at velocities of 0.3-2.0pm.s™, and stopping as over half of mitochondria are
stationery [Refs in (Miller and Sheetz 2004)]. Disruption of axonal transport leads to

non-uniform distribution of organelles, including mitochondria, along the axon.

Mitochondrial potential drives the production of ATP. The potential is generated by
oxidative phosphorylation through the electron transport chain (ETC) and varies in
response to changes in metabolic demand. Using the potential-sensitive dye JC-1
Miller and Sheetz have shown that ~90% of mitochondria with a high potential move
anterogradely towards the growth cone in neurons, while ~80% of low potential
mitochondria move retrogradely towards the cell body (Miller and Sheetz 2004).

Depolarised mitochondria are retrogradely transported to lysosomes to be recycled by
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autophagy. Aged mitochondria become, on average, more depolarised and so
retrograde transport by dynein is essential to ensure that non-functioning mitochondria

are removed from cells.

Tctex-1 can interact with the voltage dependent anion-selective channel (VDACL1) in
the mitochondrial outer membrane (MOM). This interaction could regulate the binding
of dynein when the mitochondrial membrane potential is decreased, and may contribute

to increased retrograde transport (Boldogh and Pon 2007).

Mitochondria are highly dynamic organelles that constantly alter their morphology
using fission and fusion in response to a range of signals (Santel and Frank 2008). The
main factors required for fusion of mammalian mitochondria are the large
mitochondrial GTPases, mitofusin (MFN) 1 and 2, and optic atrophy 1 (OPA1). The
protein mainly responsible for fission is dynamin related protein 1 (DRP1), also a large
GTPase (Santel and Frank 2008).

MFN 1 and 2 localise to the mitochondrial outer membrane, while OPAL is located at
the inner membrane, suggesting that MFN1 and 2 are involved with outer membrane
fusion and OPAL is involved with fusion of the inner membrane. MFN1 and 2 contain
coiled-coil regions that project from the outer membrane allowing tethering of two

mitochondria together (Suen, Norris et al. 2008) ultimately resulting in fusion.

Mitochondrial fission consists of a number of steps. Drpl is recruited to the outer
membrane, where multimerisation of the protein occurs, which finally results in fission
of the membrane bilayers. A neuronal isoform, Drplp, is important for the correct
distribution of mitochondria to the synapse. In HelLa cells it has been shown that
disruption of dynein via DIC, or dynactin through dynamitin, results in the
repositioning of Drpl from the mitochondria to other cytoplasmic membranes. Also
seen is the transport of mitochondria from the cell cortex to a perinuclear region
(Varadi, Johnson-Cadwell et al. 2004). This suggests that dynein might contribute to
the targeting of Drpl to mitochondria in addition to its more established roles (Boldogh
and Pon 2007).
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1.4.3 Endosomes

Endosomes are transport vesicles formed during the process of endocytosis. This is the
uptake of material into a cell by invagination of the plasma membrane and its

internalisation in a membrane bound vesicle (Alberts, Johnson et al. 2002).

Mammalian cells contain many complex intracellular structures, which means diffusion
can only occur at slow rates. Cells have therefore developed active intracellular
transport systems to move and target macromolecules to their correct destinations. This
can either result in transport to the lysosomes for degradation of the contents of the

vesicle, or recycling of the vesicle back to the cell membrane.

Endocytosis encompasses various forms of uptake of extracellular material by cells,
including phagocytosis, the uptake of large particles, usually carried out by specialist
cells (such as macrophages), and pinocytosis, the internalisation of fluids. It also
includes uptake into membrane pits which can either be coated, as with clathrin-
dependent and caveolin-dependent endocytosis, or uncoated, as with clathrin-
independent and caveolin-independent endocytosis (Mukherjee, Ghosh et al. 1997).

Clathrin and caveolin are coat proteins that cause curvature of the membrane to form
vesicles (Parkar, Akpa et al. 2009). Clathrin forms the structural backbone of clathrin-
coated pits (CCPs), but adaptor proteins (APs) are required that can attach to both the
pit and the cargo. It is currently unclear as to whether existing vesicles trap and
internalise cargo, or the presence of cargo causes vesicle formation. In clathrin-
dependent endocytosis it appears to depend on the cargo. EGF receptor stimulates the
formation of new CCPs, but transferrin receptor (TfR) stabilises existing CCPs and is
then internalised into them (Benmerah and Lamaze 2007). Caveolae are mainly pre-
existing vesicles, but need to be stimulated for internalisation of cargo to occur. There
are a number of different isoforms of caveolin that are important for the proper

formation of caveolae.

Once the pits have formed, dynamin, a large GTPase, is involved in scission of the pits
into vesicles. Once the vesicles are released from the membrane, the clathrin coat is

released and recycled back to the plasma membrane. Caveolae do not strip caveolin
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upon internalisation, but fuse with existing endosomes and release their contents, before

recycling back to the cell surface.

1.4.3.1 Receptor mediated endocytosis

Receptors that use existing CCPs are thought to internalise by constitutive endocytosis,
regardless of whether they are bound to their ligands. However, in receptor-mediated
endocytosis, the ligand binding to its receptor stimulates the formation of the clathrin-
coated vesicle and the internalisation of the ligand-receptor complex (Benmerah and
Lamaze 2007).

A large range of receptors are internalised in clathrin-coated vesicles (CCVs), for
example, epidermal growth factor receptor (EGFR), transferrin receptor (TfR), low-
density lipoprotein receptor (LDL-R), B, adrenergic receptors and insulin receptor. By
controlling cell-surface receptors such as these, CCPs can regulate cell signalling
(Parkar, Akpa et al. 2009). CCVs also play a role in protein sorting and are found at the
trans-Golgi network (TGN).

Once the CCV is internalised and pinched off from the membrane by dynamin, the
clathrin coat recycles back to the plasma membrane and the CCVs fuse to form early
endosomes. Fusion of these early endosomes gives rise to multi-vesicular bodies
(MVBs), and it is from these that proteins either recycle back to the cell surface, or

continue in the degradative pathway to the lysosomes.

Rab proteins are involved in regulating fusion and fission of vesicles and are involved
in sorting cargo in vesicles by creating subdomains (Jordens, Marsman et al. 2005).
Rab5 has been shown to be present on early endosomes and through its interaction with
its effector protein, early endosome antigen (EEA1), it is involved in endosomal fusion
(Woodman 2000). Rab5 is also important for the transport of early endosomes as it
interacts with DIC and may be involved in tethering early endosomes to the dynein
complex for transport. Once vesicular sorting has occurred, early endosomes or MVBs
fuse together to form late endosomes. This is coupled to the loss of Rab5 and the gain

of Rab7. Rab7 and its effector protein, Rab7-interacting lysosomal protein (RILP),
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recruit the dynein/dynactin complex to late endosomes for transport and fusion to the

lysosomes for degradation (Jordens, Marsman et al. 2005).

1.4.3.1.1 EGF/EGFR endocytosis

The epidermal growth factor (EGF) receptor (EGFR) is a widely expressed
transmembrane receptor tyrosine kinase. It is activated via binding of a number of
ligands, such as EGF, which promotes receptor dimerisation and autophosphorylation.
EGF receptor-ligand binding can activate signalling of a wide variety of pathways that
can lead to cell proliferation, differentiation, motility or survival, depending on the

ligand and cell involved.

Once activated, EGFR is endocytosed into clathrin-coated pits. EGFRS remain active
after internalisation and remains so until they reach the lysosome for degradation.
Transport to the lysosomes is dynein dependent as disruption of the dynein complex in
HeLa cells inhibits retrograde movement of EGF-positive endosomes (Driskell,
Mironov et al. 2007). Delay in reaching the lysosomes for degradation has been shown
to result in prolonged EGFR signalling, that in turn leads to sustained activation of

downstream targets (Taub, Teis et al. 2007).

1.5 Dynein mutations

The importance of dynein in cellular function is well documented, but its exact
mechanism of function and interaction with other proteins is not fully understood. To
provide a better understanding of the functional interplay between dynein and cellular
mechanisms in organisms, mutagenesis of dynein in model organisms has provided
invaluable information about the downstream effects of disrupted dynein. Many of
these mutations in animal models have resulted in phenotypes that mimic, or are similar
to human diseases, providing insight into the importance of the protein and the many
cellular functions it participates in. This can also provide information about possible

mechanisms of disease that may involve dynein.
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1.5.1 Legs at odd angles (Loa) and Cramping 1 (Cral)

Hafezparast et al (2003) described two new DHC mutations in mice that help provide
further information about the functioning of dynein, as well as how defects in dynein

can lead to phenotypes that are similar to human disease.

Two independent ENU mutagenesis programmes resulted in two mouse mutants that
exhibited a similar, unusual twisting and clenching of the hindlimbs when suspended by
the tail. Due to their phenotypes they were named Legs at odd angles (Loa) and
Crampingl (Cral). Both mutations are autosomal dominant traits that in heterozygotes
cause progressive loss of muscle tone and locomotor ability, but without significant
reduction in lifespan. The homozygotes are much more severely affected with inability
to move or feed properly and die within 24 hours of birth (Hafezparast, Klocke et al.
2003).

Both mutations were confirmed as being due to single amino acid substitutions in
Dynclhl. Loa results from a T-A transversion in Dynclhl changing a phenylalanine to
tyrosine at residue 580. Cral is due to a change of A-G in Dynclhl resulting in
tyrosine to cysteine at residue 1055. The two mutations were found to be allelic, as
when crossed together, they produced compound heterozygotes with the same
phenotypes as the homozygotes and all died within 48 hours of birth (Hafezparast,
Klocke et al. 2003).

The Loa mutation occurs within the highly conserved region thought to be the binding
site for Dynclil chains and the site for homodimerisation, and the Cral mutation is in a

potential area of homodimerisation.

No differences were identified in the amounts of DHC and DIC protein between Loa
and Cral homozygous, heterozygous and WT mice, and the localisation of DHC and
DIC was not affected by the mutations. This suggests that the phenotypes caused by
the Loa and Cral mutations are not due to changes in the amount of protein or its

location in the cell (Hafezparast, Klocke et al. 2003).
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As the hindlimb clenching is typical of a neuromuscular defect, and progressive motor
impairment is seen, the motor neurons were checked. The number of a-motor neurons
(the large calibre neurons that innervate muscle), in the spinal cord anterior horn were
compared between heterozygote and wildtype littermates at 3 months and then at 19
months in Loa and 16 months in Cral. A significant decrease was detected in both sets
of mice over these timeframes (Hafezparast, Klocke et al. 2003).

The anterior horn cells (AHCs) of Loa and Cral homozygous embryos, at embryonic
age E18.5, and wildtype littermates were compared, with the Loa/Loa embryos showing
50% fewer AHCs compared to WT, while the Cral/Cral embryos showed an 80%
decrease. The AHCs in these homozygous mutants also had increased rates of
apoptosis and the surviving neurons contained intracellular inclusions. These inclusions
were found to contain ubiquitin, SOD1, CDKS5 and NFs, similar to the inclusions that
are characteristic of human amyotrophic lateral sclerosis (ALS) (Hafezparast, Klocke et
al. 2003).

Dupuis et al (Dupuis, Fergani et al. 2009) also investigated neuronal degeneration in
Cral/+ mice to fully characterise the motor defect. Motor neurons in adult spinal cord
anterior horns were counted to establish cell loss, however, none was established, even
in aged mice. Corticalspinal motor neurons from 14 month old Cral/+ mice were also
checked and did not show any difference in number compared to WT littermates. These
data suggest that Cral/+ mice do not in fact display typical motor neuron disease.

The hindlimb grip strength in Loa/+ has been shown to be reduced by 52%, but
forelimb grip strength is unaffected, compared to WT littermates (Chen, Levedakou et
al. 2007). In agreement with this, cervical dorsal root ganglion (DRG) neurons are not
affected, but lumbar DRG neurons are reduced by 42% in Loa/+ compared to WT.
Muscle spindles are central to the proprioceptive sensory system, allowing perception of
the positioning of limbs. In 13 week old Loa/+ mice, muscle spindles were seen to be
reduced by 86% in the hindlimbs compared to WT. Together these data suggest that
Loa/+ mice exhibit a proprioceptive sensory defect (Chen, Levedakou et al. 2007).

To determine the exact timing of the motor axon degeneration identified by Hafezparast

et al (Hafezparast, Klocke et al. 2003), lumbar motor roots in young Loa/+ mice were
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examined (from 1.5 months — 22 months). At 1.5 months, Loa/+ mice exhibited loss of
motor axons compared to WT, however, no reduction in a-motor axons (>3.5 pm
diameter) was observed, but a 55% loss of y-motor neurons (which innervate muscle
spindles) was identified (llieva, Yamanaka et al. 2008). No further loss was identified

up to 22 months of age.

Despite a-motor neuron loss not being detected in older mice in this study (llieva,
Yamanaka et al. 2008), significant loss of sensory neurons was identified in 1.5 month
old mice, continuing through to 22 month old mice. No effect on nociception was
identified in Loa/+ mice, so the significant loss of sensory neurons suggests that
proprioception may be affected. To confirm this, proprioceptive axonal function was
tested by examining the stretch reflex in adult Loa/+ mice. The expected H wave was
entirely absent from all Loa/+ mice tested, but present in WT, confirming the presence
of a defect in proprioception in Loa/+ mice.

In Loa mice, the effect of the mutation on Golgi was investigated. Normal positioning
and morphology of Golgi was identified in mouse embryonic fibroblasts (MEFs),
however, the ability of dynein to re-position Golgi after disruption was impaired. MTs
were depolymerised with the drug, nocodazole, fragmenting the Golgi throughout the
cell. Once the nocodazole was removed, the MTs repolymerised and in WT cells the
Golgi was reassembled into its perinuclear position by dynein. However, in Loa/Loa
cells this was significantly impaired. The authors suggest that normal Golgi positioning
and morphology, but impaired reassembly after disruption, shows that the Loa mutation

reduces dynein function only during cellular stress (Hafezparast, Klocke et al. 2003).

Fragmented Golgi complex, similar to that seen in nocodazole treated cells, is a feature
of both human ALS and the mutant SOD1 transgenic mice that model ALS. Disrupted

Golgi is also seen in embryos from dynein knockout mice (Harada, Takei et al. 1998).

Dynein has a number of roles that are specific to neurons, including neuronal migration
and axonal transport of organelles. The effects of the Loa mutation on these roles were
investigated by analysing the formation of cranial and spinal nerves in E10.5 Loa/Loa
and WT littermates. Although there was no difference in motor neuron differentiation

in the neural tube, a difference was seen in the migration of motor neuron cell bodies
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from the face to hindbrain in Loa homozygous embryos. This is similar to the facial
weakness caused by impaired lower motor neurons in the brainstem of spinal bulbar
muscular atrophy (SBMA) patients, and some bulbar subtypes of ALS (Hafezparast,
Klocke et al. 2003).

Investigations into retrograde axonal transport using a fluorescent fragment of the
tetanus toxin (TeNT H) showed that although retrograde transport was not abolished in
Loa/Loa neurons, there was a significant reduction in the frequency of high speed
carriers and an increase in stationary pauses. This suggests that the Loa mutation
impairs dynein’s ability to maintain fast retrograde transport (Hafezparast, Klocke et al.
2003).

The range of different studies carried out on Loa and Cral mice suggests that the
similar phenotypes observed in both are due to sensory defects, with accompanying

motor defects that vary in severity and require further investigation.

1.5.2 Sprawling mouse (Swl)

The sprawling mouse (Swl) is a radiation induced, autosomal dominant mutation, first
identified due to its hindlimb clenching when suspended by the tail, as well as an
unsteady, jerky gait (Duchen 1974). It has been shown to be caused by a 9 base pair
deletion in Dynclhl that changes 4 residues at position 1040-1043 to a single alanine
(Chen, Levedakou et al. 2007).

The hindlimb clenching is similar to that seen in Loa and Cral heterozygotes, but
Swl/+ mice also develop an abnormal gait, characterised by a jerky, wobbly movement.
When stationary the hindlimbs are splayed outwards and forwards, and the hindlimbs
have reduced grip strength. The Swl/+ mice have a normal lifespan and no obvious
progression of the phenotype with age has been identified (Chen, Levedakou et al.
2007).

Due to the hindlimb clenching, and abnormal gait phenotypes, the limbs of Swl/+ mice
are clearly affected. Motor function and grip strength were investigated using motor

nerve conductance velocity (NCV) tests on Swl/+ and WT littermates, which showed



Loa

Cral

Autosomal dominant mutation — due to single amino acid substitution
in Dynclhl.

Autosomal dominant mutation — due to single amino acid substitution
in Dynclhl.

Progressive loss of locomotor ability, but no significant reduction in
lifespan.

V. mild effect on gait, no significant reduction in lifespan.

Mutation located in region of DHC involved in DLIC binding and
homodimerisation.

Mutation located in region of DHC thought to be involved in
homodimerisation.

Significant loss of anterior horn cells (AHCs) in Arl/+ compared to
WT. Loss of y-motor neurons, not a-MNSs, identified by Ilieva et al.

Conflicting data — reduction in AHCs seen by Hafezparast et al, but
none seen by Dupuis et al.

Reduction in lumbar dorsal root neurons

Loss of neurons in dorsal root

Phenotype suggested to be due to proprioceptive defects with
accompanying motor defects

Phenotype thought to be due to proprioceptive sensory defects, with
lack of motor defects.

Rescue of SOD1%%* phenotype identified

Rescue of SOD1°%** phenotype identified, although less significant
than with Loa.

Table 1. Comparisons between Loa and Cral mice and phenotypes.

Table comparing major features of the Loa and Cral mice as detailed in studies conducted by Hafezparast et al., llieva et al. and Dupuis et al. (Hafezparast, Klocke et al.

2003; llieva, Yamanaka et al. 2008; Dupuis, Fergani et al. 2009)
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forelimb grip strength was unaffected, but a 50% decrease was identified in hindlimbs.
Normal peripheral motor nerve function was detected through measuring the velocity
and amplification of the compound muscle action potential (M wave). The morphology
and number of a-motor neurons was unaffected, suggesting the reduced hindlimb grip
strength is not due to defects in the anterior horn of the lumbar spinal cord (Chen,
Levedakou et al. 2007).

Previously, Swl mice have been characterised as having thin peripheral nerves and
sensory roots, a reduced number of DRG neurons, small dorsal columns of the spinal
cord, and a marked reduction in the number of sensory neurons (Duchen 1974). To
determine whether specific subpopulations of sensory ganglion neurons are affected,
tail flick tests were used to investigate nociceptive sensory function. These showed that
nociception was unaffected in Swl/+ mice compared to WT, and this is backed up by
the lack of limb amputations seen in Swl/+ mice. Sensory NCV, measured to assess
sensory nerve function, showed no difference between Swl/+ and WT, however, the
amplitude of the sensory nerve action potential was reduced by 32% (Chen, Levedakou
et al. 2007). These data suggest that the Swl mutation does not affect the nociceptive or
motor function of these mice, but rather some other sensory aspect.

Consequently, the proprioceptive function was assessed using the H reflex in tibial
nerves. The H reflex measures the afferent Ia fibres and the efferent a-motor fibres
across the reflex arc, which provides a measure of proprioceptive function. The H
reflex was completely absent from the hindlimbs of all the Swl/+ mice tested, but
present in all WT mice. This together with normal motor nerve function suggests that
the proprioceptive function of the Swl sensory system is affected. In keeping with this
data, the number of proprioceptive sensory receptors was significantly reduced in Swl/+
compared to WT (Chen, Levedakou et al. 2007).

The neuron loss in DRGs was further investigated and the reduction was found to be
greater in lumbar segments than cervical segments in Swl/+. This is consistent with the
hindlimbs being much more affected than the forelimbs in Swl/+ mice. In these
sections the number of proprioceptive sensory neurons is greatly reduced in Swl, much
more so than for nociceptive sensory neurons. These data suggest that the

subpopulation of proprioceptive sensory neurons is much more severely affected than
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the subpopulation of nociceptive sensory neurons in Swl/+ lumbar DRGs (Chen,
Levedakou et al. 2007).

Degeneration of muscle spindles during late embryonic development, between E15.5
and PO0.5, was identified and found to accompany the loss of lumbar proprioceptive
neurons in Swl/+ mice (Chen, Levedakou et al. 2007).

Taken together, this data suggests that Swl is due to an early onset proprioceptive
sensory defect and it is this, rather than motor neuron loss, that is probably the cause of
the phenotype seen. This indicates that a mutation in DHC can lead to sensory neuron
defects.  Proprioceptive sensory neurons are a subpopulation of DRG neurons
characterised by medium and large soma areas, and like a-motor neurons, they require a
large supply of energy and significant trafficking; this may cause them to be
particularly vulnerable to vesicular and axonal transport defects, particularly as
previous studies have shown large motor and sensory neurons are more vulnerable to
diseased conditions than small sized neurons (Mcllwain 1991). As dynein transports
vesicles and organelles from nerve terminals to cell bodies, neurons with longer axons
are more likely to be affected by Swl mutation which may explain why hindlimbs, but

not forelimbs are affected.

1.5.3 Motor neuron disease and SOD1

Motor neuron diseases (MND) encompass several adult and juvenile onset
neurodegenerative disorders, including amyotrophic lateral sclerosis (ALS), spinal
muscular atrophy (SMA), spinal bulbar muscular atrophy (SBMA) and hereditary
spastic paraplegias (HSP).

ALS is the most common adult-onset motor neuron disease and leads to selective
dysfunction and death of neurons in the cortex, brainstem, and spinal cord, with the
large diameter a-motor neurons in the spinal anterior horns mainly targeted. It is
progressive and terminal, causing muscle weakness, atrophy and spasticity, leading to
eventual paralysis and death within 2-5 years of onset (Julien and Kriz 2006). ALS
generally occurs in middle to late age with a lifetime risk of ~1 in 2000 (Bruijn, Miller
et al. 2004).
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There are no effective treatments to delay or cure the disease and the causes for the
majority of cases are unknown. Clinically they can be highly variable, suggesting that
many factors may contribute to the disease mechanism. These are classed as sporadic
ALS (SALS) and account for ~90% of cases. The remaining 10% of ALS cases are
familial (FALS), and of these, 20-25% are mapped to the Cu/Zn-SOD1 gene on
chromosome 21. More than 100 different mutations have been identified (Rosen,
Siddique et al. 1993; Gaudette, Hirano et al. 2000).

Superoxide dismutase 1 (SOD1) is a ubiquitously expressed cytosolic metalloenzyme
that catalyses the formation of hydrogen peroxide and oxygen via dismutation of
superoxide anions. It is thought that this action protects against cellular damage

induced by oxygen radicals (Shaw 2001).

Transgenic mice expressing various forms of mutant SOD1 have been generated and
mice over-expressing mutant SOD1 develop ALS; with SOD1°%** SOD1%*® and
SOD1%%R the most studied forms, developing many pathological phenotypes seen in
human ALS (Turner and Talbot 2008).

1%%A mice are hindlimb tremor and weakness

The main characteristics of the SOD
which develop at around 3 months. This progresses to paralysis and death after
approximately 4 months. SOD1%*"® and SOD1%%°F show similar phenotypes, but they
present at later timepoints, with disease onset visible at 4-6 months and 8-14 months

respectively [Reviewed in (Turner and Talbot 2008)].

The mutations in SOD1 are not due to loss of function, as SOD1 knockout mice do not
develop motor neuron disease (Reaume, Elliott et al. 1996). Also, expression of a
dismutase inactive mutant did not affect onset of disease or survival, and increased
levels of WT-SOD1 had no effect, or even accelerated the disease (Bruijn, Houseweart
et al. 1998; Jaarsma, Rognoni et al. 2001). This suggests the SOD1 mutations cause a
toxic gain of function, and as a common feature of affected mice is the presence of
large aggregates and cellular inclusions, it is most likely from the formation of
aggregates and misfolded protein. However, the exact mechanism through which

SOD1 results in motor neuron degeneration is currently unclear.
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To Dbetter understand how mutant SOD1 interacts with motor neurons to induce
degeneration, the pathology of neuronal cells in SOD1 mice was investigated. A
common feature among mutant SOD1 mice is the presence of neuronal and astrocytic
inclusions and aggregates highly immunoreactive for SOD1. These inclusions are
similar to SOD1-containing aggregates seen in some human sporadic and familial ALS

cases (Bruijn, Houseweart et al. 1998).

Defects in axonal transport have been identified in SOD1 mice, with a slowing in
tubulin and NF transport occurring just before disease onset and one of the earliest

pathologies detected (Williamson and Cleveland 1999).

SOD1 is ubiquitously expressed, but it has been shown that motor neurons from mutant
SOD1 mice can avoid degeneration if some surrounding non-neuronal cells are
unaffected. Conversely, affected non-neuronal cells expressing mutant SOD1 are able
to translate the damage to motor neurons that they surround, suggesting non-cell

autonomous excitotoxicity is involved (Ilieva, Yamanaka et al. 2008).

1.5.4 Dynein mutations and SOD1

Although mutations in dynein have not been found in ALS patients (Ahmad-Annuar,
Shah et al. 2003; Shah, Ahmad-Annuar et al. 2006), mutations in dynactin have been
identified in patients with slow progressing forms of ALS (Puls, Jonnakuty et al. 2003),
highlighting the relevance of mutations in the dynein complex in ALS. As dynein is the
major retrograde motor in neurons and Loa and Cral have been shown to cause
degeneration of motor neurons, and with motor neuron degeneration and axonal
transport defects seen in SOD1 mice, a possible link between dynein and mutant SOD1
was investigated.

1G93A

Loa mice were crossed with SOD mice to investigate whether the interaction

between the dynein mutation and mutant SOD1 had any effect on disease progression

1G93A

and lifespan in double heterozygote (Loa/SOD ) mice (Kieran, Hafezparast et al.

2005). Surprisingly, the double heterozygotes showed an improvement over SOD1%%*

littermates, showing that Loa rescues the SOD1 phenotype.
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As previously mentioned, Loa/+ mice have a normal lifespan (Hafezparast, Klocke et
al. 2003), while SOD1%%*** mice have a reduced lifespan of only 125 days. The
Loa/SOD1%%*A mice showed a significant increase in their lifespan of 28% to 160 days,

also with significant delay in the onset of the disease (Kieran, Hafezparast et al. 2005).

Axonal transport defects in E13 motor neurons were completely rescued in
Loa/SOD1%%*A mice compared to SOD1 mice. There was also a significant increase in
motor neuron survival in the spinal cord of Loa/SOD1%%#

Hafezparast et al. 2005).

adult mice (Kieran,

The results suggest that defects in axonal transport contribute to motor neuron

1G93A

degeneration in SOD mice and that rescuing these defects can have a favourable

effect on both disease progression and lifespan (Kieran, Hafezparast et al. 2005).

To determine if the rescue of the phenotype in SOD1 mice is confined to the Loa
mutation, or whether other dynein mutations could have the same effect, Cral mice

were crossed with SOD1%%A

mice. The resulting double heterozygote
(Cral/SOD1%%") mice showed a significantly improved lifespan over SOD1
littermates, as well as delayed disease progression. However, neuropathalogical
examination of cervical and lumbar spinal cords at end stage showed both
Cral/SOD1%%** and SOD1%%** exhibited striking degeneration of motor neurons. This
indicates that further experiments are needed to check motor neuron loss in each
genotype group at specific timepoints prior to end stage to identify differences in the

degree of motor neuron loss (Teuchert, Fischer et al. 2006).

The data demonstrates that mutations in dynein lead to a decrease in motor neuron
death in SOD1%%** mice, but that the rescue of the SOD1 phenotype in Cral/SOD1%%4

1°%A mice. This

mice by the Cral mutation is less dramatic than with Loa/SOD
difference could be due to the difference in locations of the mutations on dynein heavy
chain, or due to genetic backgrounds as different strains carry the Loa and Cral

mutations (Teuchert, Fischer et al. 2006).
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Establishing that two different DHC mutations, both of which cause axonal trafficking
defects, can rescue the phenotype of a SOD1 model of ALS, suggests the importance of

axonal transport in understanding the degeneration of motor neurons.

Both Loa and Cral predominantly affect motor neurons and were demonstrated to
rescue the SOD1 phenotype, however, the Swl mutation predominantly affects sensory
neurons. Chen et al. (Chen, Levedakou et al. 2007), used Swl to see if a dynein
mutation that is also located in DHC, but affects sensory rather than motor neurons, is

1°%A phenotype. They crossed Swl with SOD1%%** and

also able to rescue the SOD
assessed disease progression and lifespan of the resulting Swl/SOD1%%** double

heterozygote progeny.

Unlike Loa and Cral, Swl/SOD1%%** mice showed no difference in average survival
time compared to SOD1 mice. Similarly, there was no difference in body weight
between Swl/SOD1°%** and SOD1, indicating no delay in disease progression (Chen,
Levedakou et al. 2007). Together, this data indicates that the Swl mutation does not
rescue the SOD1 phenotype and suggests that a mutation in dynein may only be capable
of rescuing the SOD1 phenotype if it causes a defect in motor neurons; a mutation

causing a sensory neuronal defect is not sufficient.

Interestingly, mutations in dynein are not unique in being able to rescue the SOD1
phenotype. Human mutations in the essential enzyme, glycyl-tRNA synthetase
(GARS), cause motor and sensory axon loss in the peripheral neuron system, leading to
a range of phenotypes such as Charcot-Marie-Tooth neuropathy to a severe infantile

form of spinal muscular atrophy (SMA) (Banks, Bros-Facer et al. 2009).

A mouse model of this contains a point mutation resulting in a change of cysteine to

arginine at residue 201, Gars“**'®. C201R

Heterozygous Gars mice show reduced grip
strength, disrupted fine motor control and reduced axon diameter in peripheral nerves.
Interestingly, when crossed with SOD1°%** mice the double heterozygotes
(SOD1%%**/Gars“**®) show a similar rescue of the SOD1 phenotype as seen in Loa,
with a significantly increased lifespan of approximately 29%. The SOD1%%4/Gars®?®
also demonstrates a significant delay in disease progression (Banks, Bros-Facer et al.

2009).
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GARS is vital for translation to occur in all cells, and in neurons is active in the
periphery as well as the cell body. It is therefore essential for numerous functions of
neuronal development and maintenance, such as axon guidance, cell migration and cell
polarity (Banks, Bros-Facer et al. 2009). It could therefore be one of these many

C201R

functions that is defective in Gars that results in the rescue of the SOD1 phenotype.

This data suggests that a function that is defective in Loa, Cral and Gars“**'?, but not

in Swl is likely to play a major role in ameliorating the effect of the SOD1 mutation.

1.5.5 Abnormal rear leqg (Arl)

A separate ENU mutagenesis programme conducted at the Centre for Modelling
Human Disease (CMHD) in Toronto, Canada, resulted in another mouse that exhibited
a similar phenotype to Loa and Cral. Male C57BL/6 male mice were treated with
ENU and mated with C3H/HeJ females. A resulting female was identified with
twisting and clenching of the hindlimbs when suspended by the tail, and due to the
appearance of the phenotype the mutation was named Abnormal rear leg (Arl). This
mouse was crossed with a WT C3H/HeJ male and the resulting offspring were also

affected, confirming this was an autosomal dominant trait.

To map this mutation 85 polymorphic markers were used by the CMHD to genotype 11
affected and 10 unaffected mice. The mutation was mapped to the distal region of
Mmul2 between D12Mitl167 (47cM; 100.6Mb) and the telomere (116Mb).

Due to the similarity of this mutation to Loa and Cral it was sent to the Fisher group at
UCL for further positional cloning, where much work on Loa had previously been
conducted. As both Loa and Cral arise from mutations in Dynclhl in the 55¢cM region
of Mmul2 (Hafezparast, Klocke et al. 2003) — the same region as this new mutation — it
seemed that Dynclhl was a likely candidate gene for this mutation. This gene was
sequenced in mutant and WT littermates and a 3616T—C transition mutation was
identified, causing a change of tryptophan to arginine at residue 1206 (Bros-Facer,

Golding et al. Manuscript in preparation).
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Arl appears to be more severe than either Loa or Cral as no homozygous mutants
(Arl/Arl) have been born. Tests have not identified any Arl/Arl embryos after E10.5,
whereas in both Loa and Cral homozygous mutant are born, but die within 24 and 48

hours respectively.

As the twisting and clenching phenotype is typical of a neuromuscular defect and
occurs in the hindlimbs, the muscle force of two hindlimb muscles were examined; the
EDL and TA muscles. At 90 and 100 days no differences were seen in Arl/+ compared
to WT, but 1 year old Arl/+ mice exhibited significant reduction in muscle force of TA
muscles compared to WT. No significant difference in EDL muscles was identified

(Bros-Facer, Golding et al. Manuscript in preparation).

The fact that a decrease in maximum force is not detected in TA muscles in Arl/+ mice
until they are aged 1 year may suggest that a subtle disease phenotype is starting to
exhibit in the Arl/+ mice. Therefore more aged mice need to be used to repeat these

experiments.

EDL muscles in 1 year old mice were also checked for functional motor units, which
showed no difference in number comparing Arl/+ and WT. The muscle contraction
profiles of these EDL muscles were also investigated. EDL muscles are mainly
composed of fast fibres which rapidly fatigue when stimulated repeatedly. In Arl/+
mice these muscles showed a similar phenotype to WT, with rapid fatigue after repeated
stimulation, resulting in Fatigue Index (FI) values that are not significantly different for

each genotype (Bros-Facer, Golding et al. Manuscript in preparation).

Due to the reduction in TA muscle force in Arl/+ mice, the oxidative capacity of TA
muscle fibres was tested by staining with the oxidative enzyme, succinate
dehydrogenase (SDH). This showed that in Arl/+ the TA muscles had a normal pattern
of staining, indicating a low oxidative capacity, similar to the TA muscles in WT (Bros-

Facer, Golding et al. Manuscript in preparation).

A significantly greater number of motor units innervate the TA muscles making
measurements of motor unit number unreliable. Although this meant a comparison

could not be made between Arl/+ and WT, a difference seemed unlikely as motor
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neuron survival assays have shown no significant motor neuron loss in Arl/+ mice

compared to WT littermates.

Motor neuron survival in 1 year old Arl/+ mice was compared against WT mice in
lumbar spinal cord sections. Nissl staining showed no significant difference in the
number of motor neurons, however, a significant difference was identified in the area of
the motor neuron soma which were ~ 20% smaller in Arl/+ neurons compared to WT.
Overall, a greater number of smaller motor neurons were identified in Arl/+ compared

to WT (Bros-Facer, Golding et al. Manuscript in preparation).

Consequently, the cross-sectioned area of sciatic nerves from 1 year old Arl/+ and WT
littermates were analysed and compared. Cross sections immunolabelled for NFs
showed a 50% reduction in sciatic nerve area in Arl/+ compared to WT (Bros-Facer,
Golding et al. Manuscript in preparation). However, because mice younger than 1 year
did not show any deficit in muscle physiology, they were not further tested. Therefore,
it is currently not established whether this smaller cross sectional area in sciatic nerve

develops over 1 year, or if it presents at developmental stages.

The decrease in sciatic nerve area is likely to be due to the increase in motor neurons
with smaller soma areas, however, the reason for the decrease in motor neuron soma
area is unclear. Further studies are required to establish the cause of the reduction in
motor neuron soma and sciatic nerve areas seen in Arl/+ mice. Also, more aged mice
should be used to repeat these experiments to identify if any motor neuron loss is
exhibited at later stages and whether the sciatic nerve area shows any change in size in

Arl/+ compared to WT at later stages.

Peripheral nerve excitability was measured in 14 week and 1 year old Arl/+ and WT
mice, using the caudal nerve of the tail. Arl/+ mice exhibited abnormal excitability
properties compared to WT mice, particularly at 1 year. The difference between the
Arl/+ and WT became more significant with age, as WT excitability recordings change
over time, but the Arl/+ recordings remained mainly the same. This apparent lack of
normal development could be related to the smaller cell bodies of motor neurons and

reduced cross-sectional area of the sciatic nerves in Arl/+ compared to WT, but the
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exact nature of the phenotype is currently unclear (Bros-Facer, Golding et al.
Manuscript in preparation).

As with the other dynein mutations, Loa and Swil, the retrograde axonal transport was
investigated using the fluorescent fragment of tetanus toxin (TeNT H.). Using motor
neurons cultured from E13 Arl/+ and WT embryos, the analysis showed similar speeds

in both genotypes (Bros-Facer, Golding et al. Manuscript in preparation).

1.5.6 Arl and SOD1

To determine whether Arl was similar to Loa and Cral in attenuating disease in
SOD1%%** mice, or whether it was similar to Swl in being unable to delay disease, the

Arl was crossed with SOD1%%A,

Assessment of muscle force and motor neuron units was used to determine whether
Arl/SOD1%%** double heterozygotes were able to rescue the SOD1 phenotype. The
muscle force was compared between Arl/SOD1°%** and SOD1 in both TA and EDL

1%%A mice

muscle. Despite a trend in improvement of muscle performance of Arl/SOD
compared to SOD1, it is not significant. Similarly, the number of motor units and the
fatigue profiles of Arl/SOD1%%** mice show a similar trend in improved performance
compared to SOD1, but it is not significant (Bros-Facer, Golding et al. Manuscript in

preparation).

This data suggests that Arl is similar to Swl in being unable to rescue SOD1 disease

progression.

1.5.7 Axonemal dynein mutation

Recently, it has been reported that the Arl mice contain a mutation in axonemal dynein,
in addition to that in cytoplasmic dynein (Golding, unpublished data). The mutation is
a point mutation in Dnahl11 (also known as left-right dynein, Ird) which is involved in
establishing the left-right axis in developing embryos and is expressed in the embryonic

node, essential for development of left-right asymmetry (Supp, Brueckner et al. 1999).
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The situs inversus viscerum (iv) mouse is due to a mutation in Dnahll. Adult iv/iv
mice show an incidence of approximately 50% of inverted visceral organ positioning,
suggesting that Dnah11 is involved in normal organ positioning. Without it, the process

occurs randomly (Layton 1976).

This mouse model is similar to the human autosomal recessive condition, situs inverus,
which causes the position of the visceral organs to be reversed in the body. 25% of
situs inversus individuals also have a condition called primary ciliary dyskinesia (PCD),
a dysfunction of the cilia during embryonic development. Normally, cilia are involved
in determining the position of internal organs during development, so dysfunction of the
cilia can lead to situs inversus (~50% of PCD patients also have situs inversus).
Individuals suffering from both conditions are said to have Kartagener syndrome, which
results in recurrent upper respiratory tract infections, and in males, infertility due to

non-functioning cilia in spermatozoa (Afzelius 1976; Splitt, Burn et al. 1996).

The presence of an axonemal mutation in Arl mice was initially identified as abnormal
cilia were noticed in the embryonic node of Arl embryos. Consequently, Arl/iv double
heterozygotes were produced to check axonemal dynein function and were found to
suffer from randomised situs inversus. Thus suggesting that Arl mice have impairment
of axonemal dynein function that may result in a phenotype similar to that of iv mice.
A point mutation of A6239T in Dnahll was identified, resulting in a change of

aspartate to valine (Golding, unpublished data).
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1.6 Aims of the project

Previous investigations have shown that mutations in the heavy chain of cytoplasmic
dynein can lead to a range of similar phenotypes in the mouse (Hafezparast, Klocke et
al. 2003; Chen, Levedakou et al. 2007; Dupuis, Fergani et al. 2009). Arl is a novel
mutation in the heavy chain of cytoplasmic dynein, but unlike the other dynein
mutations, Arl is located close to the motor domain so motor function of the protein

may be impaired.

To investigate what effect the mutation has on the function of dynein, cell extracts from
homogenised tissue have been used to determine whether protein levels are affected.
Sucrose density gradient centrifugation has been used to establish if the integrity of the
dynein complex is disrupted. Dynein protein has been isolated through a process of MT
binding and release, then further purified on a continuous sucrose density gradient.
This purified protein has been analysed to verify its purity and confirm that all subunits

were present.

The purified dynein samples have been used in MT gliding assays to look for
differences in MT movement between WT and Arl/+. In addition to this ATPase assays
looked for an effect on the hydrolysis of ATP. Finally, MT binding assays investigated
whether the mutation affects the binding of MTs by the dynein complex.

In addition to this, mouse embryonic fibroblasts (MEFs) isolated from WT and Arl/+
embryos have been used as an in vitro model system to investigate the effects of the Arl
mutation on cargo transport. A range of dynein cargos have been tested, including the
reassembly of Golgi after disruption, and the transport of endosomes using the
internalisation of fluorescently tagged epidermal growth factor (EGF). Furthermore,
the transport of mitochondria have been analysed to establish whether the mutation

affected their cellular transport.

Moreover, transmission electron microscopy was used to ascertain the effects of Arl on
neuronal cells from lumbar spinal cord of adult mice. Golgi and mitochondria
morphology was investigated. Consequently, the function of mitochondria isolated

from lumbar spinal cord tissue was also tested.
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Chapter 11

MATERIALS AND METHODS

All chemicals are from Sigma-Aldrich, unless otherwise stated. All cell biology media

are from Invitrogen, unless otherwise stated.

11.1 Buffers and media

Lysis buffer 0.1 M Tris
0.2% (w/v) SDS
0.2 M NaCl
0.5mM EDTA

e 2D lysis buffer 7 M Urea
2 M Thiourea
4% (v/v) CHAPS
65 mM DTT

e Sample buffer 0.125 M Tris-Cl
4% (w/v) SDS
20% (v/v) Glycerol
0.2MDTT
0.02% Bromophenol blue

e PBS Phosphate buffered saline without Mg?* or Ca*

e Homogenisation buffer pH 6.8
80 mM KPIPES
1 mMEGTA
2 mM MgSO,
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BRBS80 buffer

Motility buffer

ATPase assay buffer

Complete DMEM

CO; Independent

medium

Complete L-15

medium

pH 6.8

80 mM KPIPES
2 mM MgCl,
0.5mM EGTA

pH 6.7

20 mM KPIPES
10 mM K-acetate
4 mM MgSOq4

pH 7.5

2 mM MgCl,

1mMDTT

1 mM ATP

3 mM Phosphoenol pyruvate

0.2 mM NADH

50 mM Tris-acetate

1.75% (v/v) Pyruvate kinase/lactate dehydrogenase

DMEM (Dulbecco’s modified eagles medium)
1% (v/v) Penicillin/streptomycin

1% (v/v) L-glutamine

15% (v/v) Foetal calf serum (Hyclone)

CO; independent medium
1% (v/v) Penicillin/streptomycin

1% (v/v) L-glutamine

L-15 medium
5% (w/v) Glucose
1% (v/v) Penicillin/streptomycin

20 nM Progesterone
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Motor neuron medium

Tissue homogenisation
buffer

O, Electrode buffer

2% (v/v) Horse serum
5 pg/ml Insulin

10 mM Putrescine

10 pg/ml Coalbumin
30 nM Sodium selenite

Neurobasal medium

2% (viv) B27 supplement
25 uM B-mercaptoethanol
2% Horse serum

25 uM Glutamine

0.1% (v/v) Fungizone

1% (v/v) Penicillin/streptomycin

pH 7.5

0.3 M Manitol
20 mM MOPS
2 mM EDTA

pH 7.4
0.2 M Manitol

1 mM K-Phosphate
50 mM KClI

1 mM MgCl,

10 mM MOPS



Primary Antibody Company Order code | Concentration used
anti-Dynein heavy chain, rabbit polyclonal 19G Santa Cruz Biotech SC-9115 1/200 — Western blot
anti-Dynein intermediate chain, 74.1kDa mouse Dr Kevin Pfister / 1/1000 — Western blot
monoclonal

anti-P150°™* mouse polyclonal IgG BD Transduction Labs 610473 1/500 — Western blot
anti-a-tubulin, DM1A mouse monoclonal 1gG Upstate 05-829 0.5pg/ml — Western blot
anti-Giantin, rabbit polyclonal Covance PRB-114C | 1/1000 - Immunofluorescence
Secondary Antibody

Goat anti-rabbit IgG, Alkaline phosphatase (AP) Sigma A3812 1/10,000 — Western blot
linked

Goat anti-mouse IgG, AP linked Sigma A3562 1/10,000 — Western blot
Rabbit anti-mouse polyclonal 1gG, HRP linked Dako Cytomation P0260 1/30,000 — Western blot
Donkey anti-rabbit IgG, HRP linked GE Healthcare NA934 1/30,000 — Western blot
Fluorescent Antibody

EGF-Alexa Fluor 555 streptavidin complex Invitrogen E35350 10ng/ml — Immunofluorescence
Alexa Fluor 488 conjugate goat anti-mouse 1gG Molecular Probes A11029 1/200 — Immunofluorescence
Alexa Fluor 546 conjugate goat anti-rabbit 19G Molecular Probes A11035 1/200 - Immunofluorescence

Table 2. Antibodies

Table giving details of antibodies used during experiments and optimised concentrations. AP = alkaline phosphatase linked secondary antibody, HRP = horseradish
peroxidise linked secondary antibody. AP-linked antibodies were used with the CDP-STAR chemiluminescence system (Sigma) to detect proteins, HRP-linked antibodies
were used with the Supersignal West Dura substrate (Pierce) to detect proteins.
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11.2.1 Genotyping

For genotyping, adult tail biopsies were digested using tail lysis buffer and proteinase K
overnight at 55°C. Samples were centrifuged to pellet undigested tissue. The
supernatant containing genomic DNA was collected and diluted 50X in PCR grade

water.

PCR used 1X Hotstart Tag Mastermix (Qiagen) and 0.5 uM each of forward and reverse
primer (Arl-F: 5°-CAC TCC AGA TGC ACA GTG CTC TCC AAC CAC -3’; Arl-R:
5’-CCC ACT CAC CCT CGATGT TGT CAATGT AAA CCC -37).

After the initial denaturation of 95°C for 15 min, thirty five cycles of PCR were
performed. Denaturation was at 94°C for 30 sec, primer specific annealing temperature
of 63°C for 30 sec was used, and then extension of 72°C for 1 min. A final extension of
72°C for 10 min was then performed. 5 pl of PCR product was analysed on 1% agarose

gel to check for amplification.

PCR products were digested for 1.5 hr at 37°C with Aval (New England Biolabs)
restriction enzyme and run on a 3% agarose gel. An Aval restriction site is present in
the mutant sequence only, allowing the mutant PCR product to be distinguished from
wildtype PCR product after digestion. The wildtype genotype produces one band of
270 bp, heterozygotes produce three bands of 270 bp, 235 bp and 35 bp, while
homozygous mutants produce two bands of 235 bp and 35 bp.

PCR to genotype for the axonemal dynein mutation used 1X Hotstart Tag Mastermix
(Qiagen) and 0.5uM each of two forward (WT and mutant) and one common reverse
primer (Axo-F Mut: 5’-TCA TGA GAG CAT TGA GGG A-3’; Axo-F WT: 5°-TCA
TGA GAG CAT TGA GGG T-3’ and Axo-R: 5’-TGA CTA TCG TAC AAA ATG
CTT-3%)

After the initial denaturation of 95°C for 15 min, thirty five cycles of PCR were
performed. Denaturation was at 94°C for 30 sec, primer specific annealing temperature

of 55°C for 30 sec was used, and then extension of 72°C for 1 min. A final extension of
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72°C for 10 min was then performed. 5 pl of PCR product was analysed on 1% agarose
gel to establish genotype.

11.2.2 SDS-PAGE and Western Blotting

For SDS-PAGE analysis, protein samples were denatured by boiling for 5 minutes in
5X SDS sample buffer (final concentration 1% SDS). The protein samples were then
separated by SDS-PAGE using either the Mini Protean gel electrophoresis system from
Biorad using 4% and 10% gels (as indicated for each experiment), or the XCell
Surelock MiniCell system from Invitrogen with 4-12% gradient gels. Electrophoresis
was conducted at a constant voltage of 120V for approximately 1.5 hr (or until the dye
front reached the bottom of the gel). Protein bands were either visualised by coomassie
blue staining, following the manufacturers instructions (Sigma), or transferred to
polyvinylidene difluoride (PVDF) membrane from GE Healthcare for Western blotting.
Membranes were immersed in methanol for 30 sec, then rinsed in water, prior to
transfer to improve the transfer of proteins into the membrane. The polyacrylamide gels
and membranes were “sandwiched” together between filter paper and sponge pads that
had been soaked in transfer buffer and then secured in the transfer cassette (sponge pad-
filter paper-gel-membrane-filter paper-sponge pad). Frozen cooling units were placed
into the transfer tanks with the cassettes to prevent significant temperature increase from
the current and transfers were also conducted at 4°C for this reason. The transfers were
conducted at 20V overnight (with an additional 30 min at 90V when transferring very
large proteins such as DHC). Blots were disassembled, rinsed in PBS containing 0.5%
Tween-20 (PBST) and incubated in 5% w/v non-fat milk at room temperature for 1 hr
on a rocking plate. The membranes were then rinsed in PBST and labelled with the
primary antibody (as indicated) at room temperature for 1 hr on a rocking plate. The
membranes were washed with PBST 1 x 15 min and 3 x 5 min on a rocking plate and
then labelled with secondary antibody at room temperature for 45 min on a rocking
plate. The secondary antibody was removed and the membranes washed in PBST 3 x
15 min on a rocking plate. The proteins were detected using alkaline phosphatase-
linked secondary antibodies with the CDP-STAR chemiluminescence system (Sigma),
or the Horseradish Peroxidase-linked secondary antibodies with the Supersignal West
Dura substrate (Pierce) (See Table 2 for antibody details). Multiple film exposures were

taken from the membranes over a range of exposure times (between 10 sec and 10 min
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depending on protein), and those below saturation were used for quantification. To
quantify, the film images were scanned using an image scanner with ImageMaster
Labscan V3.01 software (Amersham Biosciences). The signal from the bands was
determined, and the background intensity from the film was subtracted using the
ImageQuant TL 2005 software (Amersham Biosciences). GraphPad Prism software
was used for statistical analysis using Mann-Whitney t test. Significance was set as
p<0.05.

11.2.3 Dynein Quantification in Brain Tissue

Adult wildtype and Arl/+ mice were sacrificed by terminal CO, anaesthetisation and the
brains collected. The tissue was weighed, then homogenised using a tight glass hand
held Teflon homogeniser. This was done in a 1:4 ratio of tissue to 2D lysis buffer at
room temperature to prevent the urea from crystallising if performed on ice. After
homogenisation, the homogenate was left at room temperature for 30 min to allow
solubilisation of the proteins; it was then centrifuged at 13,000 rpm for 20 min. The
supernatant was then collected and the protein concentration measured using the 2D
Quant kit (GE Healthcare) following the manufacturer’s protocol. The standard BCA
kit (Pierce) could not be used to measure the protein concentration as the urea, CHAPS
and DTT would interfere with the kit. The 2D Quant Kit precipitates the protein,
allowing for the removal of interfering substances in solution. 5 pg of each sample was
boiled at 95°C for 10 min in 5 X sample buffer (SB), then loaded onto a 4% and 10%
SDS-PAGE gel and Western blotting conducted as previously described, with detection
for DHC and a-tubulin and alkaline phosphatase (AP)-linked secondary antibodies
(1/10,000) (See table 2).

11.2.4 Dynein Quantification in Spinal Cord

Adult wildtype and Arl/+ mice were sacrificed by terminal CO, anaesthetisation and the
spinal cords collected. The tissue was weighed, then homogenised using a tight glass
hand held Teflon homogeniser. This was done in a 1:3 ratio of tissue to 2D lysis buffer.
After homogenisation, the homogenate was left at room temperature for 30 min to allow
solubilisation of the proteins; it was then centrifuged at 13,000 rpm for 20 min. The

supernatant was then collected and the protein concentration measured using the 2D
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Quant kit following the manufacturer’s protocol. 5 pg of each sample was boiled at
95°C for 10 min in 5 X SB, then loaded onto a 4% and 10% SDS-PAGE gel and
Western blotting conducted as previously described, and labelled with DHC and a-
tubulin and alkaline phosphatase (AP)-linked secondary antibodies (1/10,000) (See
table 2).

11.2.5 Sucrose Density Gradient Analysis

Adult wildtype and Arl/+ mice were sacrificed by terminal CO, anaesthetisation and the
brains collected. The tissue was weighed, then homogenised on ice using a tight glass
Teflon hand homogeniser, in PBS’, containing 1X protease inhibitors (Roche) in 1:4
tissue to buffer ratio. The homogenate was centrifuged at 13,000 rpm for 20 min at 4°C,
the pellets discarded and the supernatant retained. The protein concentrations were
established using the Pierce BCA Protein Assay kit, following the manufacturer’s
protocol. 2 mg of protein from each sample was loaded onto 5-25% linearised sucrose
density gradients and centrifuged at 50,000 rpm (~303,800 X Qgmax) at 4°C for 4 hr. Nine
equal fractions were gently pipetted from the top of the gradient using wide bore pipette
tips to minimise disturbance to the gradient. These fractions were snap frozen in liquid
nitrogen (LN,), then 16 pl of each sample boiled at 95°C for 10 min in 5 X SB and then
analysed on 4% and 10% SDS-PAGE gels and Western blotting (as previously
described) then labelled for DHC (1/200) (Santa Cruz) and DIC (1/2000) (Gift from Dr
Kevin Pfister) and alkaline phosphatase (AP)-linked secondary antibodies (1/10,000)
(See table 2).

11.2.6 Dynein Purification

Thirty adult wildtype and Arl/+ mice were sacrificed by terminal CO, anaesthetisation
and the brains dissected. The tissue was kept on ice in ice-cold PBS’, then drained and
weighed. Any blood was rinsed away with PBS™ and the tissue homogenised in
homogenisation buffer with ATP (HB/ATP) using a polytron at 4°C. The wildtype and
Arl/+ homogenates were centrifuged in a Sorvall SS34 rotor at 11 krpm (~15,000 X gay)
at 4°C for 1 hr. The pellets were discarded and the supernatants centrifuged at high
speed to remove as much membrane material as possible, using a Beckman SW55Ti
rotor at 32.5 krpm (~100,000 X gay) at 4°C for 1 hr. The supernatants were collected and
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the pellets discarded. To remove most of the microtubule associated proteins (MAPS)
from the supernatants, the endogenous tubulin was polymerised using GTP to aid
polymerisation and taxol to polymerise irreversibly (0.25 mM GTP and 6 uM taxol) and
incubated at 30-35°C for 30 min. The supernatants were then centrifuged at 20 krpm
(~37,000 X gay) at 28°C for 30 min, again in a Beckman SW55Ti rotor. The resulting
pellets were discarded and to the supernatants apyrase, AMP.PNP and taxol were added
(1 U/ml apyrase, 50 uM AMP.PNP and 4 uM taxol). This was to bind the dynein to the
microtubules using the non-hydrolysable analogue of ATP; AMP.PNP. This was
incubated at 35°C for 30 min. Approximately 2 ml of 20% sucrose in HB and taxol
were used as a cushion in two 5 ml centrifuge tubes. The supernatants were layered
over the cushions and centrifuged at 32.5 krpm (~100,000 X gay) for 45 min at 25°C in an
SWH55Ti rotor. The supernatants and cushions were aspirated (a sample was kept to
check if dynein remained in this sample) and the remaining pellets resuspended in 1/10"
the original volume of the high speed supernatant of HB using a small, hand-held, glass
homogeniser. The resuspended pellets were layered over 10% sucrose cushions and
centrifuged at 17.8 krpm (~30,000 X ga,) for 30 min at 28°C. Again the supernatants and
cushions were removed and samples kept to check if dynein remained. The pellets were
resuspended using a small glass, hand-held homogeniser in 1/20" the original
supernatant volume of HB/KClI/taxol/ATP. This was incubated for 30 minutes at 37°C
to elute the kinesin and dynein. This time, without a cushion, the resuspended samples
were centrifuged at 17.8 krpm (~30,000 X ga,) for 30 min at 28°C and the resulting
supernatants were collected and stored on ice at 4°C. These were labelled motor sample
1. The pellets were resuspended in 1/50™ the original volume of HB/KCI/ATP and left
on ice at 4°C overnight. 5-20% sucrose density gradients were poured and allowed to
linearise overnight. The following morning, the resuspended pellets were centrifuged at
17.8 krpm (~30,000 X ga,) for 30 min at 4°C, the supernatants collected and labelled as
motor sample 2. All of the motor samples 1 and 2 were loaded onto individual sucrose
gradients and centrifuged at 52krpm (~255,800 X gay) for 4 hr and 35 min at 4°C with the
brake set to low. Once complete, 12 equal fractions were collected from each of the
gradients and left on ice at 4°C before being assayed for motility under the microscope
the following day. Samples from each of the fractions were run on a 4-12% gradient
SDS-PAGE and Western blotted (as previously described) and labelled for dynein heavy
chain and intermediate chain and alkaline phosphatase (AP)-linked secondary antibodies
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(1/10,000), to check for the presence and location of the dynein in the samples (See table
2).

11.2.7 Tubulin Polymerisation

MTs were polymerised using 10 ul aliquots of 5 mg/ml stock tubulin in BRB80 buffer.
To this was added, 1 mM GTP, 1X protease inhibitors (Roche), then warmed to RT and
20 uM paclitaxel added to a final volume of 20 pl in BRB80 buffer. This was then
incubated at 35°C for 30 min. The sample becomes viscous and bubbles may appear if

MTs have successfully been formed.

11.2.8 MT Gliding Assay

The MT gliding assays were performed using protocols kindly provided by Professor
Viki Allan (University of Manchester) and Professor Rob Cross (Warwick University).
Flow chambers were constructed from microscope slides, with two strips of high
vacuum grease run along either side, and a coverslip placed on top. This produced a
chamber of approximately 15-20 pl volume. To the chamber, 2.5 mg/ml casein was
added to coat the glass coverslip, preventing denaturing of the dynein once added. The
casein was incubated at room temperature for 2 min. This was then washed out using
motility buffer. Approximately 15 pl of the purified dynein fraction was flowed into the
chamber and incubated in a humid chamber at room temperature for 2-5 min. The
chamber was rinsed with 2 X volumes of motility buffer containing 150 pg/ml casein
and 1 mM DTT. The microtubule dilution was then flowed through the chamber,
allowed to bind to the dynein for a minute and then viewed using an Olympus VE-DIC
equipped, upright microscope with a 60X Plan Apo 1.4 numerical aperture DIC
objective, through a Hamamatsu Argus image processor. Once MTs were identified and
focussed upon, any moving ones were recorded for 1 min periods at 1 frame per second.
After filming was completed, the videos were analysed to measure the velocities of the
moving MTs using the Retrac program developed by Nick Carter in the laboratory of
Rob Cross (previously of the Marie Curie Research Institute, now the Centre for
Mechanochemical Cell Biology, Warwick University). Table 3 details optimisations
that were made to this protocol to improve the levels of MT motility observed. These

conditions were developed in conjunction with Dr Kuniyoshi Kaseda (previously of the
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Marie Curie Research Institute, now at the Saravio Institute, Japan), based on his
anecdotal evidence from using this protocol.

11.2.9 Microtubule-dependent ATPase Assay

Tubulin was polymerised to MTs and stabilised with paclitaxel. The MTs were added to
the purified dynein fraction in 1ml of ATPase assay buffer. This mixture was added to a
quartz cuvette and placed in a spectrophotometer set at 37°C. The change in absorbance

at 340 nm was measured and recorded over a 5 min timeframe.

11.2.10 MT Binding Assay

To 20 pl of polymerised MT sample, 20 pg of purified dynein sample was added and
gently mixed. To this, 50 pM AMP.PNP was added to bind the dynein to the MTs, and
incubated at 30°C for 15 min. 500 pl of 10% sucrose was placed into a 2 ml centrifuge
tube and the MT/dynein sample layered over the top. This was centrifuged at 30 krpm
(106,500 X gay) for 40 min at 25°C. The top sample was removed (the combined volume
of MTs and dynein sample) and labelled supernatant and the 500 pl of sucrose cushion
removed and labelled cushion. The pellet was washed in 100 pl of BRB80 buffer and
centrifuged again at 30 krpm (106,500 X gay) for 40 min at 25°C. The wash buffer was
removed and discarded and the pellet solubilised in 20 pl of BRB80 buffer. Each
sample was run on an SDS-PAGE and analysed by western blot (as previously
described) for DHC, DIC and a-tubulin (1/1000) (Upstate) and alkaline phosphatase
(AP)-linked secondary antibodies (1/10,000) (See table 2) and quantified using Image

Pro software.

11.3.1 Collection and Culture of Mouse Embryonic Fibroblasts

Pregnant female Arl/+ mice were sacrificed by terminal CO, anaesthetisation and the
uterine horns dissected out and placed in phosphate buffered saline, without bivalent
cations (PBS’). Each embryo was separated from its placenta and the brain and red
organs removed, then finely minced in PBS™ using a razor blade. The tissue from each
embryo was then digested in 2 ml of trypsin-EDTA (0.05% trypsin and 0.53 mM
EDTA-4 Na) for 15 min, with occasional shaking. DMEM supplemented with 15%
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serum was added to neutralise the trypsin and the cells recovered by centrifugation for 5
min at 1500 rpm. The cells from each embryo were transferred to 175 cm? cell culture
flasks and grown in complete DMEM medium at 37°C in 5% CO, and 3% O,.

11.3.2 Golgi Reassembly

MEFs were seeded at a density of 2.0x10° cells/well in a 6 well plate, on round
coverslips, in complete DMEM medium. The cells were allowed to proliferate at 37°C
in 5% CO, and 3% O, until 70% confluency was reached. The medium was replaced
with chilled complete DMEM with 15mM HEPES and the cells incubated on ice for 30
min. 10 pg/ml of nocodazol was added to each well and incubated for 3 hours at 37°C
in 5% CO, and 3% O,. The nocodazol was aspirated and the 0 min timepoint cells
immediately fixed. All other timepoints were washed five times with plain DMEM as
quickly as possible. Complete medium was then added and the cells incubated at 37°C in
5% CO, and 3% O, to recover for the specified timepoints. To fix the cells, 2 ml of -
20°C methanol was added to each well for 8 min, this was then aspirated and the cells
were washed twice with phosphate buffered saline containing 0.2% gelatine from cold
water fish skin (PBSG). The cells were stained for Golgi using an antibody against
giantin (1/200) (Covance), a Golgi membrane protein, and a-tubulin. Alexa-Fluor
conjugated secondary antibodies were then used (1/10,000) (All from Invitrogen) (See
table 2). All antibodies were diluted in PBS™ (except anti-giantin which was diluted in
PBSG), and incubated at room temperature for 30 min. The coverslips were mounted on
glass slides using Prolong Gold mounting medium containing DAPI (Invitrogen), and
left to cure for 24 hr, then stored at 4°C. The slides were imaged using a Deltavision
Core inverted, widefield microscope system (Applied Precision Inc.) with an Olympus
60 x Plan Apo 1.4 numerical aperture (na) oil objective lens. Imaging was conducted
using the SoftWorX image processing software (Applied Precision Inc.) with
appropriate filters (DAPI and TRITC) at 100% neutral density, and exposure times of

0.2-0.5 sec. Images were then deconvolved in the SoftWorx imaging program.

11.3.3 Endosomal Trafficking

Wildtype and Arl/+ MEFs were plated at a density of 2.0x10° cells/ well in a 6 well

plate on round coverslips in complete DMEM. Cells were allowed to proliferate at 37°C
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in 5% CO, and 3% O, until 80% confluency was reached. The cells were washed twice
with PBS™ and then incubated in starving medium (DMEM containing L-glutamine and
penicillin and streptomycin, but without serum) for 2 hr at 37°C in 5% CO, and 3% O,
before being stimulated for 10 min in starving medium containing 10 ng/ml Alexa
Fluor-555 conjugated EGF (Invitrogen) and 0.1% BSA. The cells were washed twice
with PBS’, replaced with fresh serum-free medium and the internalised EGF then chased
for the indicated timepoints. Cells were then washed in ice cold PBS™ and fixed with 4%
paraformaldehyde (PFA) (Electron Microscopy Science) for 15 min and permeabilised
with 0.1% Triton X-100 for 5 min, then washed three times in PBS™ and blocked for 30
min with 2% BSA. The cells were stained for a-tubulin for 30 min at room temperature
and mounted using Prolong Gold antifade with DAPI, left to cure for 24 hr and then
stored at 4°C. The slides were imaged using a Deltavision Core inverted, widefield
microscope system (Applied Precision Inc.) with an Olympus 60 x Plan Apo 1.4
numerical aperture (na) oil objective lens. Imaging was conducted using the SoftWworX
image processing software (Applied Precision Inc.) with appropriate filters (FITC, DAPI
and TRITC) at 100% neutral density, and exposure times of 0.2-0.5 sec. Images were

deconvolved in the SoftWorX image processing software.

11.3.4 Endosomal Trafficking in Live Cells

Wildtype and Arl/+ MEFs were plated at a density of 0.5x10° cells/ well in a 2 well, live
cell imaging chamber in DMEM. Cells were allowed to proliferate at 37°C in 5% CO,
and 3% O, until 50% confluency was reached. The cells were washed twice with PBS’
and then incubated in starving medium (DMEM containing L-glutamine and penicillin
and streptomycin, but without serum) for 2 hr at 37°C in 5% CO; and 3% O,, before
being stimulated for 10 min in starving medium containing 20 ng/ml Alexa Fluor-555
conjugated EGF (Invitrogen) and 0.1% BSA. The cells were washed once with PBS’,
replaced with fresh serum-free CO, independent medium and the internalised EGF then
chased for 1 min movies (at 1 frame per 2 sec), every 5 min for a total of 30 min.
Images were captured using 2 channels; DIC and TRITC filters on a Personal
Deltavision (pDV) widefield, live cell imaging microscope system (Applied Precision
Inc.) using an Olympus 100X Plan Apo 1.4 na oil objective lens. Neutral density was
set at 100% for the the DIC channel and 50% for the TRITC channel. The movies were

captured using the SoftWorX imaging software (Applied Precision Inc.) and analysed
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using Image J and Excel to determine the total number of moving endosomes and the
average velocities of each of the endosome trajectories. To determine the average
velocities of the endosomes by calculating the total distance travelled by the endosome,
as determined by the x and y coordinates provided by Image J, over a set time calculated
from the number of frames that movement was measured. This data was used in Excel
and the following formula used to calculate the distance travelled by the endosome
being tracked:
=SQRT(((X2-X1)*(X2-x1))+((Y2-Y1) *(Y2-Y1)))

Where x and y are the location coordinates of the endosome. The calculated distance
was then divided by the amount of time the distance was measured over to give the

speed of movement of the endosome.

11.3.5 Tracking of Mitochondria in Live Cells

Wildtype and Arl/+ MEFs were plated at a density of 0.5x10° cells/ well in a 2 well, live
cell imaging chamber in DMEM. Cells were allowed to proliferate overnight at 37°C in
5% CO; and 3% O, until 50% confluency was reached. 50 nM of Mitotracker Green
FM (Invitrogen) was added to the cells in fresh complete medium and incubated for 30
min at 37°C in 5% CO, and 3% O, The medium was replaced with CO, independent
medium and cells imaged using DIC and FITC channels on a Personal Deltavision
(pDV) widefield, live cell imaging microscope system (Applied Precision Inc.) using an
Olympus 100X Plan Apo 1.4 na oil objective lens. Neutral density was set at 100% for
the the DIC channel and 50% for the FITC channel. The movies of the visualised
mitochondria were captured using the SoftWorX imaging software (Applied Precision
Inc.) and were recorded at 1 frame per 2 sec for lengths of 1 min. The movies were
analysed using Image J and Excel to determine the average velocities of the
mitochondria by calculating the total distance travelled by the mitochondria, as
determined by the x and y coordinates provided by Image J, over a set time calculated
from the number of frames that movement was measured. This data was used in Excel
and the following formula used to calculate the distance travelled by the mitochondrion
being tracked:

=SQRT(((X2-X1)* (X2-X1))+((Y2-Y1)* (Y2-Y1)))
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Where x and y are the location coordinates of the mitochondrion. The calculated
distance was then divided by the time the distance was measured over to give the speed

of movement of the mitochondrion.

11.3.6 Culturing of motor neurons

E13 embryos were dissected from the uterine horn and washed in PBS". They were then
removed from the embryonic sacs and kept in PBS™ on ice. The brain and red organs
were removed and the spinal cord dissected from the posterior of the embryo, ensuring
all connective and membranous tissue was removed. The meninges and dorsal root
ganglia were removed and the dorsal root of the spinal cord cut away and discarded.
The remaining ventral root (containing the motor neurons) was cut into pieces and
transferred to PBS’ containing antibiotics (penicillin and streptomycin). Spinal cord
pieces were allowed to settle and then transferred to a 10 ml Falcon tube containing 1
ml HBSS medium, antibiotics and 10 pl trypsin. This was incubated for 10 min at
37°C, with gentle shaking. The spinal cord pieces were transferred to 800 pl of
complete L15 medium (L15, 100 ul 4% BSA and 100 pl DNasel). The cells were
dissociated through gentle trituration, then allowed to settle for 2 min. The supernatant
was transferred to a separate tube and to the pellet was added 900 pl of complete L15
medium (L15, 100 pl 4% BSA and 20 ul DNasel) and gently triturated 8 times. This
was allowed to settle for 2 min to separate remaining large pieces of tissue and the
supernatant combined with the first supernatant. To the remaining pellet 900 pl of
complete medium was added and gently dissociated again by triturating 8 times. The
supernatant was combined with the others and the pellet discarded. The supernatant
was centrifuged through a 1 ml BSA cushion for 5 min at room temperature. The
supernatant was aspirated and the pellet gently resuspended in 600 pl of Motor neuron
culture medium and 200 pl seeded per well of 2 well live cell chambers. A further 800
ul of Motor neuron culture medium was added to each well and the cells incubated at
37°C in 5% CO; and 3% O,.
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11.4.1 Perfusion Fixation Protocol

Adult wildtype and Arl/+ mice were terminally anaesthetised by injection with ketamine
hydrochloride and medetomidine hydrochloride, then intra-cardiac perfusion-fixation
was performed using 2.5% gluteraldehyde and 1.5% paraformaldehyde in 100 mM Na
cacodylate buffer. The perfusion was carried out in two stages; 50 ml of 100 mM
cacodylate, followed by 100 ml of fixative. Perfusion was performed on a down-
draught table to comply with COSHH. Tissue and muscle was removed from the
hindlimbs, and the sciatic nerves removed and placed in fixative. The spinal cord was
exposed by dorsal laminectomy, sliced at 2-3 mm intervals to facilitate access to tissue
by the fixative and then placed in fixative. All tissues were left in fixative for 48 hr to
harden. Tissues were immersed in 2% aqueous osmium tetroxide (Electron Microscopy
Science) for 2 hr at room temperature, then dehydrated sequentially in increasing
concentrations of ethanol- 70% ethanol, 2 x 10 min; 90% ethanol, 2 x 10 min; 100%
ethanol, 2 x 10 min. The tissues were then incubated at room temperature in propylene
oxide (Agar Scientific) for 2 x 15 min. Following this, the tissues were infiltrated with
resin consisting of 1 part polypropylene oxide: 1 part araldite resin (Agar Scientific) for
one hr on a rotating wheel. This was discarded and replaced with 1 part polypropylene
oxide: 2 parts araldite resin for one hr on a rotating wheel, then finally replaced with
100% pure resin and left overnight to allow tissues to fully infiltrate on a rotating wheel.
The following morning, sample pot caps were half filled with resin, the tissue from each
sample placed on top and resin added to cover the tissue. These were placed in an oven
at 60°C for 48 hr to allow the resin to cure. Once the resin was cured, the samples were
sectioned using a microtome to produce multiple 100 nm sections. Each section was
placed on a nickel electron microscopy grid, allowed to dry then stained with uranyl
acetate and lead citrate. The samples were imaged at 1000 x and 5000 x magnification
using an Hitachi-7100 transmission electron microscope with an axially mounted Gatan
Ultrascan 1000 CCD camera.

11.4.2 Preparation of Mitochondria and O, Consumption Assay

Five adult wildtype and Arl/+ mice were sacrificed by terminal CO, anaesthetisation
and the lumbar section of the spinal cords dissected. The tissue was kept on ice in

Tissue homogenisation buffer (THB), then homogenised with a loose, glass, handheld
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homogeniser in approximately 1 ml of buffer, supplemented with 1% BSA and 7 mM L-
cysteine hydrochloride. The homogenate was centrifuged at 800 x g for 10 min at 4°C.
The supernatants were transferred to a new tube and centrifuged at 10,000 x g for 10
min at 4°C. The pellets were resuspended in 1 ml of buffer with 1% BSA, but no L-
cysteine hydrochloride and centrifuged again at 10,000 x g for 10 min at 4°C. The
pellets were then resuspended in 50 ul of Oxygen electrode buffer (OEB) and kept on
ice. Using a Rank oxygen electrode, the oxygen consumption of the mitochondria was
measured. 20 pl of mitochondria, with 5 pl of ascorbate and 5 pl of TMPD were added
to the electrode chamber in 400 pl of buffer and the rate of O, consumption measured
and recorded. The protein concentration of each sample was then measured using the
BCA protein quantification kit from Pierce. The rate of O, consumption was then

calculated as nmol O,.min"*mg™ and wildtype and Arl/+ mitochondria compared.
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Chapter 111

INVESTIGATING THE EFFECT OF THE ARL MUTATION ON DHC
PROTEIN

111.1 Introduction

As previously explained in chapter I, the Arl mutation results in a change of the well
conserved tryptophan at position 1206, to arginine in the cytoplasmic dynein heavy
chain gene 1 (Dynclhl). This is in a region currently of unknown function, just N-

terminal to the motor domain.
The Arl mutation has been shown to have a related, but more severe phenotype than
Loa or Cral, with homozygotes dying by E10, and a more pronounced and earlier onset

hindlimb clenching in the tail suspension test.

As the mutation is located in an area of unknown function, initial studies looked at the

effect of the mutation on the protein and its function.

111.2 Effect of mutation on mice

As the Arl mutation is embryonically lethal in homozygous mutants, any experiments
using adult tissue could only compare WT to heterozygotes. This means that
experiments using dynein from heterozygous adult tissue will contain a mixed
population of WT homodimers, WT-Arl heterodimers and Arl homodimers, likely to be
ina 1:2:1 ratio. As some experiments are unable to distinguish which population may
be causing a particular phenotype it is important that this is taken in to account when

interpreting data.

Limitations in breeding were encountered, meaning that embryonic tissue was difficult
to obtain. Under normal circumstances, mice can be timed mated so that embryos of
specific ages can be dissected. However, Arl mice proved to be very poor breeders,

with very few embryos and normal mendelian ratios of genotypes were not attained.
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More than 100 timed matings were set up between Arl/+ and Arl/+ mice, resulting in
only 6 pregnancies. From these 6 litters, only 2 Arl/Arl embryos were acquired at E10.
This suggests that lethality due to the mutation may be earlier in development than

previously thought.

Experiments using timed matings to produce litters of different ages were planned to
establish at what stage of development the Arl/Arl embryos are lost, as the
developmental stage at which the homozygous mutants are no longer viable can
provide information about how the mutation may be affecting the embryo development.
However, due to the very low levels of breeding in these mice, this was not possible.

Mendelian ratios were not identified in litters from breeding stock. As Arl is a
dominant mutation, ratios from F1 backcrosses of Arl/+ x WT should result in
approximately 1:1 ratios of genotypes. However, from 901 mice produced from these
crosses, 265 were Arl/+ and 636 were WT, giving a ratio of 1 : 2.4. This suggests that

some Arl/+ mice are lost in utero.

The recently identified axonemal dynein mutation in Arl may play a part in the
breeding problems and embryonic loss seen in Arl mice, however, due to time
constraints it was not possible to investigate this in detail. Nevertheless, it was
important to establish whether this axonemal mutation was indeed present in the Arl
colony used in this project and although it was not practical to re-genotype the entire
colony, a random selection of samples already used in this project was tested to

determine the presence of the mutation.
As shown in Figure 6, the axonemal mutation is present in some samples, but not all,
suggesting that the axonemal and cytoplasmic dynein mutations in Arl are able to

segregate and have randomly done so in some of the mice that were used in this project.

111.3 Dynein heavy chain protein

To investigate whether the Arl mutation had any effect on the levels of dynein heavy

chain protein in tissue samples, the brains of six mice (3 wildtype and 3 Arl/+) were



Arl PCR

Mutant axonemal
dynein PCR

WT axonemal
dynein PCR

Figure 6. Cytoplasmic and axonemal dynein genotypes of a selection of mice used during
the project.

Tissue from a sample of mice used during this project were genotyped for both the Arl mutation
in cytoplasmic dynein, and the axonemal dynein mutation to identify whether all Arl mice
contain the axonemal dynein mutation, or if the mutations can segregate. Samples 1-3 are Arl/+
and contain the axonemal dynein mutation. Samples 4 and 5 are Arl/+, but do not contain the
axonemal dynein mutation.
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dissected, homogenised in PBS™ and 5ug of each analysed on a 4% SDS PAGE, with
a-tubulin used as an internal loading control (Figure 7 A).

This was repeated using spinal cord tissue from six mice (as before, 3 wildtype and 3
Arl/+) which was homogenised and 5ug loaded onto a 4-12% gradient gel (Figure 7 B).
Analysis of the proteins by western blotting showed no significant difference in the
amount of DHC in Arl/+ brain tissue or spinal cord tissue compared to wildtype
littermates. This suggests that the Arl mutation does not affect the transcription or

translation, or stability of the DHC protein.

111.4 Integrity of the dynein complex

The dynein complex is composed of two homodimerised heavy chains associated with
a number of intermediate, light intermediate and light chains to form a fully functioning
dynein motor protein. Despite the Arl mutation not being located within the region of
homodimerisation of the heavy chains, or the areas of association of the accessory
chains, it could, however, interfere with the stability of the complex causing a
perturbation to its function.

To investigate this, sucrose density gradient centrifugation was used to see if the
complex of dynein chains was affected by the Arl mutation. Brain tissue from wildtype
and Arl/+ mice was homogenised in PBS and 2 mg of protein loaded onto 5-25%
continuous sucrose density gradients and centrifuged at 303,800 X Qmax for 4 hr.
Dynein chains that are associated in the complex would sediment together at
approximately 20S, but any dynein not in the complex would sediment in much less

dense fractions as it is “free” from the complex.

Equal fractions were removed from the gradients and analysed by SDS PAGE on 4%
and 10% gels and western blotting to see if the sedimentation of the dynein chains was
altered by the Arl mutation. Heavy chain and intermediate chain were labelled for as
the mutation is contained within heavy chain, and intermediate chain is the least stable
component of the complex (King 2009) and therefore the most likely to be affected by
any disturbance to the complex. Despite this experiment using adult brain tissue, if the
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Figure 7. Quantification of DHC in brain and spinal cord tissue from WT and Arl/+ mice.

A. Brain tissue from 3 WT and Arl/+ mice was homogenised in PBS™ and 5ug of total protein
loaded onto a 4% SDS PAGE, probed for DHC (1/200), with a-tubulin (1/1000) used as an
internal loading control.

B. Spinal cord tissue from 3 WT and and Arl/+ mice was homogenised in PBS™ and 5ug of total
protein loaded onto a 4% SDS PAGE, probed for DHC (1/200), with a-tubulin (1/1000) used as
an internal loading control.
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Arl mutation affected integrity of the complex, it would be expected that this would still
be evident from the WB as the population of Arl homodimers is likely to make up
approx. ¥ of the total heterozygous dynein sample. As can be seen from Figure 8,
there is no difference in the distribution pattern of either the heavy chains or
intermediate chains, suggesting that the integrity of the dynein complex is not affected
by the mutation.

111.5 Purifying the dynein complex for analysis of its function

As the dynein heavy chain is too large to practicably clone and express (~530kDa,
~4,500kb), purification of the complex from tissue was deemed to be the best way to
obtain the protein for use in functionality assays (such as microtubule gliding assays).
Dynein complex from wildtype and Arl/+ was isolated to allow comparison of their

function.

Brain tissue from approximately 35 mice of each genotype (WT and Arl/+) was
collected and pooled together. This was homogenised and centrifugation steps used to
purify the protein, with MT binding and centrifugation through a 20% and then 10%
sucrose cushion and then release from the MTs with excess ATP. Pelleting of the MTs
was used to isolate the MT based motor proteins (dynein and kinesin). This was then
further purified on a 5-20% continuous sucrose density gradient to separate the motor
proteins and equal fractions of the gradient were collected. These fractions were
analysed by SDS PAGE on 4-20% gradient gels and coomassie staining and western
blots were performed to identify the proteins in the fractions and which fraction
contained the greatest amount of dynein complex for use in functionality assays.
Samples from the supernatant of the sucrose cushions used in the purification were also
analysed to estimate the efficiency of the MT binding dependent purification in these

steps.

Despite there being a greater starting amount of total brain tissue in the Arl/+
purification (~20 g of Arl/+ v ~16 g wildtype), more dynein is apparent in the
supernatant of the 20% cushion from the wildtype sample than the Arl/+ (Figure 9).
This would suggest that a greater amount of the wildtype dynein did not bind to MTs

and was therefore unable to sediment through the sucrose cushion than that in the Arl/+
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Figure 8. Western blot of sucrose density gradient

2 mg of tissue homogenate from WT and Arl/+ was loaded onto a 5-25% sucrose density gradient and
centrifuged for 4 hr at 50,000 rpm (~303,800 X gmax). 9 equal fractions were removed and run on 4% and
10% gels and labelled for DHC (1/200) and DIC (1/1000). No difference in distribution between

genotypes is seen.
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Figure 9. Western blots of WT and Arl/+ dynein complex from dynein isolation.

Brain tissue from approximately 35 mice was collected and pooled together. This was homogenised and
centrifugation steps used to purify the protein, with MT binding and centrifugation through a 20% and
then 10% sucrose cushion and then release from the MTs with excess ATP. This was then further
purified on a 5-20% continuous sucrose density gradient to separate the motor proteins and 12 equal
fractions of the gradient were collected. These fractions were analysed by SDS PAGE on 4-20% gradient
gels and western blots performed to label for DHC, p150, DIC and a-tubulin, and identify which fraction
contained the greatest amount of dynein complex. A) Western blot from WT protein, B) western blot
from Arl/+ protein.
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sample. It has already been shown in Figure 7 A that there is no difference in the
amount of dynein protein in brain tissue between wildtype and Arl/+, meaning if there
was a greater amount of tissue used in Arl/+, then there should have been a greater
amount of dynein protein than in the wildtype sample. This suggests that the difference
in the amount of dynein able to sediment through the sucrose cushions is due to the
ability of the dynein to bind to the MTs.

It is worth noting that due to the limited amount of Arl/+ tissue available, this
experiment was performed only once, and is thus a comparison between WT and Arl/+

from 35 mice of each genotype on this one occasion.

The dynein complex is confined to fractions 11 and 12 in wildtype, but is seen in
fractions 10, 11 and 12 in Arl/+. The reason for dynein being present in fraction 10 in
the Arl/+ sample is likely to be due to there being a larger amount of dynein present in
these fractions which has caused it to “bleed” and overflow into fractions either side.
This blot shows that the greatest amount of dynein is located in fraction 11 of both
genotypes, with a lesser amount in fraction 12. This was confirmed by measuring the
protein concentrations of fractions 11 and 12 of the purified wildtype and Arl/+ dynein
samples using a BCA kit. In WT, fractions 11 and 12 were found to be 0.95 mg/ml and
0.89 mg/ml respectively, and in Arl 1.23 mg/ml and 1.15 mg/ml. The difference in
concentrations between the genotypes is accounted for by the differing starting amounts
of tissue used. As fraction 11 contained the greatest amount of dynein in both

genotypes it was therefore used for subsequent experiments.

Having identified which fractions contained the purified dynein complex, it was
important to establish the purity of these samples. To do this the samples were run on
4-20% gradient gel and coomassie stained to identify all the proteins present in each
fraction (Figure 10). In the main fractions containing dynein (11 and 12) the subunits
of the dynein complex can be identified as well as dynactin and a small amount of
tubulin. No other major bands that do not correspond with a dynein subunit appear to
be present, suggesting that fractions 11 and 12 contain relatively pure dynein and are

indeed suitable to use for experiments to investigate its function.
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Figure 10. Coomassie gels of WT and Arl/+ dynein complex from dynein isolation.

Brain tissue from approximately 35 mice was collected and pooled together. This was
homogenised and centrifugation steps used to purify the protein, with MT binding and
centrifugation through a 20% and then 10% sucrose cushion and then release from the MTs with
excess ATP. This was then further purified on a 5-20% continuous sucrose density gradient to
separate the motor proteins and 12 equal fractions of the gradient were collected. These
fractions were analysed by SDS PAGE on 4-20% gradient gels and coomassie stained to identify
the proteins present and which fraction contained the greatest amount of dynein complex. A)
Coomassie gel of WT sample, B) coomassie gel of Arl/+ sample, showing major proteins
present in each sample.
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Analysis of dynein function
111.6 MT Gliding Assay

The dynein samples were used in microtubule gliding assays to try to determine if the
Arl/+ mutation affected the motility of the dynein. Microtubule gliding assays have
previously been used to look at the speed of the dynein motor along MTs using video
enhanced differential interference contrast (VE-DIC) microscopy. The wildtype dynein
sample was used to optimise the system, so that the Arl/+ sample could be measured
and compared against it. The system requires flow chambers made from glass
microscope slides and coverslips with two strips of vacuum grease in between to
separate them, giving chambers of approximately 15-20 ul volumes. Casein is flowed
into the flow chambers and incubated to block the glass, coating it and preventing the
dynein from denaturing upon attachment, the excess is then washed out using motility
buffer. Next, the dynein is flowed into the chamber and incubated for at least 5 minutes
in a humid chamber (to minimise evaporation of buffer from the small volume of the
flow chamber). This allows time for the dynein to bind to the casein molecules, then
short lengths of polymerised MTs are added to the dynein. The MTs bind to the dynein
molecules and can be visualised using VE-DIC and the movements recorded and
measured. The movement of the MTs is due to the dynein molecules and provides an
indication of the level and speed of motility produced by the dynein. As the dynein
used in this experiment is a comparison of WT with heterozygous, it is important that
the individual velocities of many MTs are measured. This allows velocities of the
different potential dynein populations to be investigated and distinguished between, as
WT homodimers from the heterozygous dynein sample should have similar velocities
to those from the WT dynein sample, and so any difference in velocity is likely to be

due to the populations containing the mutant Arl.

The system proved difficult to optimise in spite of many different improvements being
made. As can be seen from Table 3, 16 different conditions were tried, with some
showing improvements over others, but none providing MT gliding velocities above
~0.3 pum/sec (Figures 11 A and B). In published data from this system dynein has
shown MT gliding velocities of more than 1 pum/sec (Paschal, Shpetner et al. 1987,

Shimizu, Toyoshima et al. 1995). Of the conditions used that did produce MT gliding,



File no

10

11

12

13

14

15

16

Conditions

2x dyn dilution + motility buffer + 0.5mg/ml casein + 100uM taxol + 1mM
DTT + ATP 1mM

2x dyn dilution + motility buffer + 0.5mg/ml casein + 100uM taxol + 1mM
DTT + 1mM ATP + 0.03% NP40

10x dyn dilution + motility buffer + 0.5mg/ml casein + 100uM taxol + 1mM
DTT + ATP 1mM + 0.03% NP40

10x dyn dilution + motility buffer + 0.5mg/ml casein + 100uM taxol + 1mM
DTT +4mM ATP + 0.03% NP40

10x dyn dilution + motility buffer + 0.5mg/ml casein +100uM taxol + 1mM
DTT + 0.2mM ATP + 0.03% NP40

10x dyn dilution + motility buffer + 0.5mg/ml casein + 100uM taxol + 1mM
DTT + 1mM ATP + 0.03% NP40

10x dyn dilution + motility buffer + 0.5mg/ml casein + 100uM taxol + 1mM
DTT + 4mM ATP + 0.03% NP40

2x dyn dilution + BRB80 buffer + 0.5mg/ml casein + 100uM taxol + ImM DTT

+1mM ATP

2x dyn dilution + BRB80 buffer + 0.5mg/ml casein + 100uM taxol + 1mM DTT

+4mM ATP + 0.03% NP40

Undil. dyn + BRB80 buffer + 0.5mg/ml casein + 100uM taxol + 1ImM DTT +
4mM ATP + 0.03% NP40 + GCO

10x dyn dil. + 0.03% NP40 + 0.5mg/ml casein + 100 uM taxol + 1mM DTT +
1mM ATP + p150 ab

10x dyn dil. + 0.03% NP40 + 0.5mg/ml casein + 100 uM taxol + 4mM DTT +
1mM ATP + p150 ab

2x dyn dil. + 0.03% NP40 + 0.5mg/ml casein + 100 uM taxol + 4mM DTT +
1mM ATP + DIC ab

10x dyn dil. + 0.03% NP40 + 0.5mg/ml casein + 100 uM taxol + 4mM DTT +
1mM ATP + DIC ab

10x dyn dil. + 0.03% NP40 + 0.5mg/ml casein + 100 uM taxol + 4mM DTT +
1mM ATP + DIC ab

10x dyn dil. + 0.03% NP40 + 0.5mg/ml casein + 100 uM taxol + 4mM DTT +
1mM ATP + p150 ab

Table 3. Motility assay conditions.
Table giving details of motility assay conditions used, what effect they had and the resulting average motility speeds identified.

Movement

MTs bound, but only 1-2 MTs moving v slowly

Fewer MTs bound, fewer than (1). Similar level of movement
More MTs bound, greater no of MTs moving

Increased ATP=10x fewer MTs bound. Less movement

Greatly decreased ATP= similar no of MTs as with 4mM ATP, some
movement

Extra MTs added on top of first layer of MTs and dyn. More MTs bound and
more movement

Same conditions, with extra MTs added, but less ATP= same amount of
MTs bound, but less movement

Different ionic strength of buffer, still see MT binding. Higher dyn conc
(2x). Some MTs bound, lot of MT waving, but little movement

A lot more MTs bound than with 10x dyn dil. Greater no of MTs moving

Addition of oxygen scavenger system + increased ATP conc. Lots of MTs
bound, but v little movement

MTs bound by addition of p150 antibody. Many more MTs bound, with
some movement

Increased ATP to 4mM, same MT binding, but decreased movement
DIC antibody= lots of MTs bound, but little movement

Less dyn= similar amount of MTs bound, slightly more movement

Same conditions, but extra MTs added ontop of denatured protein- more
movement

Same conditions, but extra MTs added ontop of denatured protein- more
movement than with 2x dyn dil and w/o extra MTs added

Auv. Velocity
(um/sec)

0.110012963
0.105242
0.357994074
0.209417778
0.230471667
0.342031667
0.21023
0.124198571
0.217337368
0.146063333
0.21936
0.265495714
0.129905
0.218267143
0.2629145

0.27544
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Figure 11. Graphs showing average motility speeds from MT gliding assays

A)

B)

Graph of motility speeds from MT gliding assays, grouped by assay conditions used, either
motility buffer, with varying dynein concentrations and ATP concentrations; or BRB80
buffer, with varying ATP concentration; or motility buffer with either anti-p150 (1/10) or
anti-DIC (1/10) antibodies used to bind dynein to coverslip. Numbers below the graph
relate to assay condition used (See table 1).

Graph of motility speeds in order of motility speed achieved, from greatest speed to lowest.
See table 1 for details of assay conditions used.
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only a very small proportion of MTs were seen to be moving (~1/10™ of the total
number of MTs visible), far fewer than would be expected.

Despite this system having been used by other groups to measure the motility of
dynein, it has generally used either recombinant dynein, meaning the samples were of
extremely high purity, or dynein purified from bovine or porcine brain tissue. Using
dynein purified from multiple murine brains, by means of protocols designed to purify

dynein from bovine or porcine tissue may have affected the resulting motility.

As the gliding assay could not be optimised using wildtype dynein and as the protocol
required such a large amount of brain tissue to obtain the purified dynein, and with the
number of Arl/+ mice limited due to their poor breeding, it was concluded that only
limited data could be obtained from this experiment. It was decided that the Arl/+ mice
would be used to purify dynein, but that it would be better used to check other aspects

of the dynein function, such as MT binding and ATPase assays.

111.7 ATPase Assay

To investigate whether the Arl mutation had an affect on the ATPase function of the
motor, the MT dependent spectrophotometric ATP/NADH coupled assay was used.
This reaction is based on the conversion of phosphoenolpyruvate (PEP) to pyruvate by
pyruvate kinase (PK) coupled to the conversion of pyruvate to lactate by lactate
dehydrogenase (LDH). The second part of the reaction requires NADH which is
oxidised to NAD". NADH absorbs strongly at 340 nm, but NAD" does not, so the
oxidisation of NADH can be followed by monitoring the absorbance at 340 nm. The
decrease in ODs34o can then be converted into ATPase activity where 1 molecule of
NADH oxidised to NAD" corresponds to the production of 1 molecule of ADP by the
motor ATPase (Huang and Hackney 1994).
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Figure 12. Summary of ATP/NADH coupled assay. (Adapted from (Huang and Hackney 1994)

To optimise the reaction and ensure that it worked, the wildtype purified dynein protein
was used. A baseline reading was obtained using only reaction buffer (no dynein or
MTs), then the ATPase activity of dynein without MTs was measured to estimate any
non-MT dependent activity that may be present. The reaction was then conducted,
initially using 20 pg of dynein and 25 pug of MTs. No rates of reaction at OD349 Were
observed, indicating that the reaction was not occurring as expected. The ATPase
activity of dynein is MT dependent (Huang and Hackney 1994), and so the amount of
MTs and dynein added to the reaction was varied, using 20 pg of dynein and 50 pg of
MTs; 20 ug of dynein and 75 pg of MTs. Then, in case the amount of dynein being
used was too small for the reaction volume, 40 pg of dynein and 50 pg of MTs, then 40
pg of dynein and 100 pg of MTs were tried. However, this had no effect on the assay

and no rates were recorded using any of the combinations.

Availability of both the purified dynein and the purchased tubulin were limiting factors
in being able to optimise this assay as large volumes of both were required, restricting
the number of times the assay could be repeated to allow optimisation. Another
difficulty was the absence of a suitable positive control to ensure that the assay system
was working correctly. Because of these factors, the ATPase activity of the wildtype
purified dynein could not be measured.

111.8 MT Binding Assay

Despite being unable to measure the ATPase activity of the dynein, the binding to MTs
can be determined by incubating dynein with MTs and centrifuging through a sucrose

cushion. Only dynein bound to MTs is dense enough to sediment through the cushion
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and pellet at the bottom of the tube, thus giving an indication of the efficiency of the
binding of the dynein to MTs.

When tested with WT purified dynein this method worked well, so the Arl dynein
sample was used to compare against the wildtype. Using the pooled dynein samples,
the pull-down was repeated three times for each genotype. 20 pg of dynein sample was
incubated for 30 min at 37°C with 50 pg of polymerised MTs, then layered over a 20%
sucrose cushion and centrifuged for 40 min at 30,000 rpm (77,100 X Qmax). The top
supernatant fraction was removed, then the cushion fraction. The pellet was washed
and re-centrifuged and the pellet re-suspended and collected. Samples from each
fraction were run on 4-12% gradient gels and blotted for DHC, DIC and a-tubulin.

As can be seen from Figure 13 A, the greatest amount of dynein pulled down, relative
to the amount of MTs, is in the Arl sample, suggesting that the binding of dynein to
MTs is stronger or more efficient in Arl than WT. To quantify this, the dynein signal
was measured and compared against the tubulin signal for each sample. By comparing
the amount of dynein pelleted against the amount of tubulin pelleted, it disregarded any
differences in the efficiency of tubulin polymerisation into MTs and therefore the total

starting amount of MTs that were available to bind dynein.

Using the MT binding of WT as a reference, the binding of Arl was compared against
it. As shown in Figure 13 B, the MT binding of the dynein is significantly greater in
Arl than in WT (p=0.03), suggesting that the Arl mutation increases the affinity of
dynein for MTs.

This data, together with the larger amount of dynein seen after centrifugation through
sucrose cushions during the dynein purification suggests that the Arl mutation increases

the binding of dynein to MTs compared to WT dynein.

111.9 Discussion

The recently identified axonemal dynein mutation in Arl may be involved in the
reduced breeding and embryonic loss of Arl seen in this colony. Axonemal dynein type

11 is mutated and this is known to be involved in positioning of organs during
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Figure 13. Binding of dynein to MTs in WT and Arl/+

A) Purified dynein complex was incubated with polymerised MTs and layered over a 20%
sucrose cushion, centrifuged and supernatant (S), cushion (C) and pellet (P) fractions
collected for both WT and Arl/+. Samples were run on a 4-12% gradient gel, western
blotted and labelled for DHC, DIC and a-tubulin. A range of exposures were taken, but
only those not overexposed were used for quantification purposes. The tubulin in this figure
is to demonstrate the relative amounts of dynein to tubulin only, and the tubulin signal was
not used for quantification.

B) Relative binding of DIC to a-tubulin in Arl/+ was compared to WT reference. 3 samples of
each genotype were measured.



66

development. When crossed with iv mice (a model for the human condition, situs
invertus), the phenotype similar to that of iv/iv mice is seen. In human situs inversus, a
common underlying cause is PCD which results in non-functioning spermatozoa in
males. Therefore, further investigations into the effects of the axonemal dynein
mutation on Arl mice are required and should include analysis of spermatozoa function

to determine whether this is the cause of the reduced breeding seen in Arl mice.

As details of this mutation were only recently made available, it was out of the scope of
this project to investigate in detail the possible involvement in the Arl phenotype.
However, because of the specific roles played by cytoplasmic and axonemal dynein, it
is unlikely that the axonemal mutation would affect the cytoplasmic dynein functions

investigated in this thesis.

The Arl mutation is located in an area of unknown function, N-terminal to the motor
domain, but C-terminal to the sites of both homodimerisation and accessory chain
binding. Therefore, it was unlikely that the integrity of the complex would be
perturbed by the mutation. However, as the function of the heavy chain region
containing the mutation is unknown, it was possible any structural change caused by
the mutation could affect the heavy chain and possibly have a knock on effect on the
structure of the complex. Although it was important to check for any effects on the
complex integrity, none were identified. This suggests that Arl does not affect the
complex and also indicates that the area of unknown function is not involved in

maintaining the structure or composition of the complex.

The amount of dynein recovered during the purification suggests a difference in the
amount of dynein able to sediment through the sucrose cushions (Figure 9), possibly
due to a difference in affinity for MTs. However, the samples had been incubated with
AMP.PNP, a non-hydrolysable analogue of ATP, so the dynein complex would not
have been in its maximal MT binding conformation. That a greater amount of Arl/+
dynein is seen in the pellet, having centrifuged through the sucrose cushion compared
to WT, suggests that even in low MT binding state, the Arl dynein may still bind MTs
more than WT dynein.
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As shown in Figure 9, all the components of the dynein complex are present after
purification, in both WT and Arl/+ samples. However, despite all the different
conditions tried, the purified dynein was unable to move a significant proportion of
short lengths of MTs, or at a sufficient velocity, compared to published data. No
dynein positive control was available, however, the kinesin positive control was used to
initially set up the system and MT gliding was identified, indicating that none of the
reagents involved were at fault (for example, the ATP which can become unstable and
become hydrolysed to ADP). This suggests that the purified dynein may not have been
functioning fully. This is most likely as the dynein used in the gliding assay was WT,
and so there should be no other reason for it to be unable to move the MTs. The
optimisation of the system was conducted on separate occasions, each time with freshly

prepared dynein sample, so an isolated problem with one sample cannot be the cause.

The dynein purification is based on a protocol first established for purifying dynein
from either bovine or porcine brain. It has not previously been used to purify dynein
from multiple murine brains, and this difference may be where the problem lies.
During the purification procedure, the activity of the dynein may be compromised, but
the integrity of the complex maintained.

This is supported by the lack of ATPase activity recorded from the WT dynein sample.
Again, no suitable dynein positive control was available to ensure the assay system was
working, and there may have been an issue with the assay that prevented it from
identifying enzyme activity, or the assay may not have been sensitive enough, with
ATPase levels too small to be detected. However, this seems unlikely as it is a well
established and published protocol, which has successfully been used to measure the
basal ATPase activity of dynein, without MTs. Once stimulated by MT binding,
ATPase activity has been shown to increase approximately sevenfold (King and
Schroer 2000). Even if the assay was unable to detect a small ATPase activity before
MT stimulation, it seems unlikely that it would also not be sensitive enough to detect an
activity seven times greater. Together, it suggests that there was no ATPase activity to
detect, supporting the theory that the protocol for purifying the dynein sample affects
its ATPase activity.
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A positive control would need to be identified to ensure the assay was properly
functioning and to identify the level of sensitivity to then definitively determine
whether the dynein sample maintained any ATPase activity. Based on this, possible
alterations to the purification protocol could be investigated with the aim of resolving
the loss of ATPase activity. Once this problem was rectified, the Arl/+ dynein could be
tested to identify any difference in ATPase activity compared to WT.

The possible lack of ATPase activity does not appear to affect the MT binding of either
the WT or Arl/+ dynein samples. Both genotypes show binding of MTs, but with
greater levels identified in Arl/+ compared to WT, suggesting that the Arl mutation

may cause the dynein to have a greater affinity for MTs compared to WT.

The binding of dynein to MTs is dictated by the affinity state of the MTBD, and this
affinity is linked to the binding, hydrolysis and release of ADP/ATP in the AAA
domains of the motor ring. As discussed in chapter I, the difficulty of the large distance
between the sites of ATP hydrolysis and MT binding is thought to be overcome by
conformational changes around the AAA domains which change the registry of the
coiled-coils of the stalk. This change in relative position of the coiled-coils is thought
to regulate the affinity of the MTBD for MTs.

The proposed linker domain below the motor head is suggested to mediate the swing of
the powerstroke after ATP hydrolysis. As the Arl mutation is located just C-terminal to
the proposed location of the linker domain, it may affect the powerstroke. The linker
domain is suggested to be close to the first AAA domain, one of the main sites of ATP
hydrolysis, so if Arl caused an unknown structural change that affects the flexibility of
the linker, it could have a knock-on effect of disrupting the conformational change
around the ring structure, in the coiled-coil and ultimately in the MTBD. As the Arl/+
dynein appears to increase the affinity of dynein for MTs compared to WT, this would
suggest that a conformational change causes the MTBD to be maintained in a higher

affinity conformation, compared to WT.

This proposed mechanism relies on the ATPase activity being established, so the assay
is extremely important in identifying if the Arl mutation affects nucleotide binding

and/or hydrolysis. It is also vital to establish whether a change in structure is brought
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about by the mutation. As the location of the Arl mutation is currently of unknown
structure and function, cloning of the area, expression and crystallisation to allow the
structure of both Arl and WT to be determined and compared by x-ray crystallography

is important in establishing the effect of the Arl mutation on the heavy chain.

Current work has included isolating mRNA from Arl/+ brain tissue, reverse
transcription PCR to obtain cDNA of both Arl and WT, and PCR with primers specific
for an area of the heavy chain containing the mutation (Pfam-B 8363 region consisting
of residues 1032-1282). This has been cloned into a tagged expression vector, but
further work will include expression of the protein, establishing its solubility and
purifying using the tag. Crystal trials will then be set up, and any resulting crystals used
to obtain diffraction patterns, from which the structures of the Arl and WT can be
established. This information will allow Arl and WT structures to be compared and

identify if the mutation causes significant structural perturbation.



CHAPTER IV
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Chapter IV

INVESTIGATING THE EFFECT OF THE ARL MUTATION ON CARGO
TRANSPORT

1V.1 Introduction

As discussed in Chapter I, intracellular organelle transport is essential for a large
number of cellular processes. The ability of a motor to transport its cargo provides an

indication of the functioning of that motor.

As shown in Chapter Ill, in vitro assays of dynein function have proved difficult to
obtain useful data from. An alternative method is to track the movements of cargos in
cultured cells to investigate the effect of the Arl mutation on the cargo transport

functions of cytoplasmic dynein.

In mammalian cells, the Golgi is positioned near the centrosome in a perinuclear
distribution. The membranes require dynein and kinesin to maintain their position, as
loss of dynein activity causes dispersal away from the centrosome and loss of kinesin
causes compaction around the centrosome. Dysfunction in Golgi localisation can
severely affect the organisation of the secretory pathway. This makes the Golgi an
ideal cargo to investigate the effect of Arl on dynein’s ability to transport a major and

important cargo.

Endocytosis is an important mechanism in mammalian cells that involves
internalisation of extracellular nutrients, regulation of cell surface receptor expression
and antigen presentation for example. The best characterised mechanism of
endocytosis is clathrin dependent receptor mediated, which is used by a large number
of extracellular ligands that have different cell surface receptors, such as EGF,
transferrin, antibodies and LDL. The binding and internalisation of the ligand-receptor

complex into endosomes results in their trafficking through the endosomal pathway,
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either for degradation (e.g. EGF) or recycling (e.g. transferrin) (Benmerah and Lamaze
2007; Parkar, Akpa et al. 2009).

Dynein is responsible for the trafficking of endosomes through the degradative
endosomal pathway to the lysosomes and so tracking of EGF positive endosomes

provides a way of investigating dynein’s ability to transport an important cargo.

Mitochondria are translocated along MTs by members of the kinesin family and
cytoplasmic dynein, as well as actin tracks driven most likely by myosin V. Their
transport is modulated in response to physiological signals and local energy
requirements. For example, in active neuronal growth cones, mitochondria move into
them and become stationary, however, when growth cone activity is lower, the

mitochondria switch to retrograde movement (Frederick and Shaw 2007).

Dysfunctional mitochondria are moved towards the cell body to be repaired by fusion
with healthy mitochondria, or for degradation by mitophagy. In the cell body
mitochondrial fission produces healthy mitochondria that are the correct size which are
then transported down axons towards the synapses (Frederick and Shaw 2007).

So there are a number of situations where mitochondrial movement is required and
retrograde transport is therefore extremely important. The importance of mitochondrial
transport makes them an ideal cargo to utilise in the investigation of dynein-dependent

transport.

1VV.2 In vitro cell system

MEFs are an excellent model system for studying cellular function. Primary MEFs are
easily cultured from E13 embryos and can be passaged a number of times without the
need for immortalisation. However, because MEFs are derived from mesenchymal
tissue (derived from all three germ layers), it means that gastrulation needs to have
occurred for embryos to be used to culture MEFs from. As Arl/Arl embryos are not
viable after E10 (during embryo gastrulation), it means that MEFs cannot be cultured

from Arl/Arl embryos. WT E10 embryos were tested to see if any cell culture could be
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established from such an early stage, but this was unsuccessful, meaning that cellular
function of Arl/Arl cannot be investigated in vitro.

1VV.3 Golgi Reassembly

Cytoplasmic dynein is involved in the maintenance of the location of Golgi within the
cell. Previously it has been shown that disruption of the MTs causes the dispersion of
Golgi throughout the cell, as the dynein is unable to maintain its location (Hafezparast,
Klocke et al. 2003). Once the MTs are able to re-polymerise, the dynein is responsible
for re-assembling the Golgi. Because of this, the Golgi is useful in studying the ability

of dynein to transport its cargo.

The experiment was conducted in MEFs as they are a well characterised and robust
model cell system. This experiment has been extensively studied, particularly in Loa
cells (Hafezparast, Klocke et al. 2003), so was useful to compare against the severity of
the Arl mutation. Arl and Loa mice were crossed, and the resulting embryos were used
to derive primary MEF cultures of all 4 possible genotypes (WT, Arl/+, +/Loa and
Arl/Loa).

Normally in cells, Golgi is maintained in a perinuclear region as shown by the untreated
cells in Figure 14. In this experiment the cells were treated with cold and nocodazole
(NZ) to depolymerise the MTs, resulting in the Golgi fragmenting throughout the cell,
the NZ was washed out and the cells allowed to recover over a timecourse of 50 min.
As shown by the WT cells in Figure 14, at 0 min, straight after the NZ has been washed
out, the Golgi is fragmented around the cell, but by 30 min the Golgi has reassembled

back into stacks of cisternae.

However, in the cells containing dynein mutations, the re-assembly of the Golgi is
incomplete at 30 min, and it is not until 50 min that the dynein has transported the
Golgi fragments back to form stacks around the nucleus. The compound heterozygotes
are the most severely affected, with the reassembly far from complete by 30 min. The
Golgi re-assembly is not rescued in the compound heterozygotes, demonstrating the Arl

and Loa mutations do not show complementation, suggesting they may be allelic. The
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Figure 14. Golgi reassembly after disruption with nocodazole in WT, Loa/+, Arl/+ and Arl/Loa MEFs.
MEFS were treated with cold (4°C) for 30 min and nocodazole for 3 hr, washed and then allowed to recover at 37°C for the times indicated. Golgi
here is shown in red and nuclei in blue (DAPI). The scale bar here represents 30um, n=10
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reassembly of the Golgi in the Arl cells is less complete than in the Loa cells,
suggesting the Arl mutation impairs the function of dynein more so than Loa. By 50
min the recovery is more advanced, although not complete in the cells containing the
dynein mutations. This data agrees with data previously obtained from Loa and
indicates that the Arl mutation also impairs dynein’s ability to transport Golgi after it
has been fragmented around the cell.

To quantify this data, Image J was used to count the total number of Golgi fragments
and measure the total area of Golgi in each cell. This was used to calculate ratios of the
number of fragments against the total area and used to compare between the genotypes
at each timepoint (n=10). A number of methods for analysis of this data were
investigated, such as comparing total Golgi signal or number of remaining fragments
between cells of each genotype. However, the cells analysed were of a range of sizes,
meaning that direct comparison of total Golgi signal or number of fragments were not
suitable methods of comparison. By calculating a ratio of the number of Golgi
fragments against the total signal, the differences in the sizes of the cells measured was
not a factor, and comparisons of the ratios could be used to determine the degree of
reassembly in the cells of different genotypes.

While full reassembly of the Golgi is complete by 30 min in WT (Figures 15 A and 15
B), Golgi in cells containing mutant dynein (both Arl and Loa) is not completely
reassembled, even after 50 min of recovery. In Loa/+ the Golgi is nearing complete
recovery, compared to untreated control cells (p=0.013), however, in Arl/+ cells the
recovery is less complete by this stage (p=0.001). This suggests that the Arl mutation

impairs the transport of Golgi more severely than Loa.

1V.4 Fixed Cell EGF Trafficking

Dynein function is well established in the trafficking of epidermal growth factor (EGF),
so it is useful in investigating the effect of the Arl mutation on cytoplasmic dynein’s

role in the endocytic trafficking pathway.

MEFs were starved for 2 hr, then pulsed for 10 min with Alexa-fluor 555 conjugated

EGF, washed twice and chased for 50 min. As shown in Figure 16, after the 10 min
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Figure 15. Quantification of Golgi reassembly after disruption with nocodazole in WT, Loa/+, Arl/+

and Arl/Loa MEFs.

A) Using the Image J program the total number of discrete spots and the total area of Golgi complex were
measured, to calculate the ratio of spots/total area per cell in untreated, control cells and at 0 minute, 30
minute and 50 minute timepoints of recovery after nocodazole wash out.

B) Table of p values showing levels of significance in differences in recovery of Golgi between genotypes
at different timepoints. n=10 cells
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Figure 16. Endosomal trafficking chase of Alexa Fluor 555 conjugated EGF in wildtype, Loa/+, Arl/+ and Arl/Loa MEFs
MEFs were pulsed with EGF for 10 minutes and chased at 37°C for the times indicated. EGF is shown in pseudo-coloured inverted greyscale, the
cytoskeleton (a-tubulin) in green and nuclei in blue (DAPT). The scale bar represents 30um.
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pulse, most of the EGF-positive endosomes are accumulated around the cell periphery,
where it has been internalised. After 50 min, in WT cells there are far fewer EGF-
positive endosomes suggesting the majority of the EGF has been trafficked through the
endosomal pathway towards the lysosomes for degradation. In the cells containing the
Loa and Arl mutations, there are a greater number of EGF-positive endosomes
remaining after 50 min compared to WT, with the compound heterozygotes containing

the most.

To quantify this data Image J was used to count the total number of EGF-positive
endosomes in each cell at each timepoint. From Figure 17 it can be seen that after 50
min there are significantly more EGF-positive endosomes remaining in the cells
containing either the Loa or Arl or both mutations, compared to WT (p=0.023, 0.011
and <0.001 respectively). These endosomes are yet to reach the lysosomes to be
degraded, suggesting that their transport has been delayed compared to WT due to the

mutations in cytoplasmic dynein (n=15 cells).

Together with the data from the Golgi reassembly this indicates that the Loa and Arl
mutations do not show complementation and thus suggests they may be allelic. In
addition, a number of Arl/Loa crosses were allowed to proceed to full term and
littering. Of 17 litters, comprising 89 pups, no compound heterozygotes were detected,
supporting the notion that the Loa and Arl mutations do not complement each other and

thus the two mutations are allelic.

1V.5 Live Cell EGF Trafficking

In order to better understand the delay in EGF trafficking seen in the fixed cell
experiment, live cell imaging was used which allows the movement of individual

vesicles to be tracked and analysed.

As the allelism between Loa and Arl had been established through the lack of
complementation seen in the experiments looking at Golgi reassembly and EGF
trafficking in fixed cells, and the phenotype of the Arl mutation has been compared to
that of the Loa mutation, experiments were now only conducted using Arl/+ and WT

cells.
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Figure 17. Quantification of number of EGF-positive vesicles remaining in WT, Loa/+, Arl/+ and

Arl/Loa MEFs after indicated timepoints.

A. Image J was used to count the number of EGF-positive vesicles remaining in MEFs after 10
minute EGF pulse and 50 minute chase. n=15 cells.

B. Table of p values showing level of significance in difference between numbers of EGF-positive
vesicles in different genotypes at indicated timepoints.



75

MEFs were starved for 2 hr and stimulated with EGF as already described, then filmed
for 1 min periods at set points in a 30 min timecourse at 1 frame every 2 sec. An Image
J plug-in, Particle Tracker (Sbhalzarini and Koumoutsakos 2005), was used to track the
trajectories of the EGF-positive endosomes and this data was used to determine the
total distance travelled by each endosome over a particular number of frames (Figure
18 A and 18 B). This allowed the speed of each endosome to be calculated and
compared between genotypes. Figure 19 A shows that there is a significant difference
in the average speed of the endosomes, with WT moving at a greater speed than Arl/+.
This explains the delay in endosomes reaching the lysosomes for degradation in the
fixed cell experiment, as the endosomes are being transported more slowly by Arl/+

dynein.

To investigate whether the endosomes behaved differently over the course of their
transport through the pathway, the trajectories were analysed separately at different
points throughout the timecourse (1 min, 15 min and 30 min). As shown by Figure 19
B, there is a significant difference in the speeds of the Arl endosomes compared to WT
at each of the timepoints (p= 0.034, 0.012 and 0.019 respectively), but no difference
between the timepoints in the same genotype. This suggests that the impairment of
dynein transport in Arl/+ cells is maintained throughout the endosome transport

pathway and is not affected by where the endosome is located within the pathway.

1.6 Transport of Mitochondria

To determine whether the Arl mutation affected dynein-dependent retrograde transport
of mitochondria, MEFs were grown in coverslip chambers, suitable for live cell
imaging. The cells were incubated with 50 nM mitotracker for 30 min, washed and
then imaged using the FITC channel on the Deltavision pDV live cell imaging
microscope. Movies of 1 min length were filmed at 1 frame/2 sec to record the

movement of the labelled mitochondria (See Figure 20).

To quantify the movement of the mitochondria, the Image J plug-in, ParticleTracker,
was used to track the trajectories of the movement (n=3 cells). This was used to
determine the total distances travelled over each movie and thus the speed at which the

mitochondria were moving in each genotype. As seen in Figure 21, the mean speed of
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Figure 18. Endosomal trafficking of Alexa-555 conjugated EGF in WT and Arl/+ MEFs '
A) Still frames from movies tracking movement of EGF in WT and Arl/+ MEFs. MEF cells shown using DIC channel and EGF in red.
B) Image J Particle Tracker plug in used to track the trajectories of EGF-positive endosome movement over duration of movies.



Average Endosome Velocity

0.15- ] p:OO47O ]
- - @ wT
El Arl/+

o
=
e

Av. endosome velocity
(um/sec)
o
o
i

N X
Genotype
A)

Endosome Velocities

0.20
p=0.0188 @ WT

p=0.0339 — A+
— 00118

—

o

-

an
1

Endodome Velocity
(um/sec)
(=] (=]
o -
T <

o
=)
T

1 minute 15 minutes 30 minutes

Timepoint

B)

Figure 19. Quantification of speed of endosome movement in WT and Arl/+ MEFs

A) Trajectories of endosome movements were used to calculate total distance travelled over specified
frames to give over all average speeds of EGF-positive endosomes in WT and Arl/+ MEFs.

B) Speeds of EGF-positive endosomes were calculated from movies at specified timepoints throughout
chase to identify any differences in endosome speed between WT and Arl/+ at different points in the
endosomal pathway. n=5 cells (approx. 150 endosomes per cell).
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Figure 20. Still frames from movies showing movement of mitochondria in WT and Arl/+ MEFs.
MEFs were incubated with 50nM Mitotracker Green FM for 30 min at 37°C, replaced with CO, independent medium and filmed at 1 frame /2 sec. Arrows track

movement of individual mitochondrion in each genotype. Still frames taken from movies at 0, 10 and 20 sec. Greater distance travelled over timeframe in WT
compared to Arl/+. Scale bar = 20pm
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mitochondria is slower in Arl/+ compared to WT, however, this difference is not

significant (p=0.36).

IV.7 Transport of cargo in motor neurons

MEFs make a robust model cell system, but it is important to identify if similar cargo
transport delays are also seen in Arl neurons, specifically, motor and sensory neurons.
To do this, neurons were cultured from E13 embryos. The neurons can only be
cultured from E13 embryos as in younger embryos neurogenesis has not progressed
sufficiently for differentiated neurons to be present. Neural tissue can be cultured, but
would need to be directed to differentiation in vitro. Utilising embryos of ~E13 stage
of development allows dissection of differentiated neurons, meaning either motor or
sensory neurons can be dissected and cultured. As studies using other cytoplasmic
dynein mutations, such as Loa, Cral and Swl have identified differences in motor and

sensory deficiencies, it is important to determine how these neurons are affected in Arl.

Due to the very low levels of breeding in Arl mice, only one set of embryos were
obtained for use in neuron culture. Unfortunately, after the culture of motor neurons
from this litter of embryos, genotyping revealed that only WT embryos had
successfully produced neuron cultures. No further embryos were able to be obtained to

repeat the culture of motor neurons, or try the culture of sensory neurons.

1.8 Discussion

Intracellular transport of many organelles is extremely important for proper functioning
of the cell. As dynein has been shown to be responsible for retrograde transport in
cells, any impairment to its function could have a significant impact on its ability to

transport cargo, which could severely impact the function of the cell.

The effects of Arl on some of dynein’s major cargo show similar phenotypes, with
differing degrees of significance, except for the movement of mitochondria. This
suggests that the effect of Arl on cargo transport may not be specific to particular cargo,
and so is not a problem with tethering of cargo. As the location of the mutation is not

near the N-terminal site of cargo interaction, this is not unexpected. The decrease in
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Figure 21. Graph showing mean mitochondrial speed in WT and Arl/+ MEFs.
MEFs were incubated with 50nM Mitotracker for 30 min at 37°C, then replaced with CO,
independent media and imaged for 1 min movies at 1 frame/2 sec to record the speed of
mitochondrial movement. n=3 cells. p= 0.36 using unpaired t-test.
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cargo transport speeds is more likely to be due to problems with dynein movement

which results in the slower movement of cargo.

The lack of significant difference in mitochondria speed between WT and Arl/+ may be
that Arl affects cargo transport of mitochondria differently to other cargos, or the
measurements could be affected by kinesin transport. Due to the nature of the MT
arrays in fibroblasts, it can be difficult to distinguish directionality of cargo moving
along them. This is not a problem when looking at uni-directional cargo (such as
reassembly of disrupted Golgi, or endosomes), but mitochondrial movement is bi-
directional, with dynein transporting in a mainly retrograde direction, and Kkinesin
mainly anterogradely. If some of the mitochondrial measurements were of Kinesin
dependent movement, then this may have affected the measurements. Because of this,
it is important for this experiment to be repeated in cells where direction of movement
along the MTs can be easily determined, such as along neuronal axons. This would
allow a direct comparison of dynein dependent mitochondrial movement to be made
between WT and Arl/+.



CHAPTER V
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Chapter V

INVESTIGATING THE EFFECT OF THE ARL MUTATION ON THE GOLGI
APPARATUS AND MITOCHONDRIA USING TRANSMISSION ELECTRON
MICROSCOPY

V.1 Introduction

In order to better understand the effects of the Arl mutation on the Golgi apparatus and
mitochondria, and identify other possible cellular disruptions caused by the mutation,
transmission electron microscopy (TEM) was employed. This method of microscopy
allows high magnification images to be obtained showing great cellular detail. TEM
images are taken of cross sections of either cells or tissue that have been fixed and
stained with heavy metals. The differing affinity of structures for these heavy metals
makes some appear electron-dense (high affinity), while others are electron-weak (low
affinity), producing the high level of detail.

V.2 Ultrastructural Analysis of the Golgi Apparatus

Adult WT and Arl/+ mice were perfusion fixed using gluteraldehyde and
paraformaldehyde. The spinal cord was exposed by laminectomy and removed in
sections and allowed to post-fix for 48 hr, immersed in osmium tetroxide and then
sequentially dehydrated. The spinal cord sections were finally embedded in resin, then

sectioned using a microtome to produce 100 nm transverse sections of spinal cord.

Images of neuronal cells from lumbar spinal cord sections were taken at 1000 X
magnification to capture detail of the entire cell body, and then higher magnification
(5,000 and 10,000 x) images obtained greater detail of specific areas of interest within
the cell. Lumbar spinal cord was selected as the clenching phenotype in the Arl mouse
is confined to the hindlimbs, suggesting that any possible neuronal defects are located

in this area of the spinal cord.
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Although the reassembly of Golgi after disruption was impaired, as discussed in
Chapter 1V, the untreated control cells did not show any impairment due to the Arl
mutation. However, immunocytochemistry cannot detect fine structural defects, only
larger positioning issues. Therefore TEM is ideal to check the ultrastructure of the
Golgi membrane and look for any problems with the organisation of the cisternae.

The lower magnification images (1000 x) were used to check the general amount and
location of the Golgi in WT and Arl/+ neuronal cells. In general, the Golgi appeared to
be of normal structure and location in WT cells, with the stacks of flattened membranes

mainly near the centre of the cells, around the nucleus.

Using higher magnification (5,000 and 10,000 x) images were taken to look at the
Golgi in greater detail (Figure 22). In WT the Golgi appears as would be expected,
with well structured flattened membranes, often in a semicircular shape. Vesicles are
apparent near the trans-Golgi network suggesting that the Golgi is properly functioning
in processing molecules for transport - likely to be secretory vesicles containing

neurotransmitters.

In Arl/+ cells, much of the Golgi appears normal, similar to that seen in the WT cells.
However, as shown in Figure 22, some of the cisternae are very loosely packed, with
large gaps between the stacks of membrane, suggesting that dynein is unable to
maintain the normal fine structure. Such large spaces between the stacks of membranes
may affect the movement of macromolecules between the cis and trans faces of the
Golgi network. This in turn could cause problems with modification and/or labelling of
proteins received from the rough endoplasmic reticulum (rER), possibly leading to
incorrectly modified proteins or incorrect secretion. In neuronal cells these proteins
could include neurotransmitters, essential for the proper communication between

neurons.
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Figure 22. TEM micrographs showing Golgi structure in WT and Arl/+ cells

TEM sections were imaged at 5000x magnification. Arrows indicate Golgi apparatus.

A) Typical Golgi apparatus morphology in a WT neuronal cell with closely packed membranes

B) Typical Golgi apparatus morphology in an Arl/+ neuronal cell, with very loosely packed
membranes with large gaps. Scale = 1 um
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V.3 Ultrastructural Analysis of the Mitochondria

Another major cargo of cytoplasmic dynein is mitochondria, which are required to
travel large distances, particularly in neurons, from axons to the cell body for recycling
and degradation. This retrograde movement is mediated by dynein and therefore may
be perturbed by the Arl mutation. Highly polarised cells, such as neurons, are
particularly sensitive to defects in mitochondrial movement and so are ideal for

studying the effects of possible transport defects.

To check for possible transport defects, the number of mitochondria in the cell body of
neuronal cells, imaged at 1000 x magnification, were counted and compared between
the genotypes of TEM sections. As can be seen from Figure 23, there is an overall
trend for a greater number of mitochondria in WT cells compared to Arl/+ cells,
however this difference is not significant (p=0.2037, n=15).

The greater number of mitochondria present in WT cells compared to Arl/+ cells
suggests that the transport of mitochondria from axons to the cell body for degradation
may be slightly impaired in Arl/+ compared to WT, or the rate of degradation of
mitochondria by autophagy may be increased. If there is a constant turnover of
mitochondria, then a decrease in dynein transport, but continued levels of kinesin
anterograde transport, would have the net effect of decreasing the number of
mitochondria at the cell body. This difference could also be due to smaller sized

neurons.

Recent studies in Arl (Bros-Facer, Golding et al. Manuscript in preparation) have
identified a change in the size of motor neurons, from lumbar spinal cord, towards a
greater number of smaller neurons, compared to WT. Smaller neuron size could
explain fewer mitochondria identified in the cell bodies of these neurons. To determine
whether this was the case, the diameter of the soma of the neurons were measured from
the TEM micrographs, using Image J and compared between WT and Arl/+. As shown
in Figure 24, the Arl/+ neuronal soma are significantly smaller in diameter compared to
WT (p=0.03). This indicates that the reduced number of mitochondria seen in Arl/+

neurons could be due to the reduced size of the neurons.
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Figure 23. Graph of quantification of number of mitochondria in cell body of WT and Arl/+
neuronal cells.

The number of mitochondria present in the cell body of neuronal cells from low magnification TEM
images were counted and compared between WT and Arl/+ cells. n=15
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Figure 24. Graph showing average neuron soma diameter in WT and Arl/+ spinal
cord neurons.

The diameter of the neuronal cell soma were measured using image J in WT and Arl/+
neuronal cell TEM micrographs and compared. Arl/+ neuronal soma are significantly

smaller compared to WT (p=0.03) (n=15).
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At greater magnification (5,000 and 10,000 x) the mitochondria show a difference in
morphology between the two genotypes, with a number of the Arl/+ mitochondria
displaying an enlarged, elongated, deflated appearance, with less clearly defined
cristae, compared to the WT (Figure 25). The WT cells contain compact, mainly oval

mitochondria.

V.4 Measuring Rates of Respiration

To investigate whether the morphological changes seen in the mitochondria affected the
function, O, consumption assays were performed to identify the rates of respiration in
mitochondria from each genotype. Using mitochondria, isolated from WT and Arl/+
lumbar spinal cord by centrifugation, the rate of O, consumption was measured on a
Rank O, electrode and the rates expressed as nmol Oz.minmg of protein™. The
mitochondria were isolated from lumbar spinal cord to ensure the mitochondria
measured were comparable to those looked at using TEM. The isolated mitochondria
were pooled together from the lumbar spinal cords of five mice, and each experiment

was repeated three times.

Ascorbate and TMPD (tetramethyl pheylene diamine) are used to feed electrons to
complex IV, cytochrome ¢ oxidase. TMPD is an artificial electron carrier which is
reduced by ascorbate and oxidised by cytochrome c to feed electrons to complex IV.
Cytochrome ¢ oxidase is a large membrane bound dimeric enzyme, with each half
consisting of 13 protein chains. The complex acts as the terminal mitochondrial
electron acceptor in the electron transport chain by accepting 4 electrons from

cytochrome c, reducing an oxygen molecule.

O, + 4H" + 4¢° — 2H,0

This is coupled to the transfer of 4 protons across the mitochondrial membrane, to
produce a membrane potential (Ay), which is used to drive the synthesis of ATP. Thus,
the consumption of O, at complex IV is a measure of the synthesis of ATP and the

overall rate of respiration of the mitochondrion.



Figure 25. TEM micrographs of mitochondria in WT and Arl/+ neuronal cells.

In WT mitochondria are mainly oval shaped with clearly defined cristae, however, in Arl/+ cells,
mitochondria are often elongated in shape and have ill-defined cristae. Arrows indicate example
mitochondria. Scale bar = 1 pum.
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As can be seen from Figure 26, the rate of respiration is significantly higher in the Arl/+
compared to the WT (p=0.0156). This data suggests that there may be a greater energy

requirement in the lumbar spinal cord neurons from Arl/+ compared to WT.

V.5 Discussion

In TEM Golgi appeared normal, with correct structure and location, suggesting fixation
and dissection procedures did not perturb tissue. At higher magnification, Golgi
appears to be functioning normally, with secretory vesicles visible near the trans-Golgi.
A large proportion of the Golgi appears normal in Arl/+ sections compared to the WT
cells. However, some cisternae are loosely packed with gaps between the stacks of
membranes, suggesting that the Arl mutation affects dynein’s ability to maintain the

normal fine structure of the Golgi.

Such large gaps between the membranes of the Golgi could increase the distance
between the cis and trans faces of the Golgi network and disrupt transport through the
network. Golgi is important for modification and labelling of proteins which are then
packaged, at the trans Golgi network (TGN), for transport to the plasma membrane
(e.g. for exocytosis) or secretory pathways. Disruption of the structure of the Golgi
could affect the labelling or modification of proteins, or impede their transport through
the network. This could lead to incorrectly modified proteins, or incorrect or reduced
secretion. In neuronal cells, the proteins secreted can include neurotransmitters, so any

disruption to the Golgi could lead to perturbed neuronal function.

To test the functioning of the Golgi, despite the disrupted structure, transport through
the ER-Golgi pathway could be investigated. Disruption to the function of the Golgi
due to structural upset could affect the movement of proteins from the ER to the Golgi
and subsequent transport through secretory or exocytic pathways. This could be
investigated by transfecting WT and Arl/+ cells with GFP-cDNA of a protein of
interest. The expressed GFP-protein will then be transported through the ER-Golgi
pathway and can be tracked using live cell imaging to determine whether the Arl/+

cells are impaired in this transport compared to WT.
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Figure 26. Graph showing O, consumption of WT and Arl/+ mitochondria

Mitochondria were isolated from WT and Arl/+ lumbar spinal cord and O, consumption assays
performed to identify any difference between the genotypes. Assay was performed 3 times on
mitochondria isolated from 5 mice each time and shows that Arl/+ mitochondria consume

significantly greater amounts of O, compared to WT.
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Dynein has been shown to be important for cellular distribution of mitochondria, and
disruption of axonal transport leads to non-uniform distribution of mitochondria along
the axon. The retrograde transport of mitochondria is important for degradation and
recycling and so dynein is essential in ensuring only functional mitochondria remain in

cells.

Although there is no significant difference in the number of mitochondria present in the
cell bodies of Arl/+ compared with that in the WT it is important to determine whether
this is true throughout the entire cell, or just the cell body. Transport of mitochondria
from axons to the cell body for degradation and the rate of degradation of mitochondria
by autophagy should be investigated. The mitochondrial biogenesis is a balance
between synthesis and degradation and determines the number of mitochondria in a
cell. If autophagy of mitochondria is increased, but synthesis levels remain static, then
overall numbers of mitochondria will decrease. To determine this, the number of
mitochondria in entire neurons would need to be established to see if either the
distribution of mitochondria between axons and cells bodies is different or the total
number of mitochondria is different, or whether there is no difference between

genotypes.

A decrease in dynein retrograde transport, but continued levels of kinesin anterograde
transport would have the net effect of decreasing the number of mitochondria at the cell
body. However, studies have shown that perturbed dynein transport can have an effect
on Kinesin, so rates of both anterograde and retrograde transport in Arl/+ and WT
neurons would need to be established to determine the balance of transport (Gross,
Welte et al. 2002).

Unpublished data from Bros-Facer et al. (Bros-Facer, Golding et al. Manuscript in
preparation) have shown a shift towards a greater number of smaller motor neurons in
Arl/+ lumber spinal cord. These motor neurons were 20% smaller in Arl/+ compared
to WT. This trend was also identified in the neurons from the lumbar spinal cords used
for TEM, which were measured and showed that Arl/+ neuronal soma were

significantly smaller than WT.
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The mitochondria were then analysed at greater magnification to determine if the Arl
mutation has an effect on mitochondria morphology. At 5000 x and 10000 x
magnification the mitochondria show a difference in morphology between the two
genotypes. While the majority of WT mitochondria maintain an oval, turgid
appearance with well defined cristae, a number of Arl/+ mitochondria display an
enlarged, elongated appearance with some also exhibiting less well defined cristae.

The elongated, tubular appearance of these mitochondria in Arl/+ cells could be due to
increased fusion of unhealthy mitochondria with healthy ones, to produce healthy,
functional mitochondria. Alternatively, the enlarged mitochondria may be unhealthy,
particularly those with less well defined cristae, and awaiting degradation by

autophagy, rather than repair through fusion.

Large mitochondria can arise during fission as new ones are produced. Dynein has
been implicated in mitochondrial fission by transporting the dynamin related protein
Drpl which is necessary for mitochondrial fission. Varadi et al (Varadi, Johnson-
Cadwell et al. 2004) have shown that disrupting dynein function in HeLa cells results in
the movement of mitochondria from the cell periphery to the cell centre. It also results
in the formation of long, and sometimes interconnected, mitochondria. Drpl is
recruited to the outer membrane of mitochondria for fission to occur, but when the
dynein complex is disrupted (either through disruption of DIC, or disruption of
dynamitin to affect dynactin) it results in the repositioning of Drpl from the
mitochondria to other cytoplasmic membranes. Therefore, the elongated, tubular
mitochondria identified in Arl/+ cells could be due to mislocation of Drpl resulting

from impaired dynein function.

To identify whether Drpl is being relocated from mitochondrial membranes due to the
Arl mutation, immunogold labelling TEM could be employed. This technique allows
samples to be fixed and processed such that the antigenicity of the proteins is
maintained. Sections can then be labelled with a primary antibody (in this case, against
Drpl) and then with a secondary antibody conjugated to small gold particles (~5-10 nm
in diameter). When imaged using the TEM, the gold particles are visible, revealing the
location of the proteins of interest. This would provide information on the location of

Drpl and indicate whether the Arl mutation is resulting in mislocated Drp1.
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To determine whether the morphological changes identified in mitochondria from Arl/+
cells affect their function, O, consumption assays were utilised. This assay indicates

the rate of respiration from the mitochondria tested.

Mitochondria were isolated from lumbar spinal cord of Arl/+ and WT mice to ensure

the mitochondria used were comparable to those analysed by TEM.

The Arl/+ mitochondria showed a significantly higher rate of respiration compared to
WT. This suggests that there is a greater energy requirement in lumbar spinal cord
neurons from Arl/+ than WT. This data is similar to that seen in Loa/+ mice, where
mitochondrial respiration is increased in Loa/+ compared to WT (El-Kadi, Bros-Facer
et al. 2010). Together these data suggest a gain-of-function by mutant cytoplasmic
dynein which results in higher functioning mitochondria. However, the reasons for this
increase are yet to be fully understood and further investigations are required.

The Loa mutation rescues the SOD1%%A

phenotype, and specifically has been shown to
rescue mitochondrial defects in respiration and membrane potential. However, Arl/+
has not been shown to significantly ameliorate SOD1%%*# phenotype. Although it is
worth noting that only muscle force, motor neuron units and fatigue profiles were

assessed and other specific SOD1%%* phenotypes may show improvement if tested.

Measurements of Arl/SOD1%%* rates of respiration would need to be established to
identify if any increase in respiration can rescue this particular phenotype of SOD1. It
may be that mitochondrial dysfunction plays only a small part in the raft of phenotypes
caused by SOD1, and that rescue of it produces only a minimal overall improvement.
This could explain Arl showing a similar increase in respiration as Loa, over WT, but
not showing a global amelioration of phenotype when crossed with SOD1 as Loa does.
There may be other phenotypes in SOD1 that Loa is able to rescue, but Arl is not,
resulting in an overall improvement in Loa/SOD®** that is not seen in Arl/SOD®%**.
Further analyses on both Loa and Arl with SOD1 are required to establish how the

mutations interact.
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Interestingly, Miller and Sheetz (Miller and Sheetz 2004) have shown that ~90% of
mitochondria with a high membrane potential move anterogradely in neurons. While
~80% of mitochondria exhibiting a low membrane potential move in a retrograde
direction. As the mitochondria in the Arl/+ lumbar spinal cord preparations have
increased ATP production, indicated by the increased O, consumption, their membrane
potentials must be high to allow for the increased ATP production. This may mean that
anterograde transport of mitochondria is increased in Arl/+ mitochondria, resulting in
fewer remaining in the cell body. However, as no significant difference in
mitochondrial number in the cell body was seen between genotypes, the total numbers
would need to be established throughout the neuronal cells.

Mitochondria with a low membrane potential may not be functioning correctly, and so
an increase in their retrograde transport would deliver them to the cell body for
degradation. Tctex1 has been shown to interact with VDAC in the outer membrane of
mitochondria (Schwarzer, Barnikol-Watanabe et al. 2002) and this interaction may
regulate the binding of dynein, and therefore the retrograde transport of mitochondria,

with a low membrane potential, for degradation.

A recent study from Cleveland’s lab (Israelson, Arbel et al. 2010) has shown that
mutant SOD1 directly binds to VDAC1 (a VDAC isoform), inhibiting conductance of
the channel. The reduced activity decreases the survival of SOD1 mice through

accelerated disease onset.

As reduced conductance by VDACL will decrease ATP synthesis and reduce membrane
potential, this data correlates with the reduced O, consumption and thus ATP synthesis
identified in SOD1 (El-Kadi, Bros-Facer et al. 2010). Spectrophotometric assays have
corroborated this, by showing a decrease in complex 1V activity in SOD1 compared to
WT (Philpott, unpublished data). This assay measures the redox changes of
cytochrome ¢ added to complex IV and provides an accurate assessment of its activity
(Benit, Goncalves et al. 2006).

This data suggests that binding of mutant SOD1 to VDAC1 plays a large role in the
mitochondrial phenotype identified in SOD1 mice. As already discussed, dynein has

been shown to interact with VDAC, via Tctexl, and recent data has shown increased
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affinity of Tctex1 for the dynein complex in Loa (Deng, unpublished data). As Loa has
been shown to partially rescue mitochondrial function and increase SOD1 lifespan, it
suggests that increased binding of mutant dynein, via Tctex1, at VDAC may counteract
the effects of mutant SOD1 binding.

Amelioration of SOD1 phenotype in mitochondria may be brought about by increased
respiration rates in Arl, however, effects of Arl on SOD1 in mitochondria have yet to be
investigated. As the Arl mutation is not near regions of accessory chain association or

cargo binding, similar effects as Loa may not be expected.



CHAPTER VI
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Chapter VI

FINAL DISCUSSION

V1.1 Summary of data

As the main retrograde motor protein in cells, cytoplasmic dynein is responsible for
transporting a wide range of cargo towards the minus end of MTs. Mutations in the
heavy chain of dynein, such as Loa, Cral and Swl, have demonstrated that interfering
with this motor protein can lead to disruptions in a broad array of cellular functions.

This study has demonstrated that a new heavy chain mutation, located in a region away
from the other well characterised mutations, also causes disruption to cellular transport.
Arl is located in an area of unknown function, N-terminal to the motor domain.
Analysis of DHC protein showed no difference in the levels present in brain or spinal
cord of Arl/+ and WT and no effect on the integrity of the complex was identified using

sucrose density gradient centrifugation of homogenised adult brain tissue.

The dynein complex was purified from adult brain tissue, with all subunits present;
however, ATPase activity and MT gliding could not be measured. Using purified
dynein, MT binding was found to be greater in Arl/+ than WT, suggesting that the
mutation may affect the structure of the motor domain resulting in a higher affinity for
MTs.

Studies of cargo transport in MEFs revealed that in situations of cellular stress, dynein
dependent reassembly of Golgi is impaired in Arl/+ compared to WT. The trafficking
of endosomes in MEFs was investigated using fluorophore-tagged EGF in fixed cells,
which showed a delay in the endosomes reaching the lysosomes for degradation in
Arl/+ compared to WT. In addition to this, live cell imaging of EGF positive
endosomes revealed that in Arl/+ the average speed of transport is significantly slower
compared to WT. To further investigate the effects of the mutation on dynein cargo,
mitochondria were labelled with Mitotracker, a mitochondrial specific fluorophore, and
their movement tracked by live cell imaging. Although not significant, a trend towards

slower movement in Arl/+ compared to WT was identified. Nevertheless, these studies
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have shown that dynein transport is impaired across a range of cargos, suggesting that
the effects of Arl on cargo transport are not specific to a particular cargo.

The effects of the mutation were further examined in spinal cord neurons from tissue
sections using TEM. Small perturbations to Golgi structure were identified in Arl/+
neuronal cells, with the cisternae appearing loosely stacked and large gaps in between
some of the stacks of membranes. The untreated control MEFs used in the Golgi
reassembly studies did not show any disruption, suggesting that Arl dynein is able to
maintain the global positioning of Golgi, but unable to maintain the fine structure and

organisation of the membranes.

Mitochondria were found to have altered morphology in Arl/+ neurons, compared to
WT, with an enlarged, elongated appearance. In a number of these mitochondria, the
cristae were less well defined. No significant difference in the number of mitochondria
in the cell centre was identified between Arl/+ and WT cells. The Arl/+ mitochondria
were found to have significantly higher rates of respiration, compared to WT,

suggesting a greater energy requirement in these neurons.

V1.2 Significance of results and conclusions

A conformational change in AAAL results from nucleotide hydrolysis, and causes
knock-on conformational changes to neighbouring AAA domains. This results in the
movement of CC1, relative to CC2 in the stalk and the change in registry between the
two coiled-coils dictates the affinity of the MTBD for MTs (Gibbons, Garbarino et al.
2005). The proposed linker domain that is suggested to swing across the face of the

ring is close to the site of the Arl mutation.

The mutation results in a change from hydrophobic tryptophan to the compact, polar
arginine and is predicted to lie between two helices. It is therefore reasonable that the
mutation could cause the structure to twist and affect the stability of the structure. A
change in the structure at this location could affect the linker domain. A change in the
positioning of the linker domain could affect the conformational state of the AAAL
domain, which is directly C-terminal to it. Perturbation of the conformation of AAAL

could alter the knock-on conformational change around the ring, thus affecting the stalk



90

and the affinity of the MTBD. Furthermore, if the movement of the linker domain is
affected by the mutation, it may impede the powerstroke and thus the movement of

dynein.

Under zero load, dynein mainly moves in steps of 24 nm and 32 nm. Under load, size
step can decrease to 8 nm, suggesting that dynein can act as a molecular gear (Mallik,
Carter et al. 2004). The model for this gear suggests that load-induced ATP binding
tightens the AAA ring, resulting in a smaller but stronger step of the motor. Hence, any
alteration in the conformation of the AAA domains due to the mutation could affect the
step size (see Figure 27 below).

Change in
structure due
to mutation

Affects linker
domain

Impedes

powerstroke,
structure

reducing
movement

Affects AAAL

PE

Affects ability of

Causes knock-on effect dynein to produce

in conformation around powerstroke (and

AAA ring to stalk therefore movement)
due to impaired ATP
binding/hydrolysis

Affects CC1, changing
position relative to CC2,
resulting in sustained high
MT affinity conformation of
MTBD

Changes conformation of
AAA ring resulting in high
gear conformation and reduced
step size

Figure 27. Flow chart of suggested effects of mutation on dynein structure and function.
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The impairment in cargo transport seen in MEFs is unlikely to result from problems
with cargo binding as the mutation is not near the area of cargo binding, meaning that
decreased speed of dynein movement along the MT is more plausible. However, there
are a number of possibilities (see Figure 28), such as:

- Increased MT binding (due to conformational changes detailed above),
therefore slowing movement along the MT.

- Problems with ATP binding and/or hydrolysis due to conformational
changes therefore affecting the ATP dependent powerstroke, and impeding
the movement.

- The mutation affecting movement of the linker domain and therefore
resulting in powerstroke swing impairment.

- The proposed gear system of dynein may be affected, causing dynein to
move in smaller steps along the MT, thus resulting in a slower speed.

MTBD (low MT affinity) ~~ MTBD (high MT affinity)
~1206 - ~1206
5 ~
% *
4
5 4 6
6 - 3
3
7 2 !
2
1 Linker
Linker
N-terminal tail

N-terminal tail

Wildtype Arl/+

Figure 28. Schematic of dynein showing proposed effect of Arl mutation.

Asterisk denotes location of residue 1206, the location of the mutation in Arl. The mutation may cause
the chain to twist, thus affecting the normal structure. This could have a knock-on effect on the flexibility
of the linker domain (shown in purple), preventing it from bending at its normal angle. This could alter
the angle at which the linker domain joins the first AAA domain, and may cause a change in
conformation which has a knock-on effect to neighbouring AAA domains. The change in conformation
of the ring of AAA domains may result in a change in the alignment of the coiled-coils. This change in
alignment of CC1 and CC2 may cause the MTBD to bind MTs with a higher affinity.



92

Mitochondria with a high membrane potential have been shown to move in a
predominantly anterograde direction, while low membrane potential mitochondria move
in a mainly retrograde direction (Miller and Sheetz 2004). As Arl/+ mitochondria have
been shown to have increased rates of respiration, and therefore increased membrane
potential, it suggests that these mitochondria would be undergoing higher levels of
anterograde transport. However, further studies are needed to identify any differences

in kinesin- and dynein-dependent mitochondrial movement between genotypes.

In conclusion, this study provides evidence for increased affinity of Arl/+ dynein for
MTs, and that this reduces the speed at which cargo can be transported in MEFs. In
addition to this, mitochondria are mislocated with abnormal morphology in Arl/+ spinal
cord neurons and demonstrate increased rates of respiration compared to WT. This
study also demonstrates that a mutation in dynein at a location far from other well
characterised dynein mutations can result in similar phenotypes, highlighting the

importance of the proper functioning of this protein.
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V1.3 Future directions

To determine how the mutation is affecting the protein, it is important to identify what
effect the mutation has on the structure. The region containing the mutation has been
cloned from Arl and WT, but needs to be expressed and crystallised to allow x-ray
diffraction patterns to be obtained. From these, structures can be determined and any
effect due to the mutation ascertained. An alternative method to determine the effect of
the mutation of the structure is the use of single molecule EM. This would allow the
structure of the molecule to be established in different conformations, thereby
determining its three-dimensional structure and allowing any effect of the mutation to
be identified.

As AAAL is the main site of ATP binding and hydrolysis, it is important to establish
whether ATP hydrolysis is affected in Arl. The ATPase assay in Chapter Il is an ideal
system to utilise, but dynein needs to be purified that is fully functioning and a suitable
positive control must be identified. Alternatively, other methods of measuring ATPase
activity could be used, such as radioactive assays that measure *P hydrolysed from
ATP, or non-radioactive methods such as the spectrophotometric assay using malachite

green.

To establish whether the mutation causes the dynein to move in smaller steps along the
MTs, studies using an optical trap should be utilised. This would allow the step size of
dynein to be determined in Arl and WT, and compare any differences in the force
exerted by the motor. This would provide information on whether the gear mechanism

of dynein is affected by the mutation.

As the mutation appears to affect the movement of dynein, rather than its association
with cargo, it suggests that transport of all cargo would be affected. Further studies to
determine the effect on other cargo could be performed, such as transport of MTs as
cargo and whether there is an effect on mitosis. As transport of endosomes has been
shown to be impaired, then downstream signalling could be disrupted by delayed
trafficking of signalling factors. EGFR signalling is vital for a large number of
signalling pathways and detailed examination could be performed to identify possible

cellular effects of delayed signalling.
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Currently, all in vitro studies of cargo transport have been performed using MEFs. Due
to the large distances in neurons, particularly the axons, they can be more susceptible to
defects in transport mechanisms. Studies on cargo transport should therefore be
performed using both motor and sensory neurons, to determine the effects of the

mutation on these cells.

The increased rate of respiration in Arl mitochondria, compared to WT, is similar to
results obtained from Loa (El-Kadi, Bros-Facer et al. 2010). Further studies are
required to determine why and how respiration is increased and comparisons with Loa
could be useful in this respect. Additional analyses of Arl/SODL1 interactions may also
help determine the nature of the effects of dynein mutations on mitochondria.
Experiments such as dissecting the electron transport chain (ETC) would allow the
function of each complex of the ETC to be checked, helping to identify the reason for

increased respiration.
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Amyotrophiclateral sclerosis [ ALS) is a debilitating and Eatal
late-opset newrodegencrative discase. Familial omes of ALS
(FALS) constitute —10% of all ALS mses, and mutant superox-
ide dismutase 1 (50D} is found in 15-20% of FALS. 5001
mutatioms confer a toxic gain of unkmown fnction to the pro-
teim that specificallly targets the motor nenrons inthe cortey and
the spinal cord. We bave previously shown that the amtosomal
domirant Lepr @t odd sapler (Loa] motation in cytoplasmic
dynaein heavy chaim | Dyme 1k 1) delays disosse onset and oxtends
the life span of transgemic mice harboring homan mustant
SO0 In this study we provide midence that despite the
lack of direct mteractions between mutant 30000 and either
mutant or wild-type cytophsmic dynein, the Los mmtation con-
fers sigmificant reductions im the amoust of motant 5001 pro-
tein in the mitechondrial matric. M . we show that the
Loa mutation ameli defects in mitochondrial respirati
and membrane potential obsereed in 5001™* motor neuron
mitechondria Those data suggest that the Loa mutstion
reduces the valserability of mitochondria to the toxic effedts of
mustast 5001, keading to improved mitochondrial function in
5001 motor mewrons.

Amyotrophic lateral sclerosis |:.'|.L5_|:I i= a debilitating late-
onset, progressive form of motor neuron disease that primarily
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targets modor neurons in the cortex, brainstem, and the ante-
rior horn of the spinal cord, keading to paralysis and eventually
death, typically within 5 years of diagnosis (1-5). The majority
of ALS cases are sporadic, and -~ 10% are familial, althowgh the
etinlogy of ALS is largely unknown. Between 15 to 20 of famd-
ial ALS and --1% of sporadic ALS are caused by dominant gain-
of-toxic fimction mulations in the gene coding for Cufn
spernxide dismutase 1 {(S0D1) (6 8).

Transgenic mice overexpressing mutant forms of human
S0D1 have been imwvalusble in providing insights into the
pathopenesis of ALS and in highlighting the cellalar fanctions
that are targeted in the disesse (for reviews, sz Refs 9 and 10.
Formation of intracellular prodein aggregates in motor newurons
is a common characteristic of all ALS cases and is also observed
im 500 trensgenic mouse models. Biochemical and immuno-
histochemical studies have shown that 3001 and obiguitin
aggregates are p in SO0 -mediated familial ALS cases
and thesir transgenic mouse models and that TIXP-45 and ubig-
uitin aggregates are seen in mast ALS inchusions, including spo-
radic ALS (3, 10-12).

Mutant 5001 -mediated motor newron death is thought to
be due to a gain of abermant chemistry in copper and zinc
active sites, mzking them highly reactive with subsequent
damage to other proteins, bot Wang =2 al. (13} showed that
mutant S0D1 proteins with significantly redoced affinity to
copper, but with propensity to aggregation, induced disease
similar to those variants that stably bind copper. However,
mutant SO0 toxicity could be the result of toxicity of the
imtracellular aggregates through aberrant chemistry, seques-
tration of other proteins into the aggregates, proteasome
overload, and damage to specific organdlles such as mito-
chondria (3, 14).

In additicn, impaired axonal transport has been highlighted
im motor ewron desth in ALS, and we and others have shown
that axnmal transport defects are one of the earliest pathological
evenls observed in motor newrons of mutant 50001 transgenic
mice [15-2). Furthermore, e vivo experiments involving
imjection ofa newrotracer have shown that tremsport from ms-
cle to motor newrors is impaired in 50017* mice and that
there is an association of dynein with mutant 50101 aggregates
n ithe motor neurons of these mice (21). Two recend studies
bawe reported that there & a direct “gain-of-interaction™
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between aggregate-prone variants of motant, but not wild-type,
SO0 {inchsding S001™**), and cytoplasmic dynein in gluta-
thione S-transferase (G5T) pulldown and immunopredpita-
tion assays and that disruption of cytoplasmic dynein function
abolishes this interaction (22, 13).

Crytoplasmic dynein is 2 motor protein imvobved in diverse
cellular processes including muclear movement, positioning of
mitatic spindles, Golgi apparatus and endoplasmic retioolem,
and retrograde axonal transport of mitechondria and endocytic
membranes containing newrotrophic factors in nearons (24—
2By This multisubumit protein complex consists of two
homedimerized heavy chains, DYNCIH], here referred to as
DHC, and several intermediates (DYNCL), here referred to as
DG, light intermediates (DYMCILI, and light (DYNL) chains
{25, 29). Dynein fimction is regolated by another multismbunit
prodein, dynactin, which through its pl 50 subumit also plysa
significant role as @ docking protein for some of the various
cargos transported by dynein (30). We have previously shown
that an autosomal dominant point mukstion causing FSB0Y
substitution in DHC gives rise to a progressive motor deficit in
heterozygows Loa (Chmclk ™™= ) mice (51-33) and that incul-
tured motor neurons isolated from E13.5 homorygouws embryns
this mutabion impairs retrograde axonal transpart leading to
motor neuron degeneration and death of the pups within a
day after birth (311 In addition, others have shown that the
Loa mutation casses y-motor neuron and proprioceptive
sensory neuron degeneration in heterozygous Dymc L 17227
which is thought o be the cause of the phenotype in thess
mice (4, 55). Interestingly, when we crossed Dyeclh ="
with S0D1%* mice to investigate a possible link between
dymein and mutamt 5001, the 50D Em‘*'.Dyur.!&]w'
progeny from this cross showed 2 wild-type phenotype with
regard to muscle force, motor umit, and motor nearon sar-
wival 2t 120 days when their S0D1%%4 littermates exhibited
severe defects (17 Moreover, the average lifespan of
SOD1T™* Dy ThI™" mice increased by 28% compared
with their S001%** littermates (p = 0.001). In addition, the
Loa allelic mutation Y 10550 in Dyme P17 mice has also
been shown to delay disease onset and increase the life span
of SO0 mice by 14% (36). Subssquently Chen el al (34)
and Ilieva =t ai. (35) replicated these in mice bearing the Loa
mataticn and found increases in life span of 21% (p < 0.01)
and 9% (p = LIOT), respectively.

Both{34)and [ieva et @l (55)also reported significant loss of
propricceptive sensory neurons in Oynclk™= mice. The
loss of sensory neurcns in Dyec Ik Y= mice prompted llieva
et al. [35) to proposs that the resaze of SOD07 is 2 result of
reduced glulamate excitotozicity bronght about by the loss of
the glutamatergic propriocepbive sensory newrons {35) How-
ever, the Sprawling (DymcTRI™) mouse with a GL040
T1045delinsA mutation in the dynein heavy chain shows even
greater proprioceptive sensory neuran loss than the Loa, bt it
is not able to rescue the SO Y™ phenotype (34). Mareover,
the W1 206E mutation in Abmormal rear leg (Ar) mouse, which
is allelic to Log, confers loss of sensory nearon fibers in the
Dymelk ™ mice, but it bas no efect on the disesse onset or
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life span in the double mutant SO Dhane 11 mice !
These findings, therefore, do not support the hypothesis that
the protection of motor newrons in 5001554 Dy R e
mice is solely the resolt of reduced ghitamatergic ssnsory nen-
rom imput by the Lox mutation.

The above findings do, however, suggest a link between cyto-
plasmic dymein and 50017 oxicity. [n this report we pres-
ent evidence to suggest that the Log mustation in dymein affects
the subcellubr distribstion of mutant 3001 protein in
Eal:llm"'.ﬂyudﬁfm"" mice afier, bt not before, the onset
of the disease. Furthermore, the Loa mutation in dynein wesk-
ens the assodation of 50001 proteinwith the mitochondria
in the cortex of the brain and spinal cord. %e also present dats
shinwing severe defecis in respiration and membrane potential
of S0I1%3*% mitpchondria, which are ameliorated in mito-
chondria salsted from SO0 Dwc Ik ™" mice. In addi-
tiom, the resalts of this stiady show that there i oo direct inter-
action between dynein and SOD17%% and that SOI5FA
protein doss not disrupt the dynein complex.
EXPERIMENTAL PROCEDURES

Amimals and Tiome Collection—Congenic heterozygous
Etpudﬁ.i"“‘"' female mice, mamiamed on a C57BELE (Hadan
UK} genetic background, were crossed with male transgenic
mice expressing husman S001*, maintzined onan F1 (5[Lx
C57BLM) genetic background, to produce four genetically
distinct groups of Litermates: Dhynclh*, Dhmclhitoes
heternzygote, SOD1%4  hemizygote, and SO0
Drme k12 double-heterozygote (represented in the figares
as +1+, Loal+, SOD17*, and 50017 fLog, respectively)
mice. The 5]L. mice were parchased from Harlan UK. All mice
were idemtified by genotyping for the Loa mutation in the cyto-
plsmic dymein heavy chain gene Dynclh? and the human
S0D] trarsgene from tail genomic DNA (31, 57). Tisues were
tarvested from mice at different ages and!'or different stages of
disraze. The early stxge was when the mice showed a body
weight loss of less than 10% accompanied by shaky hind limbs;
the late stage was characterized by a 10 -15% reduction in body
weight accomipanied by an apparent musce wasting and parzl-
ysis of hind limbs the end stage was when the mice lost thedr
righting reflex and showed 15 reduction of their body weight
compared with that before becoming symptomatic. Mice were
killed by @ schedule 1 killing, and brains and spinal cords were
disserted, washed with approprate ice-oold buffers, and either
umed fresh or snap-frozen in hiquid ndtrogen and stored at
—BO0*C. All animal experiments wers conduocted in aocond with
the UK Animal {Scientific Procedures) Act (1986).

Chemicals, Beagents, and Antibodiss—All chemicals and
reagents were obained from Sigma unless otherwise stated.
Phosphate-buffered saline (PRS2 ~ME) was from lowitrogen:
RIPA was from Upstate Biotechnologys protein A-Sepharose
48 beads were from Lymed Labomtories Inc; protein A- and
protein E-agarnse beads were from Roche Applisd Science;

TV BrosFacer, W Gokding, . Bodrin-Gudquan, KL Kinma brcntboe & Chla, &
Fhilpott. A M. Rennikan, L Vukobrodo:,
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proteinass K was from New England Biolabs; BS™ and the BCA
protein assay kit were from Pierce. The following antibodies
were used in this study: mouse monocdonal ant-dynein inter-
medizte chain 74.1 (genercusly provided by Dr. K. Pfister, Uni-
versity of Virginia or Santa Cruz, sc-13524), FL- 154 rabbit poly-
conal anti-S0D1, H-300 mbbi polyclonal anbi-dynactin
pl50f®e |_335 mbhit polydonal anti-dynein heavy chain,
20-E8 mous: monod.onal anti-Coxd, C- 30 goat polyclonal anti-
calnexin, C-15 goat polyclomal anti-TGN38, (Santa Craz Bio-
technolegy, sc-11407, sc-11363, =c-9115, sc- 58348, s G465,
sc-276B0, respectively), MOL-500] mouse monodonal anti-
SO0 (Nove Castra), mouss monodonal anti-pl 5072 (8D
Transduction Labomtories, §10473), and mouse monodonal
anti-z-tubulin (Upstate Biotechnology, 05-819).
af the mouse brain or spiral cord tissses and immunogprecipi-
tation experiments were curried out after either the procedurs
we developed in our lzboratories (see “Hemalis™) or as described
elzewhiere (22). Brains and spinal cords were homogenized in a
range of homogenization buffers (HBs) {see "Resalts”™ for
details). The homogenates were clarified by centrifugation =t
16,000 * g for 15 min at 4"C, and their protein contents werne
determinied nsing the BCA lbt. Appraximately 2.0 mg of homo-
genate proteins were deared by incubation with beads for 1 h
with shaking at 4 °C, and the beads then removed by centrifu-
gaticn. The deared homogenates were then incubated with a
range of different beads (protein (G-agamss, protein A -sgaross,
ar prodein A-Sepharose 4B beads or Truellot™ anti-meuse Ig
P beads from eBicscience) lnlked with anti-DIC, anti-dynactin
pl50, or anti-5001 antibodies or with anti-hemagghatinin
antibody or 1g(F as the negative contral for time perinds that
varied betwesn 3 h to overnight with shaking at 4 °C. The
immunoprecipitated complexes on beads were retrieved by
brief centrifugation and washed four times with HE and once
with water. Protein complexes on beads were resuspended in
12 515 boading baffer, heated for 5 mim at 95 °C, and analyzed
by SD5-PAGE and Western Hotting detecting for DIC, DHC,
pl50, and S0D1. Chemical cross-linking with BS, the water
soluhle analogue of disuccinimidy]l siberate, was performed
according to the manufacturer's recommendations and Thang
etal (221

Swcrose Devsity Gradient Anmalysis— A 4.8-ml 5- #0% contin-
uous sucrose gradient in PES ™% was established overnight
at 4" in Beckman Ultra-Clear Centrifuge tubes (Beckman,
Palo Altn, CA). Brains and spimal cords of Dhymcliel* ™,
Dymcll I SOMA, and SO0 Dync T2 mice
at different postnatal stages were homogenized in PRS- C0™E
contzining 0.1% Triton X.100 and protease and phosphatase
inhibitors. Homogenates were spun at BDQ g for 15 min Pro-
tein ¢ af the sup were determined, and the
equivalent to 1.5-2 mg of protein of tissue homogenate was
lzyered onto the gradient. Afier centrifugationat 237,00 = pin
a 555 Ti rotor {Beckman) for 4 h at 4 °C, 16 equal -volome
fractions were collected, and equal volumes of mach fraction
were lmaded cnto 4 - 11% gradient SDE-PAGE gels and analyzed
by immunoblotting.

Bnserpmni Devesity Amalysis—Booyant density analysis was car-
ried out essentially 2= described by Vande Velde et ol [35).
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Briefly, cerebral cortices and spinal cords of late-stage
SO017* and SO0, Dy ThI™™* mice were collected
and washed with PBS~“*™8 and then placed in an ice-cold HE
containing 250 mm sucrose, 10 ma Hepes-NaOH (pH 7.4), 1
mu EDTA plus protesse, and phasphiatase inhibitors. Tisoes
were homogenized on ice with seven strokes of 2 glass-pestle
homogenizer. Homogenates were centrifuged at 1000 = g for
I0' min. Supematants were collected, and the pellets were
washed with 0.5 volumes HE and centrifuged again. Superna-
tants were poolsd and centrifuged at 16,000 > g for 15 min to
yield a cude mitochondrial pellet and post-mitochondrial
supernatant. Crude mitochondria were gently resuspended in
HE and then adpusted to 1.3 g'ml Optiprep (iodixanol) and
lpaded in the bottom of Beckman Ultra-Clear centrifuge tubes.
Crude mitcchondria were overlzid with an equal volume of
L1735 gfml and 1.078 g/ml Otptiprep in HB and centrifuged at
50,0000 < g for 4 hin & Beckman 5%.55 Ti rotor. During cen-
trifugation, mitnchondria along with any proteins tightly asso-
ciated with them float up to their comesponding buoyant den-
sity of 1.13-1.15 g/ml, which bands 2t the interface between the
1.07E- and 1.175-g'm] layers of the gradient. Under thess con-
ditions, soluble or aggregated proteins {density 126 g/ml)
would not be able to break through the density barrier and
should sediment downward. After centrifugation the mito-
chondria-enriched bands were collected and washed once
with HE to remove the Optiprep. The protein contents of
these Eactions were them determined. Samples of the
SO0 A and S0D15%; Dymc TR I cerebral cortex and
spimal cord buoyant density gradient (BED(G) fractions con-
taiming squal amounts of proteins were subjected to treat-
ments with salt, alkali, and digestion with proteinase K in the
presence and absence of detergents and then analyzed by
S05. PAGE and immunoblotting,

Preparation of the Mic The post-crude mitochon-
drial supernatant oblained during sample prepamation for the
bunyant density analysis was used to obtain the microsomal
fraction. The pellet {microsomal frsction) obtained after spin-
ming the post-mitochondrial sopermatant at 60,000 = pat 4°C
in the Beckman TL-100 ultracentrifisge was washed once with
the HE, and theprotein conbent was determined . Samples of the
S04 and SOD174; Dyme [ RI“™="* cerebral cortex and
spimal cord microsomal fractions containing equal amounts
of proteins were subjected to chemical insults with salt and
alkali and digestion with proteinase K in the presence and
absence of detergents and then amalyzed by SDE-PAGE
and immunohlotting.

Treatment with Alkaii —Samples from the BDNG fractions and
the microsomal fraction wene inmubated with 0.1 w Na,O0,
{pH 115} for 30 min on ice and then centrifuged at 16,000 x> g
for 15 min. Supernatants were collected, and pelleis were
washed once and then resuspended in homogenization bufer.
Supernatznts and pellets were analyzed by SDE-PAGE and
immumnpbdatting.

Extraction with High Zali—Samples from the BDG fractions
and the microsomal fraction containing equal amounts of pro-
teins were incubated sequentially in 0.2, 0.5, and 1.0 m KCl for
0 min on ice then centrifuged at 16,000 = g for 15 min. Pellets
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were washed once. Pellets and supernatants were amlyzed by
SD5-PAGE and immunochlotting.

Ti with Prode K —Samples from the BDNG frac-
tions and the microsomal fraction containing equal amounts of
proteins were treated with 100 gg/ml proteinase K for 15 minat
room temperature in the absenoe or presence of differing com-
birations of 05-1% Tritcn. X-100 and 1% SDE. Proteinase K
was inactivabed by adding 10 mum phienylmethylsul fond flsorids
for 10 min on ice. Digestions were anabyzed by SD6-PAGE and
immunoblotting.

Freparation of Milochondria-enriched Fractions for Polaro

ir Studies ard Measurement of Owypen i —
Borain cortex and spinal cord tissues were dissected and washed
once in ice-cold tsswe wash buffer [TWE 05 » mannitol, 20
mat MOPS, 2 ma EDTA (pH 7.5)) then homogenized with a
locse pestle in -1 ml of TWH supplemented with 1% bovine
serum albumin and 7 mm 1-cysteine hydrochloride monchy-
drate. Homogs WETE ¢ ifuged at B00 = g for 10 min at
4 °C. The supernatamts were transferred into new tubes and
centrifisged at 10,000 = g for 10 min at 4 °C The pallets wers
gently resuspended in ~1 ml of TWE supplemented with 1%
bovine serum albumin but without L-cysteine and ne-centri-
fisged as abowe; the pellets (mitochondrial fractions) were then
gently resuspended in the minimum amount of TWE supple-
mented with 1% bovine serum albumin, and protein concentra-
tions were determined.

Oxygen consumption was measured polarographically im a
Hank oxygen electrode contaiming 0.4 ml of 0. w manmitol, 10
mai potassiom phosphate, 10 mea KCL 5 ma MgOl,, and 10 mu
HEPES {pH 7.4 Cytochrome £ coidase act rity was determined
after the addition of 10 mu sodiam ascorbate and 1 mu tetra-

-p-phenylenediamine. Bates are expressed as nmol of
Oymin ".mg of protein .
iomation of the Mitochomdria—Thres freshly isn-
lated mouse cortices of each genotype were homogendzed and
subjected to buoyant density gradient centrifogation to isolate
floated mitochondria that were free from protein aggregates, as
described above. We then used Pallotti and Lenax (3%) methad
to fractionate the mitechondria. Briefly, the mitochondria were
resuspended in hypotonic 15 my KC and allowed to swell for
10 min on ice before centrifugation at 105,000 = g for 15 min
The supermatants, intermembrane space (IM5) fractions, wene
kept. and the pellets {mitoplasts) were remsspended in 150 ms
KL followed by inasbation on e for 10 min. The mitoplast
suspensions were then subjected Lo centrifogation at 105,000 =
gior 15 min. The supernztants (52) were kept, and the mitoplast
pellets were then resnspended in 250 ma socrose and 10 mu
Hepes-NalDH (pH7 4) with 1 ma EDTA plus proteases and
il inhibitors followed by drastic sonication at 150
Watt fora total of 10 min, with 30-5 bursts and #-5 off cycles.
The sonicated suspensions were then centrifoged at 26,000 x g
for 15 min to remove large partices. The resulting sxperratnts
were pooled and ultracentrifiged 2t 152000 = g for 40 min. The
supernatants (matrix fractons) were oollecied, and the pellets
{membrane fractions) were renspended in the above suonoss
bufer and kept frozen at —50°C for Western blot analysis.

FPrimary Motor Newror Cullures— Mived motor neuron ool

tures were prepared from SO01%%* mice (40). Briefly, embry-
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omic spinal cords (E13) were removed, and the ventral homs
were isolated. (Genotype was determined, and wild type, Loaf+,
SOD1E™A or SODT5Aoa ventrad hores were pooled and
cultured separately. Motor neurons were seeded at 25 0 10
cells'cm®. Cells were maintzined in complete neurobasal
medinm (supplemented with 2% B-27 supplement, 0.5 ma gha-
tamine, 005% mercaptoethanod, and 7% horse ssrum (2l
Invitrogen), 0.1 ngiml glial-derived neurotrophic factor, 05
ng/mi ciliary nenritrophic factor, and 0.1 ng/ml brain derived
neurotrophic factor (all Caltag, Siverstone, UK), 50 unitsimi
penicillin, 50 mg'ml streptomycin, and 2.5 jz/ml amphotericin
B (all Sigma)) im a 37 °C, 5% OO humidifisd incubator for 7
days. Motor nearons were distinguished from interneurons
using the following morphological criteriz 2 cell body diameter
=15 jom and the presence of 2 minimuom of three neuritic pro-
cesses {for details see Rilsland =t sl (41).

Fluorescemt M 1 of Mitochowdrial Mesmbrane
Potential (A% | —Confocal images were oblained using a Zeiss
510 confocal bser scanming microscope (Oberkocken, Ger-
many) equipped with # and &5 plan-apochromat ohjsctive
lenses. Cells were loaded with 30 nsa tetramethyrhodamine
methyl ester (TMEM from Molecular Probes, Paisley, UK) for
30'min and incubated at 37 "Cin a HEPES-buffered slt solution
{recording medinm) compased of 156 mw Na(1, 3 ma KO, 2
mse MS0, 135 moa KH POy, 2 e CaCly, 10 mse ghocose, and
10 msa HEPES (pH 735 all Sigma) for the messurement of
AW . Fluorescence was excited using the 543 nm laser line, and
emitied fuorescence was measured above 5360 nm. Measare-
ments were made from a compresed 2 stack to avaid biax from
confocal sampling from a single irmage plane (41}

Tmage Analysis— AW, was analyzed using LSM software
{Car] Eeiss GmbH in asscciation with EMBL, Heidelberg, Ger-
many). In all experiments the analysis was made by measuring
the memn TMEM fluorescence imbemsity in mitnchondria
exchiding all background signals, so that the signal was not
infl -ed by mitochondrial mass.

G5T Tapeimg Bacterial ion, and GET Pulldown
SO0—Wild bype 5001, 0D, S0D177, and SOD1"
in the pET28 expression vector (4%} were subcloned in-frame
into the GST pGEX-4T-1 (Amersham Biosciences) bacterizl
expression yector wsing BamHL Xhol restriction sites. Esche-
richia cali BL21 (DES) bacteria were transiected with the
G5T-tagged 50D constructs or pGEX-4T-1 wector, and the
proteins were expressad by mopropyl 1-thio-8-o-galactopy-
ranoside induction (43). After lysing the cells, the expressed
GET and (G5T-tagged 500 proteirs were purified using 5-linked
glutathinmeszarnse beads (Sigma). The caphared GST and GST-
SO proteirs on beads were then incubated with brain homoge.-
mate prepared from a non-transgenic C57ELYG mouse. Beads were
then washed 4 times with homogenization buffer then heated in
12 505 sample loading boffer at % *C for 3 min. The pulldown
assays were then aralyzed by SD5-PAGE and Western blotting,

Statistical Armalyss—We used GraphPad Prism and SigrmaSiat
to analyze our data by two-way analysis of varianoe followed by
Hoaferroni post tests, for mitochondrial respinatory function
stisdies, Wilcnzon matched-pairs test, for Western blots, the
Mann-Whitney U test, Student's § test and analysis of variance,
fior motor neurnn studies. Significince was s=t at p < 006G
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RESULTS

The Imtegrity ond Sucrose Sedimentation Par.l.m_un?’ﬂre
Dhmein ex Are Mot Compromised in SODIS" amd
SO0 Dpwe Th1*" _We bave previowsly shown that
dynein-mediated retrograde axonal transport is impaired in
cultured motor neurcns isclated from S001%%* embryos and
that the Loa mutation rescues this defact (17). We, therefore,
crossed Dymelk ™™ mice with the 50017 iansgenic
mice i generate SO0 Dy TR double mmtants,
SOD15A Dhmclkl™™=", and Dymclhl** progemy and
examined whether mutant 50001 disnupts the dynein complex
and, if so, whether the Loa mutation confers any resistance to
this disrupticn in SO0 ™% Dy Th 12" mice, giving rise to
delayed disease and extended life span. To investigate this pos-
sihility we analyzed the sedimentation of the dynein complex
uming 5— &% continuous sucrose gradient dersity sedimenks.-
tion assays on brain and spinal cord homogenates of |
SO0 (130 days nI.nIE and 500154 Dymc TR 12 (150
daysaldjand Dyeclkl™™" and Dymclkl ™ 2 150days cfage
(Fig. L4). _

These data show that the bolk of the dynein complex, repre-
sented by DHC, INC, and dynein light intermediate chain, sed-
menis in fractions 9, 10, and 11 and that their sdimentation

tides Eom DyorclkI™® brain matched those from SO0 d
Dewec L= However, we nobe that there is a shight Log-depen.-
dent shift of the dynein complex twward lighter faction 9 in
Demec TRF= and SO0 Dymel ] ™™=, a evident from DIC
and dynein light intermedate dhain sgrals in fadions 11 and 12
versus those in faction 9 of all the genotypes (Fig. LA} We will
discuss these data fisrther under “Discussion.” As only a subpopu-
lation of the p1 50 subunit of dynactin is associated with the dymein
complex, there was a wider sncrose gradient density distribobion of
this polypeptide, but there were no sgnificantly reproducible &if-
fierenpes between the genotypes for pl30. Together, these data
indicate that the dynein complex in brain and spinal cord of trans-
genic mice i neither pertnrbed by the presence of mustant 3001
mar is it invobved in bigher molenstar weight complexes, such 2
SO 54 aggregates,
mmmmwnmmwmmﬁmq
Mutamt SO0 dn SODPY DhmelkI“™="*  Mice—As the
mutant S00¥ did not affect the sedimentation pattern of the

das F " Then 16 Fvolumafractions.
wina collecied from fop o boffom and analyod by and Wasiam
bdobiing detection for DHE, pll 50, DEC, and Ight nbrmedata dain
(O 3 ol AT B. shown ses: brain
of equal protein oontants from S000™** and
00 ‘Loa Itermaies at the postratal sSges; P35 balon dbeaw-onset),
Pﬁmummwmm.nmmmdm
and walg I 541 comtinuons UCInss gradient
cenirfugationat 237000 = gford hat 4 °C & describad under
Procadumes.” Than 15E?qummmm o biok-

dH‘HEmwhﬂd lof frasctiore 1-3,
-9, and 10 %mﬂ-l&
shows tha true 5 of aqual

on '#GE Imimasnoiiotsy. C. Aokl
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dynein complex, we dedded to look at the effect of mutant
dynein on the sedimenlation pattern of S30D1%%4 in brains
and spinal cords at P35 (postnatal day 35; before symptom
anset), P75 (at symptom onset), P90 (early stage disease), P1H)
{lake :I'.E disease), and end-stage (when both SOH154 and
SO0I™M Dymclk ™" mice show hind limb paralysis and
delayed righting reflex). Fig. 18 shows representative data from
brain homogenates and demonstrates that the mutant dynein
does not affect the sedimentation of SODI™* at P55 (ie
before the onset of the dissase). However, at P75, the sedimen-
tation of mutant S0D]1 protein in 50017 bain homogenate
starts to show a different pattern than that from SOD17%;
Dymclk™"* in which the amount of the mutant 3001 pro-
tein sedimented in the denser fractions of the gradient was less
than that in the equivalent fractions from SOD17%% brain
homogemate. Interestingly, this difference increased as the dis-
ease progressed from the eardy siage toward the end-stage,
when the difference was most prominent (sz2 P90, p120, and
end-stage in Fig. 15). [t & noteworthy that to avoid overexpo-
sure of the Glms due to significantly more motant S001 in the
lighter fractions, we lnaded smaller amounts of protein in fmes
11 for BDE-PAGE (Fig. 18).

{Chantitative analyses of thess data ising the mitochond rial
marker {(}X4 as the internal control are shown in Fig. 1C
Similar resulls were obtained from BN centrifugation assays
{data not shown) and from spinal omds (s=e sapplemental
Fig. I} but the efect was more profound in the brains.

To test that this difference in sedimentation was not due to
diiferences in expression of 500174 protein in 50015724
Dymc k™" and 50031 ar in the protein contents lnaded
anio the ssdimentation columns, varmoos amounts of proteins
from the same brain homogemtes used for sedimentation
experiments were analyzed by SD6-PAGE followed by Western
blottingusing antibodies against SO0 and «-tubulin, As shown
in szpplemental Fig. 7, the expression levels of S001%%* pro-
tein are almost identical in SODT™ADpclh? 2 and
S0} “*** brains, as judged by the signal from the loading con-
trol proteim, e-tubulin Together these data suggest that
matant E!'n allters the sucrose gradient density distribution
af 500194, clearing the protein away from the dersest frac-
tions of the gradient. This effect, as shown in Fig. I, Band C,
becomes more evident with the progression of the disease,

The Loa Miutmtion Eeduces the Amount of Mutant 3000 in
Swhcellilar Fractions Contairing Milochondria and Endoplac
mic Retimufum (ER] Microsomes—Next, we used mone
organelle-specific markers to look at the sedimentation pat-
terns of difierent cell organelles in the above continuous
sucross gradients. As supplemental Fig. 3 shows, the distribu-
tian of the trans-Golgi marker TGN3SE (type | mtegral trans
Golgi membrane protein) was confined to the lightest fractions
af the gradient (supplemental Fig. 3. fmnes J-4). EE micro-
somes were spread across most of the gradient as judged by the
signal from calnexin (type | imtegral ER membrane protein), an
ER-specific marker [supplemental Fig. 3, lones 3-74). Detec-
tion for Coxd {an integral inner mitochond ral membrane pro-
tein). on the other hand, revealed that the mitochondria wene
sedimented solely in the densest frsctions of the gradient (Fig.
18 and supplemental Fig. 3). The pattern of S0D154 and the
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distribution of the mitochondria and ER in the sucross gradi-
entssuggest that the mitochondriz and/or ER could be imvohved
in the effect exerted by Loa on SOD17* distrikation,

Efect of the Loa Mutation om the Association of SO0
Proteim with Mitachondria and ER in the Brain Corfex—The
co-enrichment of mutant 5001 aggregates with organelles
such as mitochondria during fractionation, in which the sam-
ples were layered on top of a continuons gradient, bas been
mpgesied to be a conlamination rather than germine asocia-
tiom of the mutant protein with this organelle (38). Thus, we
bavwe used a discombinuous indizancd BDG centrifsgation to cir-
cumvent this potential contamination problem. After centrifis-
gation, the enriched floated mitochondrial factions were ool-
lected The idizanacl was remowed, and the prodein contents of
these fractions and the G000 < g “microsomal” faction
ohiained from the post-mitochondrial supermatant (for detads,
e “Experimental Procedures™) were then determined. Suhse-
quently, the association of 500 “* with the organelles con-
tained in these fractions was tested by subjecting samples of
equl protein content from all fractions to st extraction and
alkali treatment. These treatments dissociate mutant 5001
and other peripheral membrane proteins that form electro-
static or hydrogen bonds with the cytoplasmac face of the mito-
chondrial outer membrane.

Fig. 24 shows representative results of the sequential salt
(KCT) or alkali (Ma,C00,) extractions from the mitochondria-
enriched fractions to releass the peripheral membrane pro-
teins. These samiples, contzining equal amounts of protein,
were subjected to increasing concentrtions of 0.2, 05, and 1.0
s KO or 0. w N2 0, (pH 11.5). After incubation with each
st or alkali concentration, the samples were cenirifuged down
to obtzin soluble and insoluble factions. All fractions were
then amalyzed by SIE-PAGE and 'Western Hotting. The West-
erm blotting analyses in Fig. 24 show positive sigrals for Coxd
and calnexin (Fig. 24, lanes 4, &, 10, and 17}, this indicating the
presence of mitnchondria 25 well as the microsomal ER in the
mitochondriz-enriched fraction of the buoyant density gradi-
ent. Moreover, treatment of these membranss with 0.2 a2 KO
fiall owwred by quantificatinn analysis of the signals wsing O0X4 2=
the intermal control revealsd that compared with SO 5%
mice, the release of membrane-associsted mutant SO0 pro-
tein from SODT™% e 15" brain cortex was sgnifi-
mﬂphcy'l!r[p = (L&, w = &) (Fig. 2, A. [ames [ and 5, and B, lsft

[nl:ru:irﬁgf salt concentration did not mduce farther
release of S0D1 from beain cortex in any of the samples
(Fig. 24, lames 2 and 3 and lanes € and 71

tive datz showing the alkali extraction of
SOD15%A are demonstrated in Fig. 2 (right panels). Quantis-
cation analysis of these data (Fig. 18, right pamel) showed
imcreased levels of mutant 5001 released from the membranes
of 5001 DncIhi™=" (Fig. LA, lanes 11 and 12 than
from SO0 1™4 (Fig 24, lanes 9 and 1), This increase, how-
ever, did mot reach statisbical sgnificance (p =01 r = 4).

Thus, the mutant 5001 protein association with the
organcll: membrnes in the mitochondrial-enriched fraction
seems bo be more sensitive to salt and allali in the cercbrad
cortex of SO0 DpmeJh % compared with that from
SOD1%MA mice. Moneower, this fraction contains microsom-
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Sall and alkal extraclion of BDG milochondrial fractions - corlex
KGI exiraction NazC03 (pH 11.5) extraction

the absence (fanes I and 3) or pres-
ence (lame I and 4} of 0.5% Triton

X-100, which salubilizes the organedle
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SO0 =% ny  membrenes.  Incubating  the

Molar 02 0510 P (020510F

A -

a1
Calaxin

COxd

SO0 T

i 2

|

-
-
-
34 8

6 7

—
|

l

s

7. SO ks kass

oot s ey

mhmm““ mﬂlm
Incubsted withi 0.2, 05, and 1O KOl or Dl m
at 16000 o fior 15 min afer sach incul
" Wi

of mestant 5001 mlszsod Mo teatmaont won

amtraction. 0.3 wECL and 00w M2 00, =

Fhat mows mutznt 5000 b mlscesd from:

icancs for st iy = 003} et rot foe 2kl (o - 0,103

A na

byt curoows.

al-ER as indicated by signals from malnexin (Fig 24). Some of
calnexin, or at least its cytoplasmic domain, can be seen
stripped off the membranes and i, therefore, detected in the
soluble fractions (Fig. 24, lames md.Sa.nd.hqu‘and ITy Itis
warth noting that calnexin is a type | integral Pro-
tein with its CCHOH terminus exposed on the cytoplsmic side,
:md.themmd.rmed in these experiments was raised against
the cytop i, hence, suggesting that the cytoplas-
mic domain of calnexin might have been cleaved off the
membranes by the smit and alkali insults. Together these data
suggest that the SOD17* protein associates with mito-
chondria andfor microsomes and that the Loa mataticn
weakens this assooiation.

Orpanelle-aoociated SO0 [k Lorpely Proteme ond
[eterpeni-resisam— The o iated SO0 7 protein
in BDG fractions isolated from S0D1%™* and 500174
Dyl spisal emrd and brain hamegenztes was also tested
for its protesse and d sermitivity. Suppl al Fig 44
shows representative data nhia.n:d by :rn.lnu.ng the mitochon-
driz-enriched fractions of thess symples with proteinase K (FK)in

IR
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apmclated with tha miochondris s

Tiermates attha
L (pH 115 for 20 30 m
B0 obitain solubis and
detection for Calraxin. Cosd, and 30018, tha amoenis
0 = A using O 2 tha Intomal oontol for il
Wilkcoemn showad

SO0 (Lo compared with 5007, maching Safistical sigrifl-
antractions.

organclles present in this faction
with PE alose did not have any signif-
iznt efiedt om 500154 proten or
organelles as indicated by the pres-
ence of signals from mula.:l.ﬂ:ID]

P 8] F

-_—
1n 1z

|

amd Coxd [supplemental Fig. 4d,
lanes § and 3. However, inthe pres-
emce of 05% Trton X-100, PK
digested the organells specific
markers, but it was still znable to
digest muotant 50D1 protein
{supplemenital Fig. 44, Lames Zand 4).
The presenoe of Triton X-100at this
concentration was deardy not saffi-
cent to completely solubilize the
inmer mitochondrial membrans, =
same of the Coxd pratein could =till
be detecied in the presence of the
detergent {supplemental Fig. 44,
lames I and d). Moreover, the Log
mutatinn did not appear o have any
effect on the P sensitivity of
mutant 5001 in the presence or
absence of 1.5% Triton X-100.
Thas, we amalyzed the P di
tion of mitochendrial ml“’f
two B fractions, 1 and 3, of spinal
cord by increasing the concentra-
ticn of Triton X-100 to 1% and add-
ing 505 (1%) to the reaction. Under
these conditions the immer mibo-
chondrial membrane was com-
pletely dissobved, thereby making the intramitochondrial
SOD1%A accessible to PE digestion (supplemental Fig. 45).
As a result, the intramitochondrizl 500154 protein was
largely but naot totally digested compared with the reactions
without the detergents (supplemental Fig &B..Imu.’n',d, &,
and 8). These data show that some FE-sensitive S001°* pro.
tein i in the matrix or 2ssociated with mitochondrial
hiowrever, there is still a birge proportion of the mutant SO0 pro-
teim, st bioely imam aggregated form, that is not degraded by PE.
Moreover, we did not detect any difference between 500174
and  SODI™*0wmclhI™™"  genotype i thes  zssys
(supplementsl Fig, 45, suggesting that the Loa muststion does not
alter the nature of motant 5003 protein in the mitechondria
Lna Mutation Abes SOOI Localization ot the
Mitochomairia—To examine the effect of the Loa mutation on the
redistribution of the mustent 50001 protein, we focused on the
cortex of thres: SOD1554 or S04 e Ih 1= mice and
fractiorated mio [MS, matrix, or membrane factions, ==
described inder “Experimental Procedumes.™

10

s anclysh
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As shown in Fig. 3, in 001 mitochondria most of the
mulant protein is in the matris. [n contrast, the mutant 5001 is
mainly im the IM5 of the SODT%=%: e [ mitochon-
dria (Fig- 34). Quantitative analysis of these data using COX4 as
internal contral revealed that the 1MS of SOD1%** contained
significantly less mutant protein compared with that in
SO0 Dy Thl**"* mitochondria (5 = 0.03, x = 3). The
matrix and membrane fractions of SOD1%%%* mitschondri,
however, contained higher levels of the SODE A protein,
reaching statistical significance for the matrix (p = 002 and
0.25, respectively, m = 3) (Fig. 38).

Mitochomdrial Respiration amd Membrane Polential Are
Severely Impaired in SO Mice, but They Are Amelio-
rated im SOOI Dpne TR Mice—Collectively, the
ahove data suggested differential association of mutant SO0
with mitochondria from SO0 Dyme T versis thoss
from SO0 ™ mice. Moreowver, there is growing evidence that
the mitochondrial localiztion of mutant 30D1 may play an
important role in the pathogenesis of ALS (14, 411 Therefore,
given the limited amount of the protein in mitochond risl preps
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and as cytochrome coxidase (complex ['V) activity is a2 sensitive
mdicator of mitochomdnal fancbon, we assessed mobo-
chondrial function at the cytochrome c oxidase level in mito-
chondrial fractions from braim cortex and spinal cord of the
fiour possible wnq'pu {wild-type .!M' ++_ heterozygous
Dl us SOD1%4 and dosble mutants
mﬂlm*.&urlhfl"?] In thess :l:pcn.rnmu cytochrome ©
omidase activity was assayed polarcgraphically by measuring
OEFEEN COfsumption rate in the presence of ascorbate and tet-
ramethyl-p-phenylenediamine. Our data indicate that the res-
pi rate of the mitochondria from 13lday (late stage]
SOD1** brain is substantially reduced compared with that of
their wild-type littermates (gray bars in Fig, 44).

Interestingly, mitochondrial oxygen consimption in
Drmc[h1%°8 excpeds that of the wild type and it is improved
in SO0 Darc IR relative to SOD17* (gray Baryin
Fig. 44} The smubsequent addition of FOCP to obtain the max-
imal respiratory activity resulted in significant respiratory stim-
ulations in mitcchondria from the wild type, Dymc TR, and
SO0 Dy 12 bt not with the SO mipo.
chondria (Black bars in Fig. 44). Statistical analysis of these data
using two.way analysis of varianoe followed by Bomferrond post
tests revealsd that the mitochiondrial response to FOCP stim-
latiom is not consistent for all gemotypes (jp = (012, degrees of
Eraedurn = 15) and that this stimulatory resporse is significant

< 0001}, DymcPhI™" [p < D.0OI), and
9::::1 T.fymar‘“’ [p « 0.05) but not in SOD1=* (p =
0.0E).

TL;: data indicate that in 50015 mitochondria cyto-
chrome ¢ oxidase activity is impaired and that the Loa mustation
appears to partially restore this defect. This amelioration of
complex IV function by the Lag mulation i consistent with oar
confocal microscopy imaging data obtained from examining
the mitochondrial membrane potential in osltured primary
maotor newrons wsing TMEM. The data from these assays are
shiown in Fig. 48 and reveal that, compared with motor newrons
from wild-type Ettermates (e —ml the mitcchondrial mem-
brane potential (A%, ) in 5001 mator nearoas (o = 54) i
sgnificantly depolarized (p < 00001} and that this defect is
ameliorated in motor meuroes of SO0 4D fh oo
mice (n = 711 In contrast, the AW, of Dymclh 1% motor
meurnas (n = 45} was not significanily different from the A
of wild type motor newrons {m = 55).

Mutant SODI™™ Does Net Show Interactions with Cyio-
plasmic Dynein in Immumoprecipitation (TF] Assays—The
redistribution of mutant 5001 protein, the amebiorabion of
mitochondrial function, znd the previowsly observed increassd
life =pam and delayed disease cnset in SO0 4 D R 122
double mutant mouse strains suggested a possible interaction
betwesn components of the dynein complex and SO0 5=
pratein. We, therefore, analyzed the mutant S0D1 protein and
components of the dynein complex in the spinal cord 2nd brain
hurung.atu from HZIDIW’*'.QHEIH‘“’" double mutants,
SOD1™™*, Dhmelhd™™*", and Dynclhl ™™ mice 2t varying
!a.pnd'lh:dism.minhemﬁunbﬂmend]ndmd‘rnadjn
and SOOI was investizated by [P assays.

Co-IP analysis of the brim homogenate of am end-stzge
SODI=* mouse (125 days old) revealed that the palydonal

EIT
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anti-SH} antibody could precipitate only 2 small amount of the
S0D1%%4 protein, but considerable amounts of p150 and DC
were present in the [P sample { supplemental Fig. 54, lane 3} On
the other band, neither anti-dymactin p1 50 nor ant-D1C anti-

EEDE
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body was successfisl in co-immunoprecipitating SO0
from the same brain homogenate (supplemental Fig, 54, lames
& and 73). A weaker signal from DIC and p150 was also found in
the: negative contral [P, im which the brain homogenate was
imcubated with beads only (supplemental Fig. 54, fame 4). How-
ever, the difference in sigral intensities obtained from sample
and megative control [Ps was big enowgh to suggest the pull-
down may be specific, st least for the pl5S0 (supplemental
Fig. 54, lmne 7).

To test this further, the [P experiment was repeated on
braim homogenate prepared from another end-stage mowse
using mouse moncclonal or rabbit polyconal anki-S00D1
and mouse monoconal anti-pl 50 as IP antibodies. As shown
i supplemental Fig, 58, lames 4 and 8, only the polydonal and
not the monoclonal anti-S500 antibody :n-imrnunﬁrr\e:ip'i-
taied pl50, suggesting that the interaction of S001%** and
pl50is not direct and may be in part due to temporal entrap-
ment of p1 50 proteinand possibly other soluble proteins within
SOD1%"A aggregates Once again, the anti-pl 30 antibody was
oot able to pull down SOD1%% (mupplemental Fig, 58,
lane 17

To verify the specificity of S0D1-DIC intersction chserved
in supplemental Fig, 54, we conducted mome 1P experiments on
brain homogenates prepared from several end-stage SO0 554
mice using anbibodies against DIC and S0D1. The ant-DIC
antﬂ:-ug.;‘ was only able to spedficlly co-[F some of the
SOD1%* protein with dynein in one mouse brain homoge-
mate (supplemental Fig. 5C, fmne J). On the other hand, when 2
reciprocal 1P was conducted, a mouse monoclonal anti-S001
antibody failed to co-1P any dynein along with 00154 from
the same brain homogenate (supplemental Fig. 50, fane ﬁ]:.

Lasck of reproducible data for interaction between SO0
and dymein prompted us to try a series of different homogend-
mation and bindng buffers and condibions. Supplemen.
tal Fig. 500 shows that none of these conditions was sble to co- 1P
30D with dynein (lamss 3-5) even when all dynein present in
the sample was immumoprecipi ihmr?]

This kack of dynein and SO0 interaction contradicts
the report by Zhang ef al. (22) in which I[P assays show a pro-
gressive interaction between these two proteins, which corre-
lated with the disease progression in SOD1* transgenic
mice. Thus, we soughit o invesbigate these inkeractions i
brains and spinal cords of end-stage SOD1"™* mice when,
according Lo the above repart, dynein and 5001 interact
with high affinity (22}

We used the Fhang et al (22} KIPA buffer for homogenizs-
tiom and binding reactions as well 2 our [P protoon] that utilizes
PES “*™g_Fig. 5 shows representative data from these assays
on bmin and spinal cord homogenates from end-stage
SOD1%A mice. As shown in Fig. 54, we seccessfully pullsd
down DHC and DIC using the 74,1 antibody xgainst DIC in PRS
as homingenization and binding buffer, but no SO0 pra.
tein could be detected in the pulldown assays (Fig- 54, lamss
E—5). Likewise, the anti-S00] antibody did not [P DHC, DIC,
or pl50 {Fig. 54, lxees 2-5). In addition, using the same KIPA
buifer and IP antibody and conditions as reported by Zhang =t
al {27}, DHC and DIC were saccessfully immunoprecipitated,
but we did not detect any co-IP of S50017* protein with
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dynein {Fig. 58, fones 3 and 4). The ant-5001 antibody did not
1P DHC, DIC, or pl50 im this buffer either (Fig. 38, lames T and
21 It is notewarthy that the DICT4] antibody is cumrently the
mast efficient antibody available for IF of the dynein complex,
but az itz epitnpe & in the pl50 binding domain of DIC, it
appears o d.lm.rpd. dynein-pl 30 intersctions ($4—46), and
hence, as shown in Fig. 5, this antibody does not efciently pull
down pl50.

To ersure that the above lack of interact ion between dynein
and SOD1%A i gur 1P experiments is not due to the dissoci-
ation of DIC from the dynein complex 2nd o ascertain the
aligomerization of mutant 5001, we analyzed 50015 and
SO0 Oy I 1% brain and spinal cord homogenates
prepared in PES or EIPA buffer in non-denaturing amd nom-
reducing gradient PAGE (4-15%) (supplemental Fig. &). As
shown in the gt pamel of supplemental Fig, 6, DIC in thess
samples is part of large molecular weight complexes indicating
that the DHC-DIC interactions are intact in these samples,
Muoreower, SO shaws strebched ladders/smsars that are
comsistent with its tendency to form olignmers and aggregates
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{supplemental Fig. &, ripht panel) These data cdearly show that
the methods wsed to prepare the samples for 1P did oot affect
the complexity of dynein or the heterogeneity of the mutznt
S0D] prodein

Wealso lested the likelihood of interactions between dynein
and 50015 in the spinzl cord of symptomatic {hind lEmbs
paralyzed) against asymptomatic (no apparent muscle wasting.
or paralysis in the hind limbs) SO01%%% and non-transgenic
miceaged 131, 118, 2nd 100 days, respectively. Supplemental Fig, 7
shows representative examples of the data using anti-DIC anti-
body to pull down the dymein complex from the spinal cord
homngenates im RIPA buffer. The anti- IHC antibody efficiently
palled down the dynein comples represented by DIC and DHC
m ‘smTlplﬂ,buLnnSDDlm"ﬂpul:d down, as shown in
supplemental Fig, 7, fmoes 2, 5, and &

Crosslinking Huffer Canees Disruption of Dymein Comples
and Nonspecific Pulldewn of Spinal Cord SODI% Drogen_
Cross-linking and mmunopredpitation of prodeins in cell
lysates from SOD1A*Y_expressing NSC54 motor neuron-like
cells bas been reported to co-1P VHC with the 50014 -con-
taining high miolecolar weight complexes (12), suggesting 2
passible transient/weak interaction between mutant 5001 and
dymein that could be stabilived by coss-linking. To test this
paossibility we cross-linked spinal cord proteins using B5” fiod-
lowed by [P with the [MCT4.] antibody and immuncbdotting Lo
detect DHIC, DIC, and 500154 {supplemental Fig. BA).

Immunoprecipitation was also cammied owt on spinal cord
homogenates prepared for cross-linking but lacking the cross-
limker BS*, Le. the cross-linking conditinns were met but with.
ot inclisding the cross. linker itsalf. We found that oross-link-
img had two effects on the [P of the dynein complex. First, the 1P
of DIC was kess efficient from the cross-linked versus the mn-
cmss-linked samples (supplemental Fig 84, DIC bands in
lmnes 2 versus 3; and 5 verzus 6). Second, in the cross-linked
smmples, DHC was not co-immunoprecipitated by andi-DIC
antibody [supplemental Fig. 84, lames 3 and € Moreover,
S0D1%"* was non-specifically precipitated whether the sam-
ples were cross-linked or nol, suggesting that the S0D1%*
precipitation was salely due to the presence of the cross-linking
buffer {supplemental Fig. BA, lames 5-7).

This nomspecific pulldown of 5014 seems to be intrin-
s o the mutant human S 1 2s mowse 50001 protein wes not
found in the pulldown of the cross-linksd homogenates from
non-trarsgenic mice (supplemental Fig 84, lames 2 and 3).
These data indicate that BS® cross-linking disrupts DHC-DIC
imteractions and that the cross-finking buffer used in this assy
promotes nonspecific pulldown of 5000, Furthermore,
the desociation of the DHC-DIC complex: by cross-linking was
imdependent of the presence of the mutant 30D1 as it also
occurred in the samples prepared from non-transgemic mice.

In the zhove experiments we followed the procedure recom-
mended by Fhang af all (22) in which after incubation of the
homiogenates with the anbibodies for 3h to overnight, the beds
were washed 3 imes with the [P buffer. To further test the
specificity of the SO0 that was oo immunoprecipitated
with dynein in the cross- linking buffer (supplemental Fig. 84),
we repeated the above experiments in duplicate; spinal cord
homogenates from 100 day old trarsgenic mice wene prepaned
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in cross-linking buffer lacking BS” In ome set of the [P samiples
the beads wene washed three times, as recommended by Zhang
et al (22}, and in the other set they were washed four times
instead of three. Supplemental Fig. BF shows that the non-spe-
cifically pulled down 5001 " in lanes 7 and 3 was completely
removed simply by introducing a fourth wash as shown in fones
5 and & Thiese data confirm that 1P assays do not detect specific
interactions between 500154 and dynein.

Hurman Wild-type and Diferent Mutant SOD1-GET Fusion
Proteins o Not Pradll Downs Dynein in Vire—We expressed
GET-t aﬁd human wild-type 5001, S0D1*Y, SOD157F,

SODI™E, 2nd SOD1™ in bacteris for i vitro plldawn
e:lpmrneﬂl:. After purification, the GET or the GST-5001
prodeins captured on glutathione-agarcse beads were incu-
hated with brain homogenate prepared from a non-transgenic
mouse. After washing four times with homogenizmtion haffer,
the pulled-down proteins on beads were analyzed by SDE-
PAGE and Western blotting, detecting for 30D and DIC. In
these pulldown experiments neither the wild-type 5001 (see
supplemental Fig, 9, dene 5} nor any of the matant 500 pro-
teims [ lames & -5} was shle to pull down dynein

The Loa Mulalion Does Nt Induce Nowel Interaction
between Dymein and 50017 _To investigate whether the
Lsw mustation promodes any interaction betwesn dynein and
S0, we tested brain and spinal cord homogenates prepared
from SODTTM, SO0 54 Dpme TRIS S, Dyme TR 1227 and
DymclkI ™ littermates at a late stage (120 days) of the dis-
eaze msing the [P protocol described by Fhang af al. {23). Fig.
& shows a representative of cur [P assays using DHCT 4.1 anti-
body for IP of the dynein complex and its associated pro-
teins. As shown in Figs. 6, A and B, lames 2, 5, §, and 11),
although DIC is suocessfully pulled down, neither the endog-
encas mowse 5001 nor the transgenic mutant SODTF
oo-1P with DIC. [nterestingly, we also noted that in some
cases 5015 protein is pulled down non-specifically in
the negative controls containing anti-hemagglutinin anti-
body anly from spinal cord (see lare Qin Fig. H! and Lo some
extent from brain homogenates of the S0D17* but net
SOD155 Dy TRI™ mice.

As our carlier data had shown that the Loa mautation in
S0OD19 hmc IR 14" mice rescoed the retrograde axonal
transport defiect observed in embryonic 50031%%* mator neu-
roms in oulture {17), we examined the possibility of a likely inter-
action between 50001 and dynein during embryomc develop-
ment We tested this possibility at embryonic stage E16.5 in [P
azsaysusing brain tizsnes and an antibody sgaimst kuman 5001
to pull dovwn the mutant SO0 and amy associated components
af the dynein-dynactin complex (supplemental FL'I I The
anti-5001 antibody eficiently pulled down SO0 ™ protein
from the samples, bot DHC, IMC, and pl 50 were not co- immu-
noprecipitated  with 50014 (ges  supplemental Fig
10, lames 12 and J1€). Although a Rint signal of DHC was
observed in IP from the non-trarsgenic Dyncli " and from
5001 homogenates [supplemental Fig. 10, fanes dand 13),
these were regarded as nonspecific as a similar sigmal for DHC
was also found in the 1P from the negative control 1P in which
the IP antibody was not included {data not shown). Collectively
these data indicate that there is no [P-detectable interaction
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DISCUSSION

Data from studies on conditional transgenic mice with cell-
specific expression of mutant SO suggest that motor neuron
death in ALS is mon-cell automomows. These stsdies have
shown that the deleterioss effects of mutant 30D1 within
motor newunons determines disease onset, but it is the expres-
sian of mutant S0D] in astrocytes and microglia that scceler-
ates later disease progression independent of the disease onset
(47-50). Therefore, because the Loa mutation delays disease
omnset withowt changing dissase progression, it is possible that
the amelioration of the dissase indoced by the Lo mutation
ocrurs at the level of the motor newron, suggesting that there
may be a functional interaction between mutant SO0 and
the Log mutation within motor newrons.

Moreover, Perlson of al (51) hawe recently shown that the
retrograde trafficking of trophic factors & defective in both
Dy [h1%2 and SOOI mice, but a significant shift from
survival retrograde signaling to stress/death sigraling is possi-
biy responsible for the mapid demise of the motor neurons in
SOD15A mice.

The recent proposition (35) that the amelicration of the dis-
ease in 50017 DweclkI™™="* mice might be a result of
reduced excitotomicity brought about by the loss of snsory
nearons in Drc ThF* i unlikely to be the scle explanation,
as Dymc TR 1™ | Dyme TRIZ™Y, and DymcThIA™ mice also
show similar or greater sensory newrcnal loss but do not ame-
liorzte the SO0 disease phenotype.
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Thie shift in the sedimentation of the dynein complex to the
lighter fractions {Fig. 14) in sucrose gradient density is only in
the presence of the Loa mutant dynein. We have also observed
this in newbomn mice from the Loa colony and hawe examined
and confirmed this difference in detxil. A manuscript describ-
ing these data and the role of the Loa mutation in the ass=mbly
of the dynein complex is in prepamation

There is mounting evidence that mautant 3001 protein
associstes with mitochondria, leading to mitochondrial dys-
function in familial ALS and s rodent transgenic models of
familial ALS {Eef. 38; for review, see Manfredi and co-work-
ers (52]). Moreover, it has been shown that mitochondrial
respiration is generally impaired in S0D1%* mice (53, 54),
and increased levels of mutant 30D im mitochondria of
transgenic mice appear to adversely affect disease progres-
sion [35). In addition, Mattiazzi ef al. {36) found deficits in
complex [, 1L, 11, and 1V activities in spinal cord mitochon-
dria from sympiomatic S0D1%** mice, and Kirkinezos ef
al [37) cheerved losses in complex IV activity within the
brain and spinal cord of pamlyzed SODT%%* mice. How-
ever, the mechanism by which mitochondrial dysfunction
plays a rode in the death of motor neurons in S0OD tramns-
genic mice is not yet fully understood.

It is, therefore, intriguing that, as shown here, decressed lev-
el of mutant 300 in the mitochondrial matrix and mem-
branes (Fig. 3) plus a reduction in the association of total
mautant SO0 protein with SOD1™*Dymclh[*™"" mito-
chondria, compared with those of 500 mice [Fig. 1, Fand
), correlates with amelicration of the defects in mitochondrial
respiration and membrane potential in these mice. Therefore,
the amelioration of dissase in S0D15%* mice by the Loa muta-
tion could be due to some as yet unknown gan-of-function by
mulant cytoplismic dynein, which is manifested by betier
equipped mitochondria and possibly ER to resist the toxic
effects of mutant 5001 protein in motor newrons.

Mitochiondria are one of many arspoced cargos whose dis-
tribustion in the cell body and awons & regulated by retrogrsde and
anterograde motors. Recently, it has been reporied that the anter-
ograde mitnchondrial transport is defective in motor neuroos of
SOD174 mijce (0. This defect has been shown to elict an
imbabmnce in the anterograde and retrograde trarsport of the
mitnchondriaalong molor axons, giving rise bo more sparse mito-
chondrial populations in the axons. Thus, an explanation for the
rescur of the SOD1™* phenotype by Loz could be the partial
restoration of the balnce in retrograde and anterograde axomal
transport by lowing the retrograde trarsport of the mitochondria

The data in the present study together with those from
other gromps show that mutant 50001 not only accumalates
within the mitochondrial matrix amd the intermembrane
space but also asociates with mitochondral owter mem-
brane (38). As a result, mutant 5001 could change mito-
chondrial strscture and membrane composition and render
the interaction of the malecular motors with their docking
site an the mitochondrial membrane less efficient. By reduc-
ing the amount of mutant 50D1 in the mitochondria, as we
have shown here, the Loa mutation could improve the dock-
ing af the molecular motors to the mitechondria, and this
could subsequently restore their trafficking.

TB638 MOLRMAL OF B¥0LOGICAL CHEMITRY

However, in cur earlier studies, nsing a Suorescently Iabeled
fragment of the tetanus toxin, we have shown that in cultured
embryomic motor neurons retrograde  transport s also
imnpaired in the S001* motor newrons (17). But in the pres-
ence of heterozygous Loa mubation the speed of retrograde
axoral tramsport in SO motor newrons improved dra-
matically (17). Analyses of the mitochondrial t rt in
motor neurons of SO0 Dync Th 1™ and SDE:E* are,
therefore, required to shed further light on the posshle resto-
ration of the balance between the anterograde and retrograde
transports in these mice.

Varadi st al () show that the disruption of dynein fanction
results in the dissociation of dymnamin-relsted protem [Dpl)
from the mitochondrial outer membrane, causing significant
muorphological changes to the mitochondria and the excessie
accumulation of the mitochondria in the perinmclear region of
the cells. Dipl is involved in mitochondrial fssicn, and it has
been shown to interact with dynein-dynactin, suggesting that
the: delivery of Drpl to the mitechondrial membrane could be
mediated by dynein (58, 59, 60, Our data and the evidence from
the Varadi af ai. sudy (#)) could, therefore, provide a plausible
explaration for the improvement in disease phenotype indoced
im SO0D1* mice by the Loa mutation.

The data presented in this paper clearly indicate that, con-
trary to the condusion of fhang et ail (22}, the interaction
between mutant 501154 and dynein is not direct or 2t beast i
not detectable by immunopredpitation.

According to Fhang ef al. (22), there are direct imteractions
beetween: cytoplasmic dynein and mutant SO0, bt not wild-
type S0D1, and that these interactions increase with diseass
progressicn. However, analyzing brain and spimal cord tissue
homogenates isolated from amimals at different stages of the
disrase and 1sing a range of [P antthodies, buffers, and probo-
cols, including those described by Zhang ef al (22), we did
not detect any evidence that could conclusively indicate
direct interactions between 5001 prodein and cytoplas-
mic dynein in SO0 or SO0 A Dymelh 192 mice.
This is despite ensuring that the dynein complex is intact in
our experiments, as tested in native gel and sucrose density
gradient sedimentation assays. In fact when we nsed the
cross-linking method used by Zhang =t al. {21} to show the
interaction between dynein and 50014, the cross-linking
beuffer dissociated dynein heavy chain from the intermediate
chain, and more importandly, the cross-linking butfer in the
absence of dynein or 50D antibody mediated nonspecific
pulldown aof SOD1%%4 protein.

In conclusion, our datz suggest that mutant dynein in
SODT A Db 2" mice protects motor neurons and
delays disrase onset at lesst in part by conferring subtle morpho-
legical and structural medifications to the mitochondriz, render-
img them less prone bo association with toxic 50017 and on-
sequenthy resulting in a significant improvemnent in mitochondrial
respiration and the overall Amiction of this wital organedlle. Futume
studies aimed at und fing the imderlying molecular mecha-
misms of the mutant-dynein-med@ated protection of the mibo-
chondria from toxic SODT%* protein and restoration of mito-
chordrial Function in 500174 Dync i = will be invalsble
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in dluecidating the moleostar pathelogy of ALS, which in furm may
highlight novel therapeutic pathways.
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Behavioral and Other Phenotypes in a Cytoplasmic Dynein
Light Intermediate Chain 1 Mutant Mouse

Gareth T. Banks,'* Matilda A Haas, Samantha Line, Hazel L. Shepherd, Mona AlQatan],” Sammy Stewart,’
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The cytoplasmic dynein compler is fundamentally important to all enkaryetic cells for transporting a vaniety of essential argoes along
microtubules within the cell. This complex also plays more specialized roles in newrons. The complex consists of 11 types of protein that
|‘ﬂutmﬁm:huliﬂ'mdmliuiu‘m]mﬁpm:rqﬂimﬂmkmﬁ:wmdhmﬂmﬁuﬂtumm
'we know comparatively Eitle of the roles of sach component protein, andi exist that albow us toexplone the efects
of defedts in dynein-controlled processss in the context of the whole organism. Here we have taken a gemobype-driven approach in monse
[ M resescalees) B0 amalyze the role of one subunit, the dynein Bght imlermsediate chain 1 {Dyncllil). We find that, surprisingly, an N135Y
w!mmnmﬁummﬂjmibﬂﬂwmm as shown from in v stodies in the developing cortes, and

logical function. b e displayincreased anxiety, thos linking dynein fon cions 1o a behavicral
phmutypem mammals for the first time. These resolts d=monstrate the important role that dymein-contrelled processes play in the

correct developmsent and function of the mammalian nervos system.

Introduction

In mammals cytoplasmic dymein | 15 a karge complex of proteins
whose constitmest members are defined by their malsmlar
welghts: the heavy chain (encoded by a single gene DywcthI s the
Imtermediate chatms (Dywciil, Dyncliz); the light-imbermediate
chalms (yncilis, DymclE2); the light chains (Dyndrr, Dynits,
Dhywirr 1, Doymirb2, Dhwilt, Dywill) (Pfister stal., 2005, 2008; Hook
and Vallee, 2006; Levy and Holdbaur, 2006 | The stokchlometry of
the Intact complex 1s not knows exactly, ot at ts core Bes 2
homodimer of heavy chales, which bimds to microinbules =n-
abiing cytoplasmic dynetn to move in an ATP-dependent man-
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mer (Gemmerich et al, 2007). The other subunits are thought to
maintaln the sability of the comples, to modulate s activity, and
0 Imteract with accessory and cargo proteins. However, while 1t
has been sstablished that the individial dymein sobuntts an have
complex cell-specific splicing patierms {Plster of al., 1998ak:
Salata et al, 2001; Ha et al, 2008; Kuta et al, 2000], we know
comgparatively lttth: regarding the specific fanctions of the sepa-
rate gakmnits.
Omeway to smdy dynein finction & to investigate individnal
=in mrutations, however, in mammals the only DYRC)
{oytoplasmic dymein) mmtations so far desoribed are four allels
of mouse Dyncrhl, one of which 15 2 knodk-oot (Harada et al.
1998; Haferparast ef al., 2003; Chen o al., 2007). The point mo-
tamis | all detected in phenotype-driven screens ) give highly infor-
matlve phenoiypes compared with those seen In kmock-out
animals and have unoovered roles that are not detected i noll
antmals {Harada et al.. 1958; Haferparast et al, 2003; Klean s
al., 2005; Chen et al, 2007; Banks and Pisher, 2008; llleva et al.,
20; Thapuis o al., 20091
To further Investigate the rale of individual dynein ssbanits,
we havensed a genetic techmique, ramdom: chemical mutagenesis,
and then taken a genotype-drivem approach wsing a mouse
with a point mutation in the dynein light Intermediate chain 1.
DYRCILIL. We chose this subwmnit becmse 1t binds important
cargns induding pericentrin {Tynan o al , 2000 and Na * chan-
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nisks { Zheng et al., 2008), and tn Agperpilines DYMCILI stabiltees
the interaction of heavy and Intermediate chalns (Fhang et al.,
200, Thus 1t s likely that dynein light intermediate chains play
critical roles withis the cell amd therefore in the crganism s a2
whale. However, at the ime of writing mo mammalian mode of
light imtermediate chatn dysfumsction has been published.

We identified and characterized 2 mous: carrying a polmt
mutatien Im Dyncilil. We find matant mice have Inoeassd
anxlety-like behaviar, changes im cortial and peripheral menro-
nal outgrowth and branching, hypotrophy of sensory nearons
and lectrophysiological defacts and atthe calhular level defactzin

approach, chamacterizing a mowse with a
relatively subtle point maiation, has revealed a range of onsus-
pecied essentlal funciions dependent oa the cytoplasmic dynein
mmpler

Materials and Methods

Al sudbies

Wherever posdhie, all methods wers nndertaken bilnd o mouss geno-
type, which was dernded| after the remlts wene colkecied. The animal
wndles were performed onder guidance e by the UK Madol Re-
saarch Coendl in Repomibdiym ﬁewﬂu;{iiﬁrwm
{1993 and nnder Arens: from the UK Home Ofice

Hererodupier screening che MBC Mammuafian Gemevics Lnre ENLF
DNA archive

Thie Dyl i ™==" arcsen an EML at
the MRC Mammalian Cemefics Unit, MRC Hmtxmmuu..
2000} Briefly, BALBMCANN male mice ara treated with EMLY wilch re-
=eils In random point mestations In the sperm of these aeimals. Thae
males are crossad with C3E/HeH femaks o prodoce FI{C3HERH «
BALBiARN) progesy carying heserozpgons random point motations,
‘Genomic DNAs ane apchived from FI{C3HERH = BALBCATN] maks
for szbsequent scraning: Sperm sSmphes ane anchived tn paraid for re-
dertvation of moose ne. Genomic DN As rom archive wene azaiyzad by
helerodnpier analpsts fiowizg the protocois oxtined In (owalld e
al,, I004). Piesss see sopolemental material (avalabike ot www_ jneonoscl
g} for primer saquences and cmpise methodokogy.

Mmumd’;uurﬁni J&r”n""

Frozen sperm fhom tae Dy hcl:nm.inrru-rmnm
mrumnﬂmumﬂmﬁmmmm 5 bwo-call
stage embryos for mplantation tete e pamdo-prageast CETHLE] &2-
males, remkieg i 12 animak, of which 3 female and | male were
hiteroaygotas and were T s fonndars for oer Dyncid "7 miony.
Smheaqnentty the sex of the Dyl ™" hetororygote antmal nead in
tackrroenas was Bemated for @ach generation s that enclear, mEo-
«chomidrial and ¥ chromaosome DA was all of C5THLY] orgin.

DA was extracted from monse G Bopks wsing 2 geromic DRA
Isclation kR [Promega UE Lid). Cenobyping was performed by allde-
speific PCR. Two amgliflcations were perfhrmd per genomic DA
sampdiz o POS: ampd led the wiid-type Dynct U7 allsie oaly [DLICIWT
forward ATCTCTCCODDOCANGOTOD DLICIWT moverse AG-
mﬁmmgﬂ fragment of 427 bp. Thesac-
ond PCR ampitfied tae Dymcliy) ihk-n*dnLK:lN’ES‘l’m
TTACCACTCARDCATCTCTG: DUMCINTIST roverses ACCACTOR-
TAGGOOCAGETA) generating a fragment of 440 bp. Both reachions:
also comtainid 10 ampitfy an eerelied DNA frRgmat of S30bp
fromm Dy d 2 (controd. forwand : GTTCACARCATT TAA TTRROC con-
trol coverse TOTGACAATGLUASDETCAC) FORs wers perfrmed
for 35 cycles, aen caling bemperatare 66°C, esing Magailx Goid ( Micro-
‘BoEs] aoording bo the mamofactarer's Instroctions. Frodocs wers viss-
alteed on 3 T% agarose gel. 17 the control fragment was: ahsent, the
Teaction was “falled " 1f the conbwml fragment was prosent simgics In
whick: the wild-type Dyncill alleke amd mot the Dymcllil ™™ aigle am-
pitfiad were genotyped 2 Dymcl i) **; those with the Dyl ™= ai.
Ie and mot the wild-bype allsle were sooved a5 Dymclin ™= =e=nT;
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sampks In wiich bot S wild-type e and the DymcIBP=" alle
amplified wene genotyped @ Dyncig~=""

Behavisral ners

Plcsse soe supplomental meaterial (avaliabie 3 wew jouroeclocg) for
mattnds for opes feld behavior, fod and water Intke, gnnse profe-
wnce, whisd razeing, accaierating rotarnd, modified SHIRFA, spontang-
ous lternation and water mane.

Spomsnows bommosr sy, Spontanooes: incomotor activey was
asmanad e trazsparant plastic cage with two horteomtal panincsl beams
Incated along S long anis of cach cage, dering 2 single I h et somdon
{withoeet hahlimation bo the et cage). Female mice were wsed cnly and
were placed indbidnaly Into the activy cages, and the fotal nombser of
beam breales mads by @ach mouss wWas Teconded.

Plux oz, The pins maze had fivor arms {mch 7.5 3 5.5 om) araeged
in 3 cross formation: Swo “ciosid” anms borderad by 30-am-high walls
and W0 “open ™ arms withoe? walk. The mare was cevalod 50com above
the ground and Beminaied by bright white ght. Femaie mice were msed
oaly and were placed 22 the distal end of 2 Cosed armm and thelr maove-
ments wene recorded For 5 min. Behavioral anaiysis was nsing
an Foeomased iraddng sysiem [Elsovision XT) which mesmnnaed Setime
spent In aach region, e member of entries o cach reghoe, the ey to
2R%2T an open arm and the dlsance bravaiod.

Sumssve allgs The seccessive alloys apparaius consisted of fror In-
Creastogly Itmsarty commacted wooden alkeys. Each alloy was
45 cm tn length. The alieys Bad the foliowing dimensions: alley | = 5 an
widhe, 3-com-igh walls, patnied hiack; alley 2 = 9 cm wide, 2.5-cm- high
waiks, painted grays alloy 3 = 6.7 cm wide, 0.5-cm-high walk, paimied
whitcs alley & = 5 cmwide, 0.3-cm-high walls, palesed wiite & 2cm gep
dirwn led! from atley 2 boalley 3, with 2 ferther 0.5 om siap diown betwazn
alieys 3and 4. The apparabes was elevaled | m showe the fioorin 3 well i
baratory. Female mice nsed caly and wera placed Indvadnally ot the
dinsad end of Aley |, Bacing the wall. Each trial kedosl for 300 5, during
which time the lalency o fArst enler, the fotall time spest In, and The
mzmber of entries inio, each sectbon were recorded.

Weighe lifiing. Strength {ostteg wes performed meing 2 s of sewen
wedgits of Fncarty Increasing mass. Each monss was held by e i, and
= forepaws wene allowed & grasp a ball of wine mash o which 2 waigat
was aached: fomalka mice were med only. [fthe momse Ftied this waigat
for 3.5 was tisbad on progreshvoly hisvier ones. The welght fing sore
was calmilied from w2 heaviest weight Hfted and the momb<r of seconds
for which S weight was Bold,

Cauwalk Female mice were nsed oaly and wers allowed bo walk spon-
faneousiy op and down the glass Catwalk wallway whiks images werd
collected by 2 video amen placed bolow. Thres crosses of th walkway
wert analyzed fo¢ cach apimal and the dat averaged. A member of pa-
ramiters were examined, Nchdieg fotstep seqaence, froet and hind
base of mpport, regulartsy, and paw print gz, angle and ntensky.

Corrical menron dendriie analysis

Uering horzs were memoved from Hme-mated  heterceygons
Dymcl 1% mice at embryenlc day 15 (ELS) neder anesthest (ls-
ferane, 25 Limin). Approximaiely 05 ul of sohotlon coniaining on-
Bamced grovn fAuoTescent protein (GFF)-pOIGD exprossion plasmid (2
mmmmcmmmlummmmm-ug:
ik under Bartroporation
sl were ariented mmpcnlmpmimw nmm.mmnl]-
poeiating e PR Electmopaned embryos ware placad back inio the
mother and allowed 5o dovelnp Rormaily, nntl ekther EI7 or possas)
day 15 (P15} ¥ at EI7 n disncired
cortical nennon oo, according S0 estabihad methods (Banker and
Goslin, 1999 briefly, diseciod cortkoes were trypsinimed (0U125%, Invil-
Togen), dissoctated and plated Into the wells of poiy-L-ysing (001%,
Slgma)-coated Labdck csamber slldes at 2 density of 1 10" cells par
ciamber. Cuknns were mateiaissd In Meembea| medmwith

ments (B-27, Glutamax and penicBlinigreptomycn, Invitroges], ool
they were flxad at 10 days i wero [DIV) with 4% paraformal dehyde
{FFA) and Immmonolabeled wits an antibody bo GFP (1:100, Miorpho-
Sys]. Up i 200 CFP-labaiod nenrons per ambryo wen: tmaged wing 3
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Deita¥ision microsope and Soffworks sftware. Mewmokacida software
was used o brace photographed nenrons and analye dendritic charac-
teristics tn wild-type and Dynzilli*="""""" neommons. In all css 4t
were checkid for normal distrimtion nng the Of Agosting and Feamson
test, then compared fior statistical difierences nang the | test or BONpar-
maeiric Mans-Wainey L',

Alternattvely, GFP-axprossing mice a2 FLS were franscardially per-
fused with 0.9% safiee, followed by 4% paraformaldehyde. Braies
were removed, postfiad for | b In 4% FFA, then vibratome ol
«corcEal sactions | 10 um) were Imaged nsing an SPS Moltipsoton,
Lelca onfocad spstem io chserve the archiiccimre of thie corex, In
particelar the organtzztion aflzyer [LTI projaction nenronsand thetr
dendriticartors. Contocal Images were collectad nsteg Lelca software
and were nsteg Volocly, NIH Imagel, asd Pholnstop
[Adobe) snitware. Finorescence infensity was: plodiod nsieg MIH [m-
agel, as a measore of CFP-poshive mesron posflon within the
NEnComeL

Condinizming lesion and swsory neurow anltures
Mice of ofSer s were subjected 1o wellateral sdatic nerve crosh at
mid-thigh level. Thrae days afer Injory, disocited ooiberes wam pra-
pared from e L4-5 dorsl root gangita (DRGE) ipsisterd and Cox-
‘iralateral 1o the merve cnash as described provicssly (Hane of 2,
3], The dissoclated DRGs were plated tn DMEMFIZ medium
with Ml and 10% Borss serom on Emints-ooated plas
coversiips at 3 density of 2-5 menrons/mm . Afer 20 h cokures were
Nxed In 4% paraformaldehyde, siaizad with antl-NFH (nesmfla-
mant heavy chaie) and mumber 0T hranchis per NEsTon wis meassTed
nsing MetaMorpa saftware o dightal Images cpberad by ImageX-
pras;icne | Molecnlar Devicos) fnorescenl aoiomatic microecopeat

10 mageification.

Condurrion snudies amd dorsal roor gangiion hismlegy
Skin-nerve preparseion. Anbmais of etRer sox, 34 monthsof age, 7 wikd-
typeand 8 Dyncii*= T =0T e pmates were kilod by cervical dislo-
cation. There were no obvions gross morplokopical differences of the
nerees on disaction. The skin merve preparation was performd 2 de-
soribed K gt al, 1997 The mph nervee with
mmuumnmuqm“dmmamFmﬂm
np” In an organ bats The {15 mifmiz)
mmmpummmmm:mmmummm
tion containing the foliewing (in msijc 133 Mo, 1.5 KO3, 0.7 MES0y,
1.7 MaH,FO, 20 CaCl, 9.5 sodinm ghecomate, 5.5 ghoos, 7.5 w-
crme, and |0 HEPES & a (mean * 50} p& of 7.4 = 005 and 2
temperatane of L0 T LT
off &- and C-flver sensory nerve compoend action poten-
Hal (SNAF) were made using 2 |ow nolssmstom-made ampliflerand HF
1 B2z, LP | kEHr flter seiting withoes a noich fiter. The nerve was stim-
nhied Witk 2 fine monopolar steel medle 35 Gitode and the anode
placed close by In the organ bath. Vales given are mean + SEM. Statts.
2l comparison was made wits 2 monpatred ¢ st
Mfoar ey oovedwcrion sy Antmals of diher sy, 4-5
maonss of age, 5 wikd-type and 5 Dyncilipeumeany ||fermaes warne
emdlenl invivn Mice were aesthetieed with knforani and st disd wsing
2 Viking Crecst EMIG machine {pereroesty donated by CarePndon).
Comgound acilon pobestials were racoeded from small food moscis:
with newdic dectrode and 10 He HP and 10 kHz LP fiiers. The
recording ahacirods was inseried perpendiosiary terongh the plantar
skin midway betwoen e joinis and tha ankle.
mmmmﬂlmﬂulﬁmmmﬂﬂmn
‘was stirmlated af the askle and Bwe sciatic nerve at Bw sdatic noich
msing a palr of monopolar meedle ciodtrodes. Meedle EMG was ob-
1atnad with @ i (30ga, “facal™) concentric neada elocinode with a
rﬂnﬂmufﬂﬁm’h\mlnmkmmnrﬁmﬂ
Fastromnemies msck esing |0 Hz HF and 10 kHe LP Miers. Values
are meam T SEM. Slatistical comparison with made wih a
nonpalred ¢ test.
Hisolyyiml analse of NG Antmals of either s, 3-4 monss of
age, 4 wild-type and 3 Dynzi """ Mermates were nsed In this
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analipsis Cervical and lumbar MRGs were flxod in 2 4% FFA and smbss-
quently soaked Ina sterfie 1% sucrose sototion {In FBS) for 2 hand then
e o MCrEasng concentrations of 1% s ora
farther 2 h and fzally 3 30% sototion overnight at £°C

miar or cervicl DRGs were embedded tn OCT and sectioned on 2

crgnmu ]
sbin. Analysis of epidermal neree fiber dexsity nstng
PCHS .:: marier for unmytizated fbers) (AChiH of al., 3005, Make

menacional antd-nenroflament 200 {MST, Skgma) antiboady and 2 abbt
palycional antl-geripherts antbody (MilBpare Blosdence Research Re-
agenis, AR 1530 ornsieg the momse 01 meaodonal anb-parvalbaomis
{135 Swant] or a rabbit potyclonal antisermm o caicttonin gene-retsted
peptide {CCRF) {1134, Blomal International). antibodies were
apsplied ovemight, Secondary amtihodios wer an Abixa Fheor £38 donkey
andl-rabbit |pG [Invitroges, A21206) and 2 Cy3 donkey ant-mons2 [gG
{Jadkson Immenofesearch ) and applled for I B Sides were moonted
Esing 2 Vedsshickd mooeting madla with 2 snclear DAFT staln and
vhewad on 2 Zalss Aniopiot 2. Image were taken at a 10 foor objerctve

and captmred msing appropriate M.

Daraa
el oowmey i WNFFYperiphenn mmuman g, Lembar and cervicl
DRGS from each animal wereanalym:d seperately. Capenred Imags werd
viewad In Adobe Photoshop C54. A mintmam of 200 coll proflie, con-
sttbing apgroximatly Sree dorsl root ganglon (NG sectons, werd
anaiyzed for cach animal and the numiber of coll profiles postthee for @ch
marker was rooorded. Of those profles showieg nockd, the areas and
porimaters of at keast 50 cells posttve for each marker were recorded
msing 3 21-teck LCD (Bquid oyetal display) dighalivteg bk with
Adobe Phoinshop software. The mean data from indivkieal animals was
fhen comibinid so Shat groop daf from muokaet asimals conld be com-
pared with thi data from the wild-bype animals.

el comeomes for ACRP i As with S MFHY
peripierin Irrmhhg,.l.he bxmbar and cervical DRCs were ana-
Fyxad separately. A minbmem of 400 call prodles were connded for each
moreactivity for cach marker nsieg the mme software 25 for the HFHY
poripharts ounts. The mckd of | and CGREF:
colls wire not dvways the anes of il the s il pro-
fles wire mamsrad as.opposad b st those profles that had boen soechoned
n S mckar plane.

Muse embryonic fibroblest provocals
Cﬂhq’mfﬁjhﬁhﬁﬂ PregTant female was s foed
& day 135 by canvical disiocation, embryns wene separated

posicolinm.
and kept In L-15 mediem on loe (1nviiroges) befone procesing,. Had
anadl wisceral organs were Temoved and Hemes wene mincsd nsng -
blades and saspended tn 15 mi of LO5% trypsin (Invtirogen] In DPBS
suppiementod wits 10 mu MpCl, and Diasz 1 (200 U, invitropen).
Tizme was Inoebatal 2 57, 30 min, transkerred Inio 4 ml of warm
maxinm |DEM mpnicmioniod wits 10% F2E and 12100 (wiv) penidl-
|- Remainieg pheces of Heme were aliowed io sl &0
fhe botiom of the fobe and ool ssspensdon was framsiernod oo cell
oalinre fasks (Manc)
-.'h!g'mmﬂl}-qhn‘hmbﬂ with nocodamle E13 monse embry-
{MEFs] g b 0 0N PO Cover-
ﬂplniﬂmhum“mjtﬂ'ﬂ 3% 0. Samdard
DMEM was replacad by lce-cokd samdard DMEM contateing 15 ms
HEPES, cells were left om lce for 30 min. This was replaced with DWEM
contzining 10 pgfmi nocodaznie, and calls wene otaied & 37C 3 h,
3% Oy, Mocodazoke was washad from The calis & Himes In D ER and ol
Teinrned 0 3% 0, 5C Incobator bo reoover for [, 30and 50 mie befire
belng ficed In —20%C methanol, 3 min. The cells were then washed 3
fims= In PES conlaieing 0.2% gelatin from coldwater fsh siin (PESC).
‘Sampiss were stained for Golgl ming rabbit polpcional anil-glantin (1
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1000} {Covance) and cyboskeleion esing mowss monockoral and-a-
‘atrolin { 12200} { M iporels sanndarny antibodles wene Alexa Fraor S46-
conjngated gnat antl-rabbdt IS (1:300) (Invibmgen) and Akxa Aoor

ans monse |G ({1:200) (keviropen). Anthodis:
‘were diksted In eiSer PESC {antl-glanting or FE5— (FBS withoe! mag-
nesm or cakckm) for 30 min, room temperabere. Fiealy, colls wene
mamnted an glass slides using Proloeg Coid mntifide monnting me-
dhm, « e 2pi dlhyd
[X&PT} (Iu'lﬂn:gm] :nd:llumhm:-ml:: 3l & 2t room t
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ture, then stored 2t 480
Emaezomeai raficking chare of Adova Fivor-conjupmes spidermal
r

E13 MEFs ware grown o B0% confnence on round coversips In & wal
plxtes In sandard DMEM at T7C, 5% O, and then washed fwice with
PB5, without calckem or magnesinm {F25—). Colls were starved for 2h
In starving medhom [DMEM, penlclBinisrepicmydn, and L-ghefamine)
at T, 3% Oy, before stimeaiation for 10 min wish wamad starving
medmm contzining 3 ng/mi Alma Foor 555-conjogted epldermal
growis Dcior (ECF) (Invitrogen] and 0 1% BSA. Calls wene wastad twice
‘with ke-cold PBS— and thie bnierna e ECFwas chased for @, 20, and 43
min. Sampix were then fived at tse mie polnts with 4% FFA for 15
min, and permeabidlized fior 5 min In 0% Trioa X-100and biodced In
1% H5A, | B Sampics were ten monnted on glass shidos FroLong
(Gobd anttfade monnting mednm mnizning DAF (InviTogen) and 2
lowed R0 cure fior 24 B, room bemperatare, then somd 2470

Results

Oirtgin and inkeritance of Dynct ™7 mutation

An archive of genomic DNAs from novel mice with random
poimt mutations has been created at the MIC Mammaltan Ge-
netics Unit, UK tn an N-ethyd-Noarea (ENLU} driven motagenesis
pmgnm[Nnhm:t al, 2000). To take a gematype driven approach
1o mmd g dynelm suk fumctiom, we screened this
archive for D}'mﬂh]’ exon 5 since it Isone of the largest protein
coding exons in the gene and the larger the stretch of DRA
screened, the higher the probabiity that 2 motation will be
found. We amplified 2 248 bp fragment {inclading complete
170 bp of exom 5), maltiplexed at foar DNA samples per well.
A heteroduplex screen of 1288 amplicons (Le., 4992 pools)
showed a possible matation tn cne IDNA pool (szpplemental
Fig. 514, avallable at www. jnenroscl.org as supplemiental ma-
terial); ssquencing revealed the single mmtamt DNA sample
[supplemental Fig. 518, available ot www. |mearasdlorg as
supplemental material}. Thas in car amplicon we deteciad |
mutaticn per 1.24 % 10° bp, of which 0.85 % 10 bp were
prateln coding,

The Dymclli mustation was an A o T change at base pair
795 (cDNA mumbering: Mouse Genome Informatics accessbon
number MGE2133610) cusing an asparagine to tyrosine
change at the highly comserved residoe 235 Dhymollip Vo
{Fig- 1). This mutabion was nod foand n slther parental strain,
BALKcAnN or C3H/HeH, comfirming it s not a simgle-
nndeﬂldepdpnghm {mor ks 1t found i C37BLS6).

The Dymcaiii meomse e was redertved by IVF and 4
animals {3 female, | male) were used as the founders for our
Dymeir ™ colomy. These mbce were cossed to C57HL6] mice
and sahsequent gemerations were backorossed to prodooe a con-
genic straim or ntercrossed o prodoce homorygous antmals. A
N5, 8 Dync i heerorygous males were crossed with 14
Dy pir T heterorygows females, produdeg 37 litters with
am average sine of 8 pups per Hiter. The:nulilmﬂi-clmﬁmn
normal {143 males, 147 lem:l.l.u:: = E). Homorygous anl-
mals were viahle and the gemotype ratios were ot dgnificantly
airred from Memdetan morms (75 wild type, 160 heterozygote,

PRI HEER 304 LELIACTUSNE LOLINLAR 36k
ow mpcwier DFRlLn i LELRADTUEN. AL ad
[resiy s ST it LEMRACTLEN LA e
Ci'hd R PPN 1L TN LPLOADTUSRE LINI FELAY B85
Pe———— P T 3
[r—— CVMCRN fopisiia) 500 LFLOADTLIT LOWFRLAT 338
s s DCL 1 st Tn Lw fumrwear am
[remrem— LrLacmad Lo PR 231
Pavirereiess sopleie YRGS (ppiebped) 7 LPLOSMTLINE LE PR 330
rocloride D reriy [T § o LILEETL LOLITRRN 337
et Dxca Lt rivg T e L]
TOT LELTECALITRCLELECEAY 358
[ o ] 14 LLOGOTLEM- CONTPHFY] 338
[ T 30 PRLEGEILIAE LENFELVAD 383
[ L. LALOREFTMAINPELATE Lk
B L B
[Pl

Fqu 1. Farial sepuenc: ane| domalre of wikd-iype and mulaa DYROILN. A, Mg

SR Jger] of dyniin bt Infermedate thoin 1. Saragine 115 K ime-

b inthe Dy | PR bl 2 hikghly orecs Pvnuohae tha animal dagdem snel

akoin Fwaakas ant bl i, Prosein dorin g of ITRCILIT, shesing e locion of the
IFYWCILIN TS ptation 23 red lar. ey q Efedby
Bl . [300T], Hugos ool {1505, an Byran of o (0L

7L hmﬂdﬂ.z = 2.84). Homorygotes were fertlle—iwo In-
tercroses of homorygous malss and females produced ligers of
11 and 7 homorygous pups.

We went oo to test the mutant mice for phenotyplc differ-
ences all phenotyping was performed blind to genotype oo wild-
tvpe and homozypons age-, sex-maiched Mtermates. Mote that
M&ebﬂmmdmu&dmﬂbﬂuﬂ
experiments, all mice within each experimeni were of the sme
generation on Cs57HL s

Behavioral analysis and histology of braln and spimal cord
To determime whether the Dhmcrlil mmtation a malke in be-
havior, female mice {12 wild type, 11 Dymcpfir @Y gy
moxygotes, MN4) were sseszed. We foand mo difference between
genotypes 1 open fleld behavior, food and water intake, ghoooss
ference or wheel g (supph tal Fig. 524, B, avatlable
nmjnmwn.mgasmpplermm]mﬂuﬂka whem
placed 1n 2 novel emviroement Dymcrlir™™ mice dis-
played lower levels of Incomatar activity than wild-
type Ittermnates (F, 5, = 4.3% p « 0.05) (Pig. 24).

Next, anxlety was examimed the elevaied phis maze
Compared with wild types, Dhmciil mrmlrh.‘lda.lnqﬂ'
latency to first enter an open arm [V iz = 29.0% p < 0.05),
spent lesstime Im the anxiogenic open arms (U g = 10035 p =<
0.05) and more in the dosed arms (L) 2 = 1305 p < .01} (Fig-
1 8) and made fewer entries to the open arms (L, o, = ID!B:
== 0.05) and the dosed arms (U 7 = 1125 p < 0005 (]

27} Howeves, the distance moved by the Dynctfi™
mice did not differ from that of wild types (), = —15Ep =
©.15), suggesting that the reduced exploration of the opem
arms ould mot be explaimed by hypoactivity. In addiiion,
Dot 1= ENEET oy displayed significantly increased defe-
cation durieg the task compared with wild types (L iz = 28,0k
== 005,

Anxiety was further examined nsing the sscrestve alleys sk
(Deacon et al, 2003). Agamn, DymcrEr@F T 25T mis were
slower tomove Into the more anxiogenic second alley (U 7, =
.05 p < 0.0%), spent bess time In the second alley (D =
1060 p <= 0.05) (Fig. 200 and made fewer eniries into the
second alley (LN, o = 11005 p =< 0.01) (Fig. 2 E). The small
mumber of animals (4 wild type, 0 Dymcdli [REFYNESTY by
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Figum 2, Schavior ol Dy PP iy 4 Dypr WP P iy deplayed Sprificanty lemorivrds of Daniawon
SCCOE O 2wty NPy aad e e type Il B, D 92 el pls e (P, Eve O T g e
b man sty fow mH s to
7= muiog spent less Hme in B o
aTmiagenk: akays campared Witk wild fypes. £, They e o [rwer aninie 10 Bwse by {0 Do N7 g g
'] u:!au’zmrnmjﬂp]u . F, Foelrinl analysh ixing the CatWalk systom daund Bt compared with wid
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o toca elative: ramawing) of B front BIYS anel 2 wideniag of the: hind B35 3 peetentafive Sarm ple rom one animal
2 thown. Grmen, Rgit fmon foot; dark grem, ighn bind fool; e, left front faat; dark sed, 140t hind faat. Ak walksd

‘i Beantiy s Hu e It opsen 3w move fnse B Eha csed armm. €, T
908 the open and msed aren. I, D e Soneaes abeys G5k DT

typ, BB

hora right alefl

vemtured beyond the secomd alley meant that valld analyses
could not be performed on alleys 3 and 4. Thas the renlts of
the plus maze and seocessive alleys tasks suggest that the
Dyl =S e display Increased anwiety compared
with their wild-type [ittermates.

At & months of age the performance of Dyncrli PE5IRZEY
mice o the accelesating rotarod did mot differ from that of wild
types [tz = 0475 p = id ). However, Dyme (lir T80 muzp
tended to be siightly stronger than wild types on a welghtlifting
test of grip srength (LU gy i = 35.5;p = 0.06) (mpplemental Fig.
52C, avallable 2 www_nesros ong 25 aypplemental matertal).
In addition, examination of gait nsing the Cat'Walk analysis sys-
term fioand that the ratio of forepaw base of support (R0S) io
himdpaw BOS was symificnily reduced In the homozygoas mu-
tant amimals (rny = 320 P < 1003 compared with wild-type
litermates. This was due 1o a relative marmowing of the forepaw
B0 compled with am increase in the hindpaw BOG (Fig. 2 FL We
perfarmed the modifiad SHILPA test (Rogers et al, 1997,
2001}, which inchuded forther rotarod and grip stresgth mea-
suremends, upon mal= znd female mice up to 52 weeks of age
bt found no difference between homozygotes and wild-type
controls (supplemental material, supplemental Fig. 5207,
avallable at www neurosd.org as sspplemental matertal) and no
differences In tests of hippoampal spatial working memaory
[spomtamenus alternation) (mpplemental Pig. 320, avallable at
www. jmenrosclorg s sap plemental matertal), or reference mem-
ory acquisition and reversal (supplemental material, supplemen-
tal Fig. 52 0 H, avatlable at www.[neanoscl.org as supplemental
material].

Gitven the behavioral and gatt abnormalities, brain and cervi-
cal and kambar spimal cord were assaseed hisinlogically. Attantion
was pald to prefrontal cortex {PEC), Mppocampus, striatom and
cershelbum, but we deterted mo differences between wild-type
and mustant Ittermates in brain or spinal cord momphology or

poal {applemental matertal, sapplemen-
tal Fig. 534-D, avallable at www.
|mernsclong as supplemental material).

Cortical nenron demdrite omigrosth
and branching
Az awomal and dendritic development s
kmown io be mediated by cyioplasmic
dymein-dependent processes, we Investl-
pgaited the morphology of corttcal newurons,
Inchading those Imthe FFC. A GFF expres-
ston plasmid ‘was transfecied Imio the
cortex of embryos 20 ELS by in sere alec-
troportion, sslectively labeling nesrons
that would in the developed braim become
layer I/II cortical projection nearons.
Two days after dectroporation dissocl-
ated cortical ubtures were prepared
from fluorescing hemispheres. Ten days
later GFP-expressing cells were analyzed
to defermine patterns of dendrific out-
growth and brandhing (Fig. 34). We found
the mean dendritic tree length was -
cantly imceased in DyncafiphoersEsT
mewrons (Fig. 385 wild © I3 +
3346 pm; DymclfP T 536 +
3452 pm; p = 0.0028). Farthermone,
mdividmal dendrites termimated sig-
mificanily further from the soma Im Dyl EPF P25 neyromg
than MJd-tmmﬂlmh[Flg 3Bii; wild type, 1709 = 4637 pow
Dot PREET g g+ 4410 pm; p = 002810 Thus ho-
MOTFRo0s Tokant dmdnl:s grew longer amd exiended farther
from the soma than those of wild -type animals, which may have
impliicaiions: for comedt conneciivity betwesn nearons e o
Despite these differences in dendritic tree length, wild-type and
Dymcal ¥ PRET panons had the same average mumber of
demdritic trees (supplemental Pig. 544, aallable at www.
%m‘m material; wild type, 5.40% +
D.!!.EB:D“:IEJ"" 4923 = Q2807; p = 04697 ) and the
trees displayed similar I:rrl.l:u:h.1ng patterms: the average nom-
ber af branch polsts, or modes, per dendrite was mot statistl-
cally different [m}lplem.en'l:.'l Fig. 548, available at www.
Inenrosd.org as emental material; wild type, 3.28% =
-:n.=.uhﬂym:rﬁr"‘“ ST 4236+ 02390 p = 04697 In ad-
dittom, the frequency of modes per dendritic tree was sutl.-:lla]l;
indistingoishable betwesn wild-type and Dymealiph=iemass
meurons. This indicates that the vartability in branching patierns
abserved between nenrons within each gemotype, was consistent
between the beo genotypes (supplemental Fig. 540, available at
www.nearesd.org as supplemental material). Fimally, a Sholl
analysis showed wirmally idential oomber of intersec-
tions within given mdil of the cell body for wild-type and
Dyt ¥R FNEET pnrons [ snpplemental Pig, 54 D, available at
R
dendetie bm.-nctm-smi
menrons In Dy i PP P2ET payron, h‘-"‘dﬂ"ﬁ-
To determize whether dendritic hnndﬂng and cogantzation
defects oonar tn Dymctli PSS peymps in vive, embryos
ashjected to dactroparation with CFP at E15 were left 1o develop
mormally and brates were hareested at P15 In these sxperiments
electroporation was targeted toward the PEC, an area that has
been assoclaied with anxiety stodies Im lesion studies {Deacon et
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al . 2003). We foond matant phemotypes
that ool ot be observed k

tres in the PRC of Dyncl &1
Imals more menroes that had md ;rru,e.l
past their appropriate kayer 1111 posttion
and tnto the uppermost part of the cortex
(Fig. 3CE goamtitation shown m H).
More candally (Fig. 31J) thers was a
marked increase in GFP-labded nemmes
3 the uppermost Layer of the cortex In
W TR g Many of these
ons displaced from layer 11 ade Eu.l
abmormal orientation I Dy
wrtT animals compared with wild types
[Fig. 300,F) and alsn 2 proportion within
lzyer Il showed shnormal orientation
[Fig. 3G} Pignee 3 shows that this mis-
orientation was characterired by the apial
demdrite not projecting radially, toward the
plal mxrface, bt nstead to vanying degrees
tangentially. In addition we chserved nes-
rons with abmormal apicl dendrite moar-
phology  Inchsding  thickening of the
demdrite and ofien irmegnlar trajechories
(Fig. 3K, armom).

Adult sensory meuron bcrml:hdng_

T establich whether the Dvmcif " -
tation affertad menmnal banding in the
periphery we samized nenronal odfiomes
from wild-type and Dyl pRsesasy

DRGs. We-alsn-examined the possibility that
the Dhync 17 emtation might affect dymein-

huﬁ: retrograde infary sigmaling by per-

forming condRioning leston experiments as
Juﬂhe.l previousiy {Hamz =t al, 2003).

manths old were wad far m..h experi-

ment, and three ndependent replicies
wene carried out. Mice were sshjacted 1o
nmlateral soiatic merve crosh at mid-thigh
leved; 3 d later, disodated oolhures were
prepared from L4 -3 DRCs ipsilateral and
comiralateral to the nerve cnzsh. Neuroms

MNFH, and bramching was me-
Figre 44, B, In matve

onditions M -poaitve sy neurnns
T

from mice had a

greater number of branches than wild-

type comtrals. We found stmilar resubs
Imfury condit

nditions, apparently
Impury response mowild
branching after Infury,
mutants).

To assess nerve branching In developis
formed whele moast neurcfilament tmen

Im the hmibs of E13.
ence between wild-1y
namber o
tal Figure 54,

. although differences were less significant
dize 1o 2 more marked

f bramch pc-lnl.:ln.pp.e-urul material, supplemen-
avallable 21 www. |nenrosd org as supplemental
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mpared with 33. %% tncrease In the

Neurophysiology of sensory neurons and dorsal root

ganzbia Blstology

Mice with mrutations in the dynein heavy chain 1 submnit have a
Joss of cotamerns and proprioceptive sensory nenmons, and so for
comparisnn we nnderinok sensory nerve onduction smdies of
the mphenous nerve on £ wild-type and 7 Dy e
homarygous male litermates {3 months of age, N

antmals we per-
hisiochemistry

ificant differ-
5“ mals in the
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were takem of the A (mydimated)- or C (onmyelinated - fiber
SNAPs we found 2 small bt significamt { p < 0.0%) redwction of
the pak -to-peak amplitmde of the A-fiber SNAP from 32 = 03
m¥ In wild types to 2.5 + 0.2 mV in homorygouws mmotants (Fig.
5A) but no difference In the condoction velodty {wild type,
182 + 0B mis Dynclli™@ REE a7 = 12 mis p > 02).
'With respect to the C-fibers, we found no significant redoction of
the peak-to-peak amplimde of the Cfiber SKAF {wild type,
391 + 48 uV; Dymet T 3gs = g1 wW, p > 0.4) and no
significant redoction of the conductton velocty (wild type,
0.86 = 006 mi's DymcdEEV S FRET g gn o+ 0od mis p o 04).

To determine whether the sensory electrophysiological defect
Im A-Biber SN AP was reflected histologiclly, DRGs from the cer-
vimal and lumiar spinal cord were siained for NFH (2 marker for
myelnated fibers) and peripherin (2 marker for thin mysimated
and nemyel d fibers) (sappl tal Pigure 554, available at
wnw. |meurnsclorg as sapplemental matertal). We foand mo dif-
ferences im the NFH- and peripherin-immunoreactive cell pro-
files in cervical or lkombar DRGs of wikd-type or matant animals
[supplemnental Takle 51, avatlable at www. Jmenrosd org as sop-
plemental material). However, analysis of the sire distribtion of
labelesd memromal profiles revealsd a ggnificant shift to the lef
[smaller negrons) in homaorygous motants compared with wild-
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type itiermates in lombar DRG. Changes in cervical DGs were
smaller which & compattble with a length-dependent effect as
seen In mamy meuropathies {Fig, 5B Table 1)

We also stained cervical and lumbar IRCs for cldtonin
gene-redated peptide (CGRF, 2 marker of pepidergic nocioep-
tors) and parvalbumin {staime priopricceptors and mechanore-
ceptors) (mupplemental Pig. 558, avallable at www. |nisarascl.org
as supplemental material). 3milarly, we found no differences In
the percentage of UG RP- and paralbumin-tm mmanoreact be cells
In the cervical and humbar DRGs of wild-type and matant ani-
mals {sapplemental Table 52, avallable at ww. Jmenrsclorg as
sypplemental material), but there was a sygmificant shift to
smaller menrmes in homorygoms matants mepared with wild-
type Ittermates {Table 2).

We found no boss of epidermal nerve fiber denstty between
wild-type and mutant animals, and no reduction in the mamber
of Merkd cells, whose survival depends cn Innervation by mech-
anoreceptive snsory nearons. Together these Aindings indicte
that there1s mo distal degeneration of large myelinated or namy-
elinated sensory neurons. To establish whether the Dywc 2T T
mmutation had any effect upon the mphemons merve Hsdf, 2 histo-
logical analysis was performied npon the saphemous merves of 3
wild types and 3 homozygotes and we found no difference In
average fiber stre, fiber e distritmtion, g-ratio, or average ax-
omal diameter (sopplemental mat erlal, mpplemental Fig. 53C-F,
mapplemental Table 53, avatlable at www |meurnsdl org as spple-
mental maiesiall
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As Dy L VT2 gnimalks have a different gatt from wild-
type liitermates, motor merve conducion velocity was assessed
wild type amd Dymedlir™ """ |iif rrenates and we found no
differences between genotypes (sopplemental material, avatlable
at www. jmeurosdlorg). In aggregate thes: findings indicate that
there s no loss of sobpopalations of nearons, but a hypotrophy of
all cell types and no dyimg back negropathy of motor, or large and
small dlameter sensory newmons.

Dvnetn-controlled processes in Dyme ™= 05 pop e
fibroblasts

‘e studied the effect of the Dynctli P mutation om two tm-
portant celiolar processes known to involve oyioplasmic dymein:
malntrmamce of Golgl inbegrity amd emdosomal movements.
Galgl abnesmalttles have been reporied in both Dymcthr™
[Haferparast ot al , 2003) and in Drosopdila with 2 mstation in
thedymein light intermediaie chain (Zheng et al., 2008; Palmer et
al 2009). We analyzed the effect of the Dync il mmtation
om reassembdy of Golgl complex in MEFs, following exposure to
noondarole. We found Golgl reassemibly progressed throoghoot
the recovery tme and was almost mmplets 1n wild-type cells
withim 50 min, thos there was mo significant difference im the ratin
of Golgl spots per unit area in wild-type cells compared with the
oaresponding ustreated wild-type cells 21 the 50 min ttme point
[p = 031) (Py. 6A, B supplemental Fig. 56, vallable at www.
|meurosc.org as sapplemental material]. However, there was a
defect in Goldgh complex reassembly in Dync "= P25 gplls
when untreated and treated cells at the 50 min recovery time
poimt were compared (p = 0.03E]. MNo satstially dgnificant
differences { p = 0.06) wers chserved In the mto of Golgl spots
perunit area in heterorygous D}'m:ﬂ.i]’"zqw' cellsunderthese
two mondittons (supplemental Fig. 56, avallable a1 www.
|meurosclorg as supplemental material).

As dymein is responsible for the trafficking and sooting of en-
dmmﬂhuthendé‘mhdleld..m] we Iovest igated the
affact of the Dymelir™ " mutation o sndesomal dymamics.
Wild-type and homorgygons MEFs were palssd with Alexa Phaar
s55-onfogated BGF, then fixed af set me points {Fig. 74.8),
and the mumber 0f ECF-posiitve vesicles in each ol was coumted.
When we compared the mumber of ECF-posttive vesides, as a
measare of thetr tafficking to the ysosvme for degradation, at 20
amd 40 mim ttme polnts, we ohserved sigmificant differenoes
between wild-type amd homorygons MEFs { p = 00032 and
P = 0.0007 respectively) which may indlicate a slower raie of
degradation.

Drymein subumit levels and interactions

We generatad anttbodies sgainst wild-type DYNCILIL, and the
dymein intermediate chain protein 1, DYNC111 {sopplemesial
matertal, supplemental Fig. 57, svailabde at www. Inearosd. org as
supplemental material). To investigate whether the DYRCILI
mutation affected bs stability or expression, or Hs inberactions
with ather components of the dymein complex, we assess=d varl-
ons cytoplasmic dymein subunit levels in braim from 12-month
ol wild-type and Dyenc V25 F25T mype and foond mo differ-
ences Im Imdividhal prul.elnlﬂds.n.ne%ﬁxa. ni |mcrease
in the levels of DYNLT3 in Dynctfe "2 2T mice compared
with wild-type controls [p = 0.001; supplemental Fig, 524, 8,
sapplemental Table 54, avatlable at www.|meurnscl.org as sapple-
mental materal). Colmmunoprecpliation sodis indicted
DYMCILI ™™ was sl bound within the complex, and also
that there was 2 significamt dscrezee tn the amount of copradpd-
tating YNLL in mmtant samples when compared with wild type
{ p= 0.00000% sapplemental material, supplemental Fig 580 E,
axppl I Table 55, avatlable at www. | meurosci.org as sapple-
mental material). We found no differences 1m the amophagy
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marker LC3 II or in the celhalar localtzation of DYNCLLI or is
cargn RAE4 between wild-typeand mustant animals in ool nes-
rons {supplemental materal, aypplemental Fig 58 FK, avatkile at
www jmenrosd.org as supplemental matertal].

Discussion

‘e have tdentified and charmcierized a movel mouse Hne crrying
an EMU-dertved mutation causing an asparagine to tyTosine
change in DYMCILIL at highly conserved residue 235 This s the
first paibiched mammualtan mmtant of 2 dymein light mtermadiate
chalm and allows us o assess ssperts of dynetn fomction that have
not been highlighted thus far in the avatlable mogse models of
dynein dysfanction. D}WL'l'l'.I'l'h"‘ ey homoxygote mice show
Imreased anxtety-lke behavior and altered gatt in behavioral
tests and have neurons with altered rnr:EEhnI-:\vglrs and electro-
physiological properties. The Dyne it mustatton changes
Geolgl formation and endosomal trafficking, and the level ex-
pression and assoclation of two other subantts of the dynein
compler.

Our behavioral sudies reveal that Dymofli RT3 by,
marygotes display greater kevels of anxiety-like behavior than
wild-type Iiermates on both the devated plos maze and suoces-
shve alleystack. Althomgh thess tasks an be iInfluenced by changes
Im hasaling levels of Incomaotor activity, the twa gronps did mat
differ in the distance traveled om the devaied plos mare, aypest-
Img that the reduced explomatton of the open arms by the
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Dt 1¥25 P NEET oy comld mok be explained by hypoactvity,
and no hypoadtvity was found tn whesl rusming tesis. Despite
this, it Is difficult to condustvely disissociate anxiety and loco-
motor activity as these two facors are dosely Inked (redoced
locomator adivity potentially may result from Increased anmety
25 well a5 potentially actimg 2= 2 confound in the messmrement of
anxlety) (Mimer and Crabbe, 2008). Bacanse of this diffiosity,
defecation was msed as a non-lecomotor messare of anxdety
(DeFries = 578). The mcreased defecation chserved 1n
Dyncifit™® " mice daring behavioral testing sapports
the hypothesis that these amimals display Increased levels of
ammiety.

Dmca = NEET by egygotes have defects tn cortical pro-
Jection nesos marphology and the laminar posttion!sg of this
neuronal population, which indicates a migration defect affect-
ng the wnex and prefrontal conter. Alterations In nearonal
morphalogy In the medial PFC hawe been found to be induoced by
chronikc stress (Goldwater et al, 2005), as well as anxiety (Fascnal
and famora-Ledn, 2007). 5tress linked nenronal migration de-
fects hawe also beem observed in the hippoampas (Keays =t al.
07; Scoble ot al, 2009} and basolaieral amygdala (Kndo =t al.,
2007; Cartm-Todd et al., 2005). 4 number of other mouse modiels
with PPC-related behavioral deficls show defects In nearonal
morphalogy or migration. However, Iinking behavior and migra-
tlom defierts 1s complex, for example migration defects chserved
in this stndy are simifar to those in the Loocio {dreher) motant
moue (overmigration of kayer [l nearons nto layer 1), bat the
two mouse lines show markedly differend behavioral phema-
types—adreher mice show cirding behavior, balamce abmormalt-
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ties, hyperactivity and deafness, none of which we see in
Dymerlir™ homozygotes) (Costa et al, 2001}

Is tmvalved in newromal migration throogh s interac-
tions with L151 {Tsai et al., 2007). Lis) srutant mice have severe
defects in newmomal migration im the brain, Incuding in the same
cortical regions disnapted 1n Dot EP¥ESNEEY oo mrepndes:
[Hirct=ane e al, 1998). However, Lis! mustant mice do mot show
changes n anxiety {Faylor et al, 1'955) sggesting the intenest
possibility that nearonal defects ohaerved in DymelliF ==
mice may be due i interactbons with pathways other than those
regulated by L151.

‘We nole that importins, transported by oyioplasmic dynein
[Perry amd Faimzilber, 200%), are tmwolved in symapse-to-mudeus
signating downstream of NMDA receptors {Thompson et al.,
200d; Dieterich ot al, 2008; Jeffrey = al, 2009), and MMDA re-
CeploTs ane tmportant mediztors of astety {Barkns = al., 2000).
It ts poessible the Dhncili™™™ mutation affects kmportin trans-
port Im respomse bo NMDA receptor actvation, thas ahering am-

lety in these mice.
Previons mouse studies have shown DWRCIHI plays an tm-
portamt role in prioprioception and nazmonal fundion

[Chan et al, 2007; [eva et al, 200%). Similarty the Dyl 515557
matation alters the firing properties, neqron size and marphol-
gy of sensory nerves. This as sepsory merve deficits have been
fand mow Im moese models with mtations intwo differest
oyioplismic dynein subunits, posibly MG nearons are more
rdlant oo dynetn-mediated proceses tham other naxoa popula-
tioms. Call bype specifictty may be doe bo different cargos transporied
bry dymein within the different cellk—smdies in Dirospials show the
dynetn light tniermediate chatn interacts with: a clss of degenerim
epithehal sndtum channels (Zheng et al, 2008) that in mammak:
appear to be found excustvdy im DRG (Benson =t al., 2002).

Butation of the light ntermediate chalm in Dressphids case
dendritic and axonal defscis Im neqrons, sach as bramching de-
facts amd a redhsction of the dendritic arbor (Satoh e al, 2008;
Eheng et al,, 2008} However, thess neoronal phenotypes differ
fromn thiose found tn the present smdy: 1n Drosophila mutatioss in
the light imermediate chain camse 2 reduction in the length and
mbﬂﬂmhm'ﬁgﬂiﬂdd..m&mgd al.,
200E], whereas the Chynclkin TR e have an Increase In
dendrite length In cortical nearons (with no changes in branch-
Ing] amd an Increzse |n the mxmbier of dendrite branches tn DRG
nearons. Thes differences may arise becmss the reported Dre-
saphila mutations caase boss of Fanctics, while the Dymct 51757
may bea novel gaim of fumdion.

The light intermediate chalms play an esential role n endo-
somal dynamics in cells throngh thelr |nteractions with the RAL
protein Emily (Bisll o al, 2001; Sadoh et al., 2008; Theng etal.,
200E). Sindtes of the cytoplasmic dymein light intermediate chain
I Dirasopiis snxggest the cellolar machinery controlling dendrite
branching Is transported In endosomes and Colgl outposts
(Satoh et al., 2008; Fheng =t al, 2008). Dhor data from the
Dymctlir™¥ mustation sopport this view io some extent: we
found the Dyncilif™™ mutation reduces the trafficking of
Golgl fragments and endosomes. However, while branchi
defects were observed tn DRG negress In Dynctl =T
mice, we found no sach defecis In corticl nearons or In
the pheeral nerves in the dﬂe{mlﬁlﬂrﬂb.[n comtrast, the
mrE-Jfﬂ nearoms of Dymellipio® T mice showed other
marphological abnormalitles such as increassd dendrite om-
growth. These results imply that dynetn-mediated processes
may madiate different aspects of meuronal marphology in dif-
ferent nenromal popalations.
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We also note that the Dyme £ " muotation lles at the pe-
riphery of a known bimding stte for pericentrim. The primary
fumciton of pericenirin s thomght o be the control of the mitotic
spindle and the assembly of the ceairiole Interestingly, a recent
study of Cepl 20 {2 centriole kocalized protein) hypothestred that
defiects In cemtricle formation may kxad to alierations in nearonal
migration {Mahjoub & al., 2000). Forthermore, there is also ev-
idemce to that pericentrin may play a nole im clliogenesis
(Miyosht et al, 2006 ) and that epemcymal cilla are resposstble for
directing CSF flow {Lang et al, 2006). Bscamse abmormal C5F
flow 15 linked to gatt abmormalities [for example, in the omas
cunﬂmmndmhﬁhﬁhﬂ}ml:&dmﬂdﬂ,lmm
1t Is possible that the Dyaciisr murtation camses abmormali-
tles I pericentrin locallmtion/fanction that affect cllia and C5F
flow, amd thas locomoiion in this mouse. Fubare sodies of the
Dymct 515 mutation should look at the Interaction bebween
the mmtated lght-intermediate chain | and pericenirin.

In Eymet B o e Western blot shad-
les Indbcate Increased levels of DYMLTS. We canmot tell whether
this hight chain les within the complex or not from oar westerns,
bt cor Immumoprecipliation expeiments reveal that while the
mteraction of the ntermediate chains i the oore complex 1s
maintained, {1} the imcreased DYMLT3 levels wers not inoorpo-
rated into the complete compley, and (2} there 15 2 redodion s
binding of the Y MLL hght chatns. Carrently there is no evidence
af 2 direct interaction between the dynein light iIntermediate and
hight chains. Instead the hght chalms are thought 1o interac with
the Intermediate chatns within the core complex. It s possiblethe
Drmc1™F muiation alters the confirmatice of the Entermedi-
ate chains tn the complex and this change affects the assodation
of the Bght chains.

Oar knowledge of the roles of the Indtvidnal cytaplasmic dy-
nein aiunits comes from sudies in noamammallan organisms
and in tramsfected cell Hnes, with the exception of the heavy chain,
for which four mustant allzles are known in momse: (1) 2 geni
targeted kmock-out; the polnt mustants [2) at odd
{Dyme tk ™) and (3) Cramping 1 {Dyneriki™ % (4) 29 bp ood-
ing deletion Sprawling (Dync ik r™) (Harada et al. 1998; Hafer-
parast et al., 2003; Chen et al, 2007). Homozygous knodk-out
{mull]} mice die early In embryogenests and there is no reported
phenatype for heterooygons knodk-outs {Hamda et al., 1558). In
contrast Dymeth ', Dyme th1°™! and Dymcaki™! heterooygotes
have major deficts in the propricceptive systemn and locomokor
abmormalities (homozygoles die tn embryogenesis’a birth)
(Harada et al., 1598; Haferparast et al , 2003; Kieran ot al, 2005
Chen et al., 2007; Banks and Fisher, 2008; llleva et al, 2008
Dupuis et al, 200%). We note that the phenotype of the
Dymct 51 mouse strain 15 different from that of the four
hievy chain mmutamts, partioslarly with respact io behavior. The
heavy chain and Dymetlir™ " mutasts all give fse to deficts 1=
Golgl reassembly {Haferparast e al, 2003) and EGF
{Hafexparast et al., 2003; car usgpablished data) both ofwhich are
knowm to be dynein-dependent processes. However, heterozy-
gous Dymctk ™™ mice develop an obvions galt abeormality
(Clow-bazd, reptillan”™) easily wisible by eye, phas dgnificant de-
fects In rotarod and grip-strengih, mone of which we find 1 the
Dot 51¥25 NI mugants @t comparable ages (Hafesparast e
al., 003, There are also reductions in axom pombers
in the saphenous nerve of Dywc A" mice and mare profound
nazrophysiological chamges In nerve conduction properties com-
pared with the Dencttin™ ™= meganis (AIQwtant et al.,
2009). We mote that we did mot fimd sigmificant alterations =
peripheral nerve bramching at E13.5, whereas this was sae in both
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b and h goms Dymctki™ mutamts. A desper
mﬂmmmmm:mw level
wonld shed more light o the role of spectfic subumits, verss the
entire complex, and here we dearly show phenotypes that have
not been dascribed before for in amy of the heavy chain mustamts.
We mote that Orl- Mcenmey, Vallarand hawe recently
shown altered procestrity of dymein with the Dyncibi™ heavy
chaln omtation {Oni-McKenmey et al, 2010), sach 2 dhange s
ustkely in the Dyncrlir™™ ight imtermediate chatn mutation,
which would presomably explatn the somewhat different pheno-
types of mutant mice, although this nesds to be Investigatad.

Herews have usad fresty avatlable mowse genetics resonrees in
take a focosed gemotype-driven approach, working with a poimt
matation lkely to be more nformative than a kmock-oat, 1o
analyzing one more of the 11 cytoplasmic dyneim subunit pro-
teins and have anoovered diverse roles at the bevel of the whaole
orgasism, nervons system and cell. The Dymcl6r° monss has
opened up mew avesmaes for investigaiion of the roles of cytoplas-
mic dymeim amd s individnal components, and ghves new nsight
Imin the fanctioning and archiiecture of the mammallan nervous
system.
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