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Figure 1.2. Kinesin-1 Structure and Microtubule Binding.

A. Kinesin-1 shown as a compilation of known structures. Unknown parts of the structure
are depicted as smooth domains. Figure adapted from Vale, 2003. Reproduced with
permission from Elsevier. B. Structure of kinesin-1 bound to an a-tubulin heterodimer.
Regions involved in the kinesin-microtubule binding interaction are highlighted and
further depicted in rotated model below. Figure adapted from Gigant et al., 2013.
Reprinted with permission from Macmillan Publishers Ltd: Nature Structural & Molecular
Biology (Gigant et al., 2013), 2013.
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This autoinhibition mechanism is thought to be relieved upon binding to cargos
(Coy et al., 1999). For the study of kinesin motors, truncated kinesin constructs are often
used that prevent motor autoinhibition. These constructs have enough of the coiled-coil
domain to facilitate dimerization, but lack the hinge region and tail region responsible for
autoinhibition. In the studies presented in this dissertation, | use a truncated human
kinesin construct, K560, which possesses only the first 560 amino acids of the human
kinesin heavy chain (Woehlke et al., 1997). This construct allows for the study of
constitutively active kinesin motors.

When dimerized, kinesin walks processively towards the plus ends of
microtubule filaments (Vale et al., 1985b). This motor steps along microtubules in a
hand-over-hand manner (Yildiz et al., 2004), with one head bound to the microtubule at
all times to prevent dissociation. The ATPase cycle of kinesin is tightly regulated to
ensure that one motor head is bound to the microtubule at all times, allowing for
processive motility (Figure 1.3) (Gilbert et al., 1998). Free in solution, kinesin motor
heads are bound to ADP. Upon binding to the microtubule, head 1 releases its ADP and
binds the microtubule tightly in an apo state. When ATP binds to head 1, conformational
changes in the kinesin motor domain cause docking of the neck linker onto the motor
domain (Rice et al., 1999). The neck linker interacts with the motor domain in such a
way that it points towards the plus end of the microtubule. This neck linker docking
biases the positioning of head 2 ahead of head 1, towards the microtubule plus end
(Rice et al., 1999). When head 2 reaches its forward binding site, in front of head 1, it
binds weakly to the microtubule. Following ATP hydrolysis on head 1, head 2 releases
its ADP and binds tightly to the microtubule. Head 2 is now tightly bound to the
microtubule in an apo state. After release of inorganic phosphate from the hydrolyzed

ATP on head 1, this head is bound to ADP and unbinds from the microtubule. At this
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point, the cycle begins again, with head 1 binding in front of head 2, resulting in the
processive plus-end directed, hand-over-hand motility of kinesin. Kinesin-1 is able to
take 100-200 consecutive steps, moving approximately 1-2 um, before dissociating from

the microtubule.
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Figure 1.3. Kinesin-1 ATPase Cycle.

Schematic depicting the ATPase cycle of kinesin-1 dimeric motors. Motor heads are
bound to the microtubule when in the apo state (white) or when bound to ATP (red). In
the ADP-bound state (blue), motor heads are unbound from the microtubule. This figure
was reprinted from Klumpp et al, 2003. Copyright (2003) American Chemical Society.
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Kinesin-1 has been shown to take steps that are 8 nm in size (Svoboda et al.,
1993), while following a single protofilament along a microtubule (Ray et al., 1993). This
strict motility pattern is due to the short neck linker length and the specific binding region
of kinesin on the microtubule. Each neck linker can stretch up to only 4 nm in length
(Hariharan and Hancock, 2009). Thus, a walking motor can stretch its next head up to 8
nm forward, due to the contributions of both neck linkers. This 8 nm distance is the same
size as a tubulin dimer (Nogales et al., 1998). Therefore, with each step, a kinesin motor
head can reach forward to its next binding site on the next adjacent tubulin dimer, with
the center of mass of the motor moving 8 nm with each step. The size of the kinesin
neck linker has been shown to be extremely important for the processive motility of
these motors. Studies where the kinesin neck linker length has been made either longer
or shorter have shown that even minor changes in neck linker length disrupt kinesin
processivity (Shastry and Hancock, 2010). When the neck linker was shortened by just
one amino acid, motors lost all processivity. This suggests that the wildtype neck linker
is just long enough for kinesin to reach its next binding site. By removing one amino
acid, this mutant could no longer reach its next binding site, thereby making it non-
processive. When the neck linker was extended by 1-3 amino acids, kinesin processivity
was reduced proportionally. These results suggest that the short neck linker length is
important for the generation of strain between the two motor heads, which thereby
enables the tight coupling of the two motor heads (Shastry and Hancock, 2010).

In addition to kinesin-1 and cytoplasmic dynein, there are a number of other
motor proteins that exist in the cell. All of these motors possess different motility
properties, cargo binding preferences, and distributions throughout the cell. This
diversity allows for the transport of cargos to be finely tuned in a cell where there are

many different cargos that need to be transported to specific regions.
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1.4 Intracellular Transport

Microtubule motors bind and transport a variety of cargos in the cell. These
cargos include proteins that are just nanometers in size, vesicles that can be 50 nm — 1
um in size, and organelles such as mitochondria, which can be as large as 10 um in
diameter. The transport of these cargos within a cell is imperative for the survival of all
cell types. Newly synthesized proteins must be distributed from their site of synthesis to
where they are needed for their specific cellular function. For instance, newly
synthesized proteins that must be secreted from the cell are packaged in secretory
vesicles that must be transported to the cell periphery (Marks et al., 1994). Alternatively,
extracellular material that needs to be degraded is endocytosed and must be transported
from the cell membrane to lysosomal compartments within the cell (Settembre et al.,
2013). All of these diverse forms of traffic are mediated by motor proteins.

While intracellular transport is imperative for the survival of all cell types, it is
especially important in neurons. Neurons are the basis of an organism’s signaling
machinery. These cells transmit and receive signals that allow the brain to stimulate the
movement of muscles within the body. These cells have numerous processes that
emerge from their cell body. The majority of these are branched processes that function
to receive signals from neighboring neurons, termed dendrites. Each neuron has a
single long extension, referred to as the axon, which is responsible for sending signals to
neighboring neurons or directly signaling to muscles. Axonal processes are extremely
long relative to the size of the cell, extending up to 1 meter in length in some cases.
These processes must be maintained in order to preserve their function, which requires
the synthesis of new cellular materials and the capability of ridding these processes of
material marked for degradation (Holzbaur, 2004). Because the majority of the

machinery required for protein synthesis and degradation is located in the cell body,
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neurons rely heavily on intracellular transport for delivery of new cellular material to
these processes, and the removal of cellular material marked for degradation (Holzbaur,
2004). This specific type of transport is referred to as axonal transport.

Axonal transport occurs on parallel arrays of bundled microtubules within the
axon. These microtubules are all oriented such that the plus ends are pointed towards
the axon terminal, while the minus ends are oriented close to the cell body (Baas et al.,
1988). This enables the organized traffic of newly synthesized material into the cell body
primarily by plus end directed kinesin motors and removal of cellular material from the
axon by minus end directed dynein motors.

Two distinct processes by which cargos are transported within the axon have
been identified. These two transport processes are distinguished by their differing overall
rates of transport, and are therefore referred to as fast and slow axonal transport.
Cargos transported by both of these processes are actively transported at similar rates,
however in slow axonal transport, movement is interrupted by long pauses, slowing their
overall transport rates compared to cargos transported by fast axonal transport (Brown,
2003). Fast and slow axonal transport are believed to be carried out by two different
transport mechanisms. Fast axonal transport involves the movement of membrane
bound organelles by a fixed team of motors. The mechanism which underlies slow
axonal transport is less clear, but is thought to be due to the transient self-assembly of
proteinaceous cargos with motors along the microtubule (Scott et al., 2011).

In order for cargos to be transported, motors must associate with them in some
manner. Motors mediate a variety of attachment mechanisms with cellular cargos, which
in part dictates cargo specificity. For kinesin motors, these attachments typically occur

via the kinesin light chains (Vale and Fletterick, 1997).
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The kinesin light chain is comprised of an N-terminal coiled-coil domain followed
by six tetratricopeptide repeat (TPR) motifs (Vale and Fletterick, 1997). The N-terminal
coiled-coil domain mediates interactions with the kinesin heavy chain while the TPR
domain is responsible for interacting with various cargos (Vale and Fletterick, 1997).
There are four different isoforms of the kinesin light chain in humans, KLC1-4. These
light chain isoforms have different expression patterns as well as slight structural
differences that allow them to have different specificities for cargos (Zhu et al., 2012).

Kinesin motors are thought to bind cargos through an adaptor protein, rather than
directly linking to membranous cargos (Figure 1.4). One well-studied example of this is
the c-jun N-terminal kinase (JNK)-interacting proteins (JIPs): JIP-1, JIP-2, and JIP-3
(Verhey et al., 2001). These proteins have been shown to be direct cargos of kinesin, as
they interact directly with the kinesin light chain TPR domain, an interaction that is
required for their distribution within cells (Verhey et al., 2001). JIP proteins are
scaffolding proteins for the JNK family of MAP kinases. Thus, by binding to kinesin light
chains, these proteins act as a scaffold, bringing together a complex of signaling
proteins that can be specifically distributed throughout the cell by kinesin motor activity.
In addition, these JIPs were shown to assemble transmembrane proteins that serve as a
scaffold for kinesin binding to vesicles and organelles. JNK has been of recent interest in
regard to treatments for Parkinson’s Disease, a neurodegenerative disease associated
with the death of dopaminergic neurons. Neuronal death is mediated by apoptosis, and
recent studies have begun to reveal the role of JNK signaling in the initiation of the
apoptotic pathway (Dauer and Przedborski, 2003). Much interest lies in the development
of therapies aimed to prevent JNK signaling in patients with Parkinson’s Disease (Dauer

and Przedborski, 2003).
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Another, more direct interaction between kinesin light chains and cargos that has
been observed is through the amyloid precursor protein (APP). APP is a transmembrane
protein that has been shown to directly bind to the TPR domain of KLCs (Kamal et al.,
2000). This allows for kinesin motors to interact with membranous cargos via APP, and
is another mechanism by which kinesin motors can bind and transport vesicular cargos.
APP has been strongly associated with the onset and progression of Alzheimer’s
Disease, as APP aggregates, or plaques, are often found in the brains of affected
patients. These plaque formations are believed to be caused by mutations within the
APP gene that promote APP aggregation, an increase in the production of proteolytic
fragments of APP that are prone to aggregation, or defects in the transport of APP by

molecular motors (Goldstein, 2001).
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Microtubule

Figure 1.4. Cargo Binding Mechanism of Kinesin-1.

This figure depicts the mechanism by which kinesin-1 binds membranous cargos
through the JIP scaffolding protein. JIP acts as a scaffold to bring together signaling
molecules and a transmembrane protein (ApoERZ2, in the case here) that functions to
mediate attachments between kinesin motors and membranous cargos. Figure was
adapted from (Rutter and Hill, 2006).
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While individual motors can travel up to 1 or 2 um before dissociating from the
microtubule, these length scales are small compared to the distances cargos must be
transported to reach the ends of axonal processes. To increase the processivity of
molecular cargos, multiple motors are often complexed to the same cargo (Gross et al.,
2007). These motors can be of the same species, but often include a mix of different
motor species. Many studies have been done to understand the impact of multiple
motors on the transport of a cargo. To start, these studies were simplified by studying
multiple motors of a single motor species attached to a cargo.

Both theoretical and experimental studies have been carried out to probe the
effect of multiple kinesin motors on cargo transport. Both theory and experiments
showed that by increasing the number of motors bound to a cargo, processivity of these
cargos was enhanced (Beeg et al., 2008; Derr et al., 2012; Klumpp and Lipowsky,
2005). This enhancement can be explained by the fact that additional motors bound to a
cargo act as a tether when one motor dissociates. For single motors, a dissociation
event would mean the end of a processive run. For cargos with multiple motors, when
one motor dissociates, the cargo is still bound to the microtubule by other motors, which
continue the cargo’s processive run. In addition, the dissociated motor is still attached to
the cargo, and is therefore held in close proximity to the microtubule, allowing it to easily
rebind after its dissociation. This enables cargos to be transported over lengths that are
much longer than the run length of a typical single motor.

One discrepancy between theoretical and experimental studies is the degree to
which the processivity of these cargos is enhanced. Theoretical work consistently shows
greater increases in processivity compared to what is observed in experimental studies

(Derr et al., 2012; Klumpp and Lipowsky, 2005; Korn et al., 2009). This suggests that
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there is some type of negative interference between multiple motors that are bound to a
single cargo, which results in shorter run lengths than would be anticipated otherwise.
One explanation for this discrepancy is that in multiple motor complexes, the detachment
rate of kinesin motors is increased, a property that is not taken into account in theoretical
models (Rogers et al., 2009). It is known that kinesin motors bound to the same cargo
do not step in synchrony (Leduc et al., 2007). This asynchronous stepping would likely
lead to a generation of forces within the motor-cargo complex (Rogers et al., 2009). A
cargo transported by just two motors can be used as an example here. If the leading
motor is stepping faster than the trailing motor, strain will be generated, stretching both
motors. This generation of strain within the complex is thought to increase the unbinding
rate of motors (Rogers et al., 2009). Thus, cargos transported by N motors often have
less than N motors engaged with the microtubule, as many would often be in the
unbound state. This would explain why experimental studies show shorter than expected
run lengths compared to results generated by simplified theoretical studies.

In addition, it has been shown that the velocity of cargos is independent of motor
number. Cargos with variable numbers of motors have been shown to be transported at
velocities identical to those of single motors (Beeg et al., 2008; Derr et al., 2012; Herold
et al., 2012; Rogers et al., 2009). This suggests that the presence of multiple motors on
a cargo does not interfere with the stepping rate of kinesin motors.

One hallmark of axonal transport is the bidirectional transport of cargos (Schnapp
et al., 1985). These cargos exhibit frequent reversals in direction during their transport.
These reversals are attributed to the presence of two oppositely directed motors bound
to one cargo. For example, kinesin and dynein are often bound to the same cargo

(Welte, 2004).
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How oppositely directed motors cooperate to transport a cargo has been the
focus of many recent studies. Two main hypotheses in the field are that bidirectional
transport is regulated by 1) a tug-of-war mechanism or 2) a mechanism where motor
activity is regulated such that only a single motor species is engaged at one time (Gross,
2004).

In the tug-of-war model, oppositely directed motors bound to a cargo each walk
in their own direction, creating a tug-of-war between the two motor species. Assuming
the two sides are not perfectly balanced in the amount of force they are capable of
generating, one side (one motor species) will win, determining the direction in which the
cargo is transported. The amount of force generated by each side can be finely tuned by
the number of motors and the amount of force each motor type is capable of producing.
For instance, because the stall force of kinesin-1 is on the order of 5-6 pN (Svoboda et
al., 1993), whereas the stall force of dynein is only approximately 1.1 pN (Mallik et al.,
2004), the number of dynein motors on a cargo would have to exceed that of kinesin by
about 6- or 7-fold in order to win a tug of war (Hendricks et al., 2010). Changes in the
number of motors bound during transport could result in directional reverses mid-
transport, as are observed in the bidirectional transport of cargos.

The second model used to describe bidirectional motility of cargos is that motors
are regulated by an external factor. In this model, one motor species would be
inactivated, allowing the other motor species to dominate motility. Factors that have
been suggested to regulate motor activity include proteins or molecules that alter the
recruitment of motors to a cargo, or scaffolding molecules that specifically tune the
activity of motors (Hendricks et al., 2010). In the case of kinesin motors, it has been
proposed that motor activity could be regulated by factors that promote or relieve the

autoinhibition state of motors bound to cargo (Hendricks et al., 2010).
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The tug-of-war model is supported by a number of studies which aim to identify
and quantify motor species bound to endogenous cargos. These studies have shown
that there is an approximate 6:1 ratio of dynein:kinesin motors bound to membranous
cargos in cells (Hendricks et al., 2010; Soppina et al., 2009). Given the forces that
dynein and kinesin motors are able to produce, this ratio makes it conceivable that a
cargo could be transported in the direction of either kinesin or dynein motors, as is
expected by the ability of these cargos to spontaneously switch directions. One study
compared the bidirectional motility of purified neuronal transport vesicles in vitro to their
motility in cells (Hendricks et al., 2010). These studies showed that there were no
significant differences in motility in vitro versus in vivo. Thus, this suggests that the
bidirectional motion observed was due to a tug-of-war mechanism, and not due to the
presence of cytoplasmic regulators that tune the activity of a particular motor species.
However, in this same study, there was a small subset of cargos that were observed to
move predominantly in one direction in cells. This type of motility was not observed with
purified cargos studied in vitro, suggesting that this subset of cargos is regulated by a
mechanism which requires cytosolic regulatory factors. Therefore, this study proposes
that both a tug-of-war mechanism as well as a mechanism that regulates specific motor
activities exist to coordinate bidirectional transport in cells. Which cargo types, or when
cargos are regulated by each of these mechanisms remains unknown. Additionally, the
identification of factors that regulate motor coordination remains an open area of study.

Intracellular transport is a highly complex process that must be tightly regulated
and controlled to enable the efficient and proper distribution of cargos throughout the
cell. While the above studies have provided insights into how this process works, studies
aimed at achieving a better understanding of how intracellular transport is regulated in

the cell are imperative to fully understand the mechanisms that underlie this process.
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1.5 Neurodegenerative Disease

The importance of intracellular transport is emphasized by the association
between defects in axonal transport and neurodegenerative disease. Mutations in
microtubule motors that disrupt motor motility have been associated with
neurodegenerative disease (Perlson et al., 2010). Such disruptions in motor motility
prevent the proper transport of newly synthesized material into the axon and the proper
transport of material that must be degraded out of the axon. This has been shown to
result in the degeneration of axons, which inhibits signaling between neurons and leads
to the classic symptoms of neurodegenerative disease, such as paralysis and dementia.

One disease caused by neurodegeneration is hereditary spastic paraplegia.
While this disease is typically caused by mutations in the spastin gene, there have been
three autosomal dominant missense mutations described in the KHC gene of kinesin-1
that cause this disease as well (Chevalier-Larsen and Holzbaur, 2006). These mutations
are believed to prevent microtubule activation of ATP hydrolysis, affect the affinity of
kinesin for microtubules, and disrupt dimerization of kinesin-1. Thus, these mutations
severely disrupt kinesin-1 motility. Patients with this disease exhibit distal axon
degeneration, a result of anterograde transport disruption.

Cytoplasmic dynein mutations have also been implicated in neurodegenerative
disease. Patients with a mutation in the gene encoding the dynactin subunit, p150¢"®¢,
exhibit a late-onset, slowly progressive form of the motor neuron disease, distal
hereditary motor neuropathy type VIIB (Perlson et al., 2010). These patients experience
adult-onset vocal fold paralysis, facial weakness, and distal limb muscle weakness and
atrophy. This particular mutation disrupts the folding of p150%"“*®, causing dynein to have
a decreased affinity for the microtubule. In addition, this misfolding results in the

formation of aggregates of this protein. These cells experience both a loss of function of
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dynein and accumulate toxic aggregates, which could further disrupt axonal transport.
Together, these defects lead to neuronal degeneration.

Defects in axonal transport are observed in a number of other neurodegenerative
diseases, including Alzheimer’s disease and Parkinson’s disease (Perlson et al., 2010).
Whether defective motor transport is the cause of these diseases, or rather a result of
changes in the cell due to these disease states is unclear. If defects in motor transport
are not the root cause, they are thought to at least contribute to the disease state
(Perlson et al., 2010).

Mutations in microtubule motor proteins exhibit clear implications in the onset
and progression of neurodegenerative disease. The study of these motors to better
elucidate their mechanisms of transport along microtubules will help to gain a more clear

understanding of how these motors could be perturbed in disease states.

1.6 Motivation

The numerous studies described above have provided the field with a
fundamental understanding of the mechanisms by which kinesin motors are able to walk
processively along microtubules, with or without cargos. The maijority of these studies
have used a bottom-up approach, studying purified kinesin motility on microtubule tracks
comprised of purified tubulin subunits. This approach has allowed for the study of motor
motility under consistent conditions, without any heterogeneities that could arise from
factors present in the cellular environment. These studies have developed a thorough
understanding of how kinesin coordinates its processive motion along microtubule tracks
in vitro.

To fully understand kinesin motility, we must understand how these motors

function in the cell. The cell presents extremely complex microtubule tracks that kinesin
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motors must navigate. These microtubules are coated with microtubule associated
proteins (MAPs), microtubule motor proteins, and post-translational modifications that
regulate the binding of these MAPs and motors. In addition, MAPs and motors bound to
microtubules regulate the microtubule architecture in cells, often stimulating the
formation of microtubule bundles.

How kinesin motors navigate these complex microtubule tracks will be the focus
of this dissertation. | aim to build on the complexity of previous in vitro assays to study
kinesin motility on microtubules crowded with microtubule motor proteins and on a
common microtubule architecture found in cells, microtubule bundles. In addition, | aim
to gain a better understanding of how particular residues in the kinesin motor domain
contribute to the processive motility of kinesin motors required for the transport on
microtubule tracks. With this work, | provide new insights into how kinesin motors
maintain processivity, even on complex microtubule tracks similar to those that could be

encountered in the cell.
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CHAPTER 2
MOTOR TRANSPORT OF SELF-ASSEMBLED CARGOS IN CROWDED

ENVIRONMENTS

This section was performed together with Derek Wood, Erkan Tizel, and Jennifer L.
Ross (Conway and Ross, 2013; Conway et al., 2012). Derek Wood modified an existing
particle tracking code (provided by Maria Kilfoil) to be used for the analysis of the self-
assembled quantum dot cargos in this study. Erkan Tuzel has been working on modeling
the system described here and participated in many valuable discussions regarding the

interpretation of the results observed in my experimental system.

2.1 Introduction

The motility properties of kinesin-1 have been well characterized using in vitro
assays. These assays have been used to understand the transport properties of both
single kinesin motors and cargos carried by multiple kinesin motors (Beeg et al., 2008;
Block et al., 1990; Romberg et al., 1998; Vale et al., 1996; Yildiz et al., 2004). While
these studies have provided valuable insights into the mechanisms by which kinesin-1 is
able to walk along microtubules, these studies were done on microtubules assembled in
vitro, devoid of additional motors or microtubule associated proteins (MAPs). These
conditions are very different from what motors must face in the cell, where microtubules
are crowded with motors and MAPs (Gross et al., 2007).

Despite the crowded conditions motors face in the cell, cargo transport is still
carried out efficiently, as it must since this is an essential process for the survival of all

cell types (Hirokawa, 1998). How motors ensure this efficient transport on crowded
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microtubules is still unclear. Several recent studies have begun to shed light on this
question. It has been shown that while stationary obstacles, such as the microtubule
associated protein tau, disrupt kinesin processivity by causing motors to dissociate
prematurely from the microtubule (Dixit et al., 2008; Ross et al., 2008; Telley et al., 2009;
Vershinin et al., 2007), cargos transported by multiple motors were able to better handle
these obstacles (Vershinin et al., 2007).

How kinesin motors navigate microtubules with motile obstacles, or traffic, is not
well understood. Here, | study the transport of both single kinesin motors and artificial
Qdot cargos transported by multiple kinesin motors on microtubules crowded with
additional motors. | show that motor traffic along the microtubule results in a decrease in
both single motor and cargo velocity. Additionally, | observe that single motor
processivity is reduced on crowded microtubules while cargos are still able to be
transported over long distances, as was observed previously for static obstacles
(Vershinin et al., 2007). Cargos are able to navigate microtubules crowded with high
densities of motors by associating new motor attachments that allow them to remain
tethered to the microtubule longer. | also speculate that new motor attachments on
adjacent protofilaments could allow cargos to switch protofilament tracks to circumvent
obstacles. These studies provide insights into how cargo transport is tuned to ensure

efficient transport of cargos on tracks crowded with motile obstacles.

2.2 Results

2.2.1 Experimental Set-Up
To study motor motility on crowded microtubules, different densities of unlabeled

motile kinesin motors were used to crowd the microtubule surface. Single GFP-tagged
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kinesin motors or kinesin motors bound to artificial Qdot cargos were added to crowded
microtubules to observe motility of single motors and cargos, respectively.

Kinesin motors were initially attached to Qdot cargos through a specific streptavidin-
biotin linkage. To accomplish this, a HaloTag (Promega) was fused to the C-terminal end
of the K660 human kinesin-1 construct. This 34 kDa tag forms a covalent bond with a
variety of HaloTag ligands. Here, | used a PEG-biotin HaloTag ligand and streptavidin
conjugated Qdots to initiate the formation of Qdot-kinesin complexes.

During the formation of these Qdot-kinesin complexes, Qdots were added in a
10-fold molar excess over kinesin. This ratio ensured the formation of Qdots with few
kinesin bound, such that on average only one kinesin motor was able to interact with the
microtubule at a time. To verify that single molecule levels of motors were bound to Qdot
cargos, motility properties of single GFP-tagged kinesin motors were compared to those
of Qdot-kinesin complexes on uncrowded microtubules. Because there is a pronounced
increase in the observed run length of a cargo transported by two or more motors
compared to a cargo transported by a single motor (Beeg et al., 2008; Block et al., 1990;
Klumpp and Lipowsky, 2005; Korn et al., 2009; Kunwar et al., 2008; Muller et al., 2010;
Vershinin et al., 2007), the distance a cargo is transported can be used to determine
whether there are single or multiple motors bound to a cargo. | observed that single
kinesin motors and Qdot-kinesin complexes had nearly identical run lengths (Figure
2.1A), indicating that Qdot cargos were transported by a single motor under these
conditions.

However, when Qdot-kinesin complexes were added onto microtubules crowded
with excess non-biotinylated kinesin motors, | found that these same Qdot cargos were
transported distances greater than those observed on uncrowded microtubules (Figure

2.1B). These longer run lengths indicate that multiple motors associate with a single
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cargo on microtubules crowded with excess kinesin motors. Thus, | infer that when
Qdot-kinesin complexes are added onto microtubules crowded with excess non-
biotinylated motors, these excess motors are able to form non-specific interactions with
Qdot cargos, resulting in the self-assembly of Qdot cargos that are transported by

multiple motors.
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Figure 2.1. Run Length Comparison to Distinguish Single Motor versus Multi-
Motor Qdot Cargos

A. Mean run length of single GFP-kinesin motors (N = 101) versus Qdot-kinesin
complexes (N=19) on uncrowded microtubules. Error bars represent standard error of
the mean. B. Mean run length of Qdot-kinesin complexes on uncrowded microtubules
(N = 19) versus Qdot-kinesin complexes on microtubules crowded with 200 nM kinesin
(N = 36). Error bars represent standard error of the mean.
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Interestingly, these non-specific interactions occurred not only between non-
biotinylated HaloTag motors and Qdots, but between GFP-tagged kinesin motors and
Qdots as well. When Qdots were added to microtubules coated with 50 nM GFP-kinesin
(no biotinylated kinesin present), | saw that Qdots were able to translocate efficiently
along microtubules (Figure 2.2). This suggests that this interaction is not specific to the
HaloTag and further demonstrates that biotin is not required for this non-specific

interaction.
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Figure 2.2 Qdots are Transported by Non-Biotinylated Kinesin Motors

Kymograph showing a Qdot transported on a microtubule coated with 50 nM GFP-
kinesin. The kymograph was extended beyond the length of the microtubule in order to
visualize the increased fluorescence intensity along the entire length of the microtubule
due to the presence of GFP kinesin. Vertical scale bar is 21 seconds. Horizontal scale

baris 0.5 um.
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2.2.2 Non-Biotinylated Motors Transiently Interact with Qdot Cargos

While | was able to show that non-biotinylated kinesin motors can form non-
specific interactions with Qdots, it is unclear how these non-specific interactions
participate in the transport of Qdots. Do these motors bind the Qdot cargo and remain
bound throughout the entire duration of Qdot transport or are they able to associate and
dissociate throughout this transport process? Do motors bind and actively transport
Qdots or do they weakly bind Qdots and act more like a conveyor belt over which the
Qdot is passed along?

To better understand the nature of this non-specific interaction between non-
biotinylated kinesin motors and Qdot cargos, | performed two-color single molecule
experiments to visualize interactions between GFP-kinesin motors and 655 nm
streptavidin Qdots during transport. These experiments were done on microtubules
coated with a medium density of non-biotinylated kinesin motors (50 nM kinesin). |
added 10% GFP-kinesin motors to non-biotinylated HaloTag kinesin motors to allow for
the visualization of individual GFP-kinesin motors. In these assays, | withessed events
where a GFP-kinesin motor associated with a Qdot already bound to the microtubule
(Figure 2.3A, B). | also observed events where a GFP-kinesin motor dissociated from a
Qdot during transport (Figure 2.3C), events where a Qdot and GFP-kinesin bound the
microtubule simultaneously, presumably already in complex (Figure 2.3D), events where
a Qdot and GFP-kinesin dissociated from the microtubule simultaneously (Figure 2.3E),
and events where a Qdot bound a GFP-kinesin motor already associated with the

microtubule (Figure 2.3F).
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Figure 2.3 Two-Color Single Molecule Assays Show Association and Dissociation
of Kinesin Motors to Qdot Cargos

A-F. Example kymographs depicting various ways in which Qdots were observed to
associate or dissociate GFP-kinesin motors while translocating along the microtubule.
Left kymographs show GFP-kinesin motility, middle kymographs show Qdot motility, and
right kymographs show a merge of the two channels. Scale bars in the vertical direction
are 10 s and in the horizontal direction are 0.5 um. A,B. GFP-kinesin motor is observed
to associate with a Qdot already bound to the microtubule. GFP-kinesin binding event is
indicated by arrow head. C. GFP-kinesin motor is observed to dissociate from a Qdot
while the Qdot is moving along the microtubule. GFP-kinesin dissociation event is
indicated by arrow head. D. Qdot and GFP-kinesin are observed to bind the microtubule
simultaneously. Single GFP-kinesin motors not associated with Qdots are also observed
on the same microtubule (*). E. Qdot and GFP-kinesin are observed to dissociate from
the microtubule simultaneously. A second Qdot is transported by unlabeled kinesin
motors only (**). F. Qdot is observed to bind directly to a GFP-kinesin already bound to
the microtubule.
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In many cases, | observed that GFP-kinesin motors associated with Qdots
walked with the Qdot during transport. From these experiments, | show that non-
biotinylated kinesin motors form transient interactions with Qdots, as they are able to
associate and dissociate with Qdot cargos during transport. In addition, | show that when
a kinesin motor non-specifically binds a Qdot cargo, it can remain in complex with the
Qdot to actively aid in its transport along the microtubule.

To further probe the interaction between non-biotinylated motors and Qdots, |
investigated the binding affinity of non-biotinylated motors to Qdots. First, | used
biotinylated polystyrene beads to perform bulk binding assays to pull down streptavidin
Qdots and any Qdot-bound kinesin. | mixed biotinylated beads with 250 nM streptavidin
Qdots and increasing concentrations of non-biotinylated HaloTag kinesin-1. After
incubation, beads were pelleted to pull down streptavidin Qdots, and supernatant and
pellet samples were run on a gel. Using both coomassie staining and western blotting, |
was unable to detect any kinesin-1 bound to Qdots in these bulk binding assays (Figure
2.4A,B). These results suggest that binding of non-biotinylated motors to Qdots in
solution is rare. Because | observed binding events often in my assays, | used my
experimental set-up to determine the affinity of non-biotinylated motors for Qdots using a
visual binding assay. | added 50 nM non-biotinylated HaloTag kinesin to microtubules
and increasing concentrations of Qdots to these kinesin-coated microtubules. Qdots
were visualized in TIRF and the ratio of bound Qdots to kinesin was determined (Figure
2.4C). From this data, | was able to calculate the Kp for Qdot binding to kinesin to be 1.3
mM. This low affinity further demonstrates the transient nature of the interaction between

non-biotinylated kinesin motors and Qdots.
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