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ABSTRACT

Kinesins are cytoskeletal motor proteins that transport cargoes along micro-
tubules in eukaryotic cells. Motors in the kinesin superfamily share a highly conserved
structure containing two motor domains that dimerize through a coiled-coil stalk. The
canonical view is that dimerization is required for kinesin’s processive motility and
force generation, as the two motor domains of a dimer step along the microtubule
lattice in a tightly coordinated manner. However, whether dimerization is required
for intracellular transport remains unknown. Here, we address this issue using a com-
bination of in vitro and cellular assays to directly compare dimeric motors across the
kinesin-1, -2, and -3 families to their monomeric forms. Surprisingly, we find that
monomeric motors across different kinesin families are able to work in teams to drive
peroxisome dispersion in cells. However, peroxisome transport requires minimal force
output, and we find that most monomeric motors are significantly less efficient at
dispersion of the Golgi complex, a high-load cargo. Strikingly, monomeric versions of
the kinesin-2 family motors KIF3A and KIF3B are able to drive Golgi dispersion in
cells, and teams of monomeric KIF3B motors can generate up to 11 pN of force in an
optical trap. The ability of KIF3B to work in teams enabled us to test the impact of
monomer length on collective cargo transport and force generation. We demonstrate
that increasing the motor-to-cargo distance results in a decreased efficiency of cellu-
lar cargo transport and a decreased speed and force output in wvitro. Together, these
results suggest that dimerization of kinesin motors is not required for intracellular

transport; however, it enables motor-to-motor coordination and high force generation



regardless of motor-to-cargo distance. Dimerization is thus critical for cellular trans-
port events that require an ability to generate or withstand high forces. Our findings
lend insight into the minimal requirements and mechanical modulators of collective

kinesin cargo transport.
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CHAPTER I

Introduction

Introduction: the cytoskeleton

Cells are the most basic building blocks of life. However, the cell itself is a
complex, crowded factory of intricately intertwined processes. These processes are
coordinated in time and space to maximize the efficiency of the factory.

For many processes, random diffusion is insufficient to achieve this coordina-
tion, especially in the crowded, viscous cytoplasm (Fulton, 1982). Thus, eukaryotic
cells have evolved a strategy using molecular motors, or motor proteins, to move
molecules from one location to another along the cytoskeleton (Ross et al., 2008).
The cytoskeleton is a network of filaments that provides the structure and spatial
organization of the cell (Fletcher and Mullins, 2010).

The eukaryotic cytoskeleton is composed of microtubules, actin filaments, and
intermediate filaments (Fletcher and Mullins, 2010). The microtubule and actin fil-
aments act as tracks for motor proteins and allow the cell to overcome the limits of
diffusion (Figure 1.1). Microtubules (shown in green in Figure 1.1) and actin filaments
(F-actin, herein referred to as actin, shown in red in Figure 1.1) are linear polymers
composed of tubulin and globular actin subunits, respectively. Both have a polarity
that arises from the directional assembly of their subunits (Li and Gundersen, 2008).

Most eukaryotic cells are arranged with their microtubule plus (fast-growing) ends at



the cell periphery and their minus (slow-growing) ends near the nucleus. Likewise,
actin plus ends are oriented toward the cell periphery and minus ends are pointing
inward toward the cell center. Intermediate filaments do not have polarity and do

not support the directional motility of motors (Fletcher and Mullins, 2010).



Myosin Va Myosin VI
+end
—_— .

Kinesin/
+end —end b Wy

Microtubules
at cortex

P/us~e/7

(o
¢ Dynein

Current Opinion in Cell Biology

Figure 1.1: Cartoon representation of motor proteins and vesicular cargo
transport in the cell.

Myosin family motors, myosin Va (dark brown) and myosin VI (light blue), walk
along actin filaments (red) at the cortex. Myosin Va walks toward the F-actin plus
end, which is oriented toward the membrane. Myosin VI walks toward the minus end
of F-actin, toward the cell interior. Microtubule-based motors include the kinesin
family motors (orange) and cytoplasmic dynein (violet). Kinesin motors walk to
the plus ends of microtubules (green), which are oriented toward the actin cortex.
Dynein motors walk toward the minus end of the microtubule, which is located at
the microtubule-organizing center (MTOC, green) near the cell nucleus (blue). F-
actin and microtubules cross at the cell cortex, as highlighted by black arrowheads
(lower right). F-actin cross in the cortex, highlighted by the red arrowheads (left).
Microtubules can intersect other microtubules highlighted by the green arrowhead
(center). Vesicular cargo (tan) can bind to myosin VI and dynein to switch from
actin-based to microtubule-based motion while being transported into the cell interior
(lower left). Vesicles can bind kinesin and myosin Va to switch from microtubule-
based to actin-based motion in order to be transported to the cell cortex (lower
right). Vesicles traveling on microtubules can experience a tug of war from kinesin
and dynein simultaneously bound (right). Reprinted from Ross et al., 2008, with
permission.



1.1 Cytoskeletal motor proteins

Cytoskeletal motor proteins are enzymes that convert chemical energy from
adenosine triphosphate (ATP) hydrolysis into mechanical work (Knight and Molloy,
1999; Vale and Milligan, 2000). For motor proteins involved in intracellular transport,
the mechanical work results in their directional movement along cytoskeletal tracks.
This movement facilitates a large number of critical cellular functions ranging from
division of the genome to the daughter cells to signaling in the brain to contraction
of muscles (Hirokawa et al., 2010). There are three classes of motor proteins in

eukaryotic cells: kinesin, myosin, and dynein (Figure 1.2).

Associated Motar domain

polypeptides

Motor
domain

Stalk

Associated
polypeptides

Kinesin Myosin Dynein

Nature Reviews | Molecular Cell Bioloay

Figure 1.2: Overview of three molecular motor prototypes.

The actin-based motor skeletal muscle myosin in the centre is flanked by the micro-
tubule motors conventional kinesin on the left and cytoplasmic dynein on the right.
All three motors consist of a dimer of two heavy chains whose catalytic domains
are shown in yellow, whereas the stalks, which form extended coiled-coils in both
myosin and kinesin, are shown in blue. Associated polypeptides (four light chains in
skeletal muscle myosin, two light chains in conventional kinesin, and a complex set
of intermediate, light-intermediate and light chains in dynein) are shown in purple.
The antennae extending from the dynein heads contain the microtubule binding site,
which in myosin and kinesin is part of the compact head. (Drawn roughly to scale.)
Reprinted from Woehlke and Schliwa, 2000, with permission.



Dynein and kinesin carry out long-range transport along microtubule high-
ways, whereas myosin moves shorter distances along actin roads. All three motor
types contain globular motor domains (often called “heads” and shown in yellow in
Figure 1.2) that are responsible for both ATP hydrolysis and track binding. They also
contain a stalk domain, usually a coiled-coil structure, that enables oligomerization
of polypeptides into dimers and tetramers. Finally, they contain a “tail” domain that
can bind to associated polypeptides and confers functional /cargo specificity.

Over the last few decades, diverse experimental approaches have revealed a
multitude of data on the enzymatic, kinetic, motility, and mechanical properties of
all three motor classes (Vale, 2003). Like other enzymes, cytoskeletal motors can
be described according to their processivity; chemical or kinetic processivity is the
ability to undergo multiple rounds of ATP hydrolysis before detaching from their
track, whereas mechanical processivity is the ability to take successive steps along
their track before detaching (Cross, 2004; Chowdhury, 2013). Some motors are highly
processive and some are nonprocessive. All three types of motors hydrolyze one
molecule of ATP per step they take along their track (Schnitzer and Block, 1997;
Visscher et al., 1999; Sakamoto et al., 2008; Mallik et al., 2004). Their affinity for
their track also changes depending on the stage of their catalytic cycle (Cross, 2004;
Wang et al., 2015; Hackney, 1996).

All three classes of cytoskeletal motor proteins are considered to be superfami-
lies with large numbers of polypeptides encoding motors of that class. For example, in
the human genome there are 45 genes encoding kinesin motor proteins, as defined by
the presence of a kinesin motor domain (Verhey and Hammond, 2009). The kinesin
motor domains of these polypeptides are highly similar, but it is thought that the
divergent sequences in their motor domains give rise to strikingly different motility
properties, such as speed, run length, and stall force, and that these motility proper-

ties are tuned for the cellular function of the particular motor. One goal in the field



is to understand how the biophysical properties of a motor translate to its behavior
in the cell.

Myosins and kinesins are thought to have evolved from a common ancestor
(Kull et al., 1996, 1998). Indeed, they share many features and structural homology.
Their motor domains include common core structural elements, with the nucleotide-
binding site on the opposite side as the filament-binding site. Interestingly, myosins
and kinesins exhibit reversed kinetics during interaction with their track; kinesins
bound to ADP are in a weak microtubule-binding state, whereas myosins bound
to ADP are in a strong actin-binding state. Dyneins are unrelated to myosins and

kinesins and are members of the AAATPase family (Vale, 2003; Bhabha et al., 2016).

1.2 Experimental approaches: from in vitro to cellular assays

Over the years, several in vitro experimental approaches have been instrumen-
tal in revealing the enzymatic, kinetic, motility, and mechanical properties of all three
motor classes. In this section, I introduce these assays and describe their benefits and

drawbacks.

1.2.1 Single-molecule motility assays

In wvitro motility assays were first developed by Sheetz and Spudich (1983)
for myosin and Vale et al. (1985) for kinesin. These demonstrated ATP-dependent,
motor-driven movement of beads or filaments. Motility assays were later modified to
observe filament movement by single or low numbers of motors adsorbed on a coverslip
(Howard et al., 1989; Uyeda et al., 1991). However, the motility of the individual
motors responsible for filament movement remained unclear. Single-molecule motility
assays enabling the direct observation of fluorescently labeled motors without a cargo
were later developed by Funatsu et al. (1995) for myosin and Vale et al. (1996) for

kinesin. These assays have provided remarkably detailed insight into the motility
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Figure 1.3: Modeling intracellular motility with in vitro assays.

(a) Gliding assays for all three types of molecular motors (myosins, kinesins, and
dynein) involve attaching the motor to a glass microscope slide and monitoring the
translocation of either actin filaments or microtubules across the surface upon addi-
tion of ATP. Sliding velocity, ATP dependence and some indications of population
dynamics can be obtained. Single motor assays involve an inverse configuration: the
actin filament or microtubule is attached to the glass surface and the movement of
the motor is monitored, either directly via a fused fluorescent tag such as GFP, or-
ganic fluorophore or a quantum dot. This approach yields nanometer resolution,
allowing the measurement of step size and angular changes during translocation. In
single motor assays with beads, motors are attached to small polymer spheres that
are easily observed by differential interference contrast or phase microscopy. This
configuration can be used in an optical trap to measure step size, processivity and
stall force. Additionally, multiple motors of the same or different types can be bound
to the same bead to study collective motor activity. (b) Closer approximations of the
cellular environment can be developed in crossed filament assays. In these assays,
the translocation and/or switching of motors can be monitored through actinactin
(AFAF), microtubulemicrotubule (MTMT), and microtubuleactin filament (MTAF)
intersections. Other obstacles to motility can be bound to cytoskeletal filaments,
such as the microtubule-associated protein (MAP), tau. While bead assays provide
information on motor dynamics, monitoring vesicle motility in vitro provides insight
into the coordinate regulation of motors bound to their natural cargos. (c) Finally,
direct measurements of motility in a cell, such as the neuron shown here, can be made
by expressing GFP-labeled motors, or by introducing motors or probes into the cell
through pinocytosis or endocytosis.

Reprinted from Holzbaur and Goldman, 2010, with permission.
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mechanisms of cytoskeletal motors, allowing the measurement of individual motor
properties such as speed, run length, and microtubule on-rate.

A flow chamber is constructed, usually with double-sided tape attaching a
glass coverslip to a glass microscope slide. Solutions are flowed into the narrow
chamber, which holds ~ 10 uL liquid. First, microtubules are adhered to the coverslip,
either via nonspecific adsorption or by specific binding of, for example, biotinylated
microtubules to a streptavidin-coated surface. Next, the remaining surface is blocked
with an inert protein such as BSA or casein to reduce background. Finally, motors
are flowed into the chamber and an imaging/motility buffer containing ATP is added
either with the motor or immediately afterward. A schematic is shown in Figure 1.3
A, center.

Total internal reflection fluorescence (TIRF) is commonly used to generate
an evanescent field in the region adjacent to the interface between the glass coverslip
and the solution in the flow chamber, which have different refractive indices (Axelrod,
1981, 1989). This evanescent field intensity decays exponentially with distance, re-
stricting the region of fluorescence excitation to &~ 100 nm above the coverslip surface.
Thus, only fluorophores near the interface are excited, such as fluorescently labeled
motors on the microtubule. This reduces background fluorescence from outside the
focal plain, increasing the signal-to-noise ratio.

The development of techniques like Fluorescence Imaging One-Nanometer Ac-
curacy (FIONA) ushered in a new era of motor imaging analysis. In FIONA, the
center of a fluorophore’s diffraction-limited point-spread-function is localized with
nanometer accuracy by fitting it to a Gaussian function, allowing the tracking of
individual motor domains to elucidate their stepping pattern with subsecond resolu-
tion. Using FIONA, Yildiz et al. showed that myosin V walks hand-over-hand with
37 nm center-of-mass steps (Yildiz et al., 2003) and kinesin-1 walks hand-over-hand

with 8.3 nm center-of-mass-steps (Yildiz et al., 2004).



The reductionism of these assays enables high spatial and temporal resolution
but also oversimplifies in vivo conditions. These assays do not recapitulate the com-
plexity of the cellular environment. For example, microtubule-associated proteins,
post-translational modifications, adapter proteins, and cytoplasmic crowding are not
included in standard n vitro motility assays. These assays also only provide readouts
of single motors without cargo. Furthermore, the fluorescent tags required to visu-
alize them can affect their motility properties, so careful probe selection is required

(Norris et al., 2015).

1.2.2 Optical trapping

The ability to exert and measure forces using an optical trap or optical tweezers
has revolutionized the motors field. For a review, see Spudich et al. (2011a). This
assay offers many of the benefits of the motility assays described above, but with
the added control of mechanical manipulation and readout. It also allows for studies
on nonprocessive motors (Molloy et al., 1995). Many seminal findings on all three
classes of motor proteins — for example Miyata et al. (1995) for myosin, Block et al.
(1990) and Visscher et al. (1999) for kinesin, and Mallik et al. (2004) for dynein —
were possible only through the use of optical trapping of beads with single motors.
These assays can also report on force generation when multiple motors of the same
or different type are coupled to the same bead (Jamison et al., 2010, 2012).

Ashkin et al. first demonstrated optical trapping of dielectric particles with a
single-beam gradient force trap in 1986 (Ashkin et al., 1986). A single-beam trap
can be decomposed into two orthogonal forces: 1) the scattering force, which is
proportional to the light intensity and points in the direction of the beam, pushing
objects out of the trap; 2) the gradient force, which is proportional to the gradient
of the light intensity and points in the direction of the intensity gradient (toward the

beam focus), pulling objects into the trap.



For motors applications, a high-power infrared laser beam is used to capture
a dielectric bead that is bound to motors. When the trapped bead moves out of the
trap center, the gradient force acts like a Hookean spring and pulls it back to the trap
center with a force of F = -kx, where F is the force, k is the spring constant or trap
stiffness, and x is the displacement from the center (Bustamante et al., 2011).

Two types of optical trap geometries are commonly used in the motor field.
Force clamps, which use a feedback loop to adjust the position of the beam to maintain
a constant force on the trapped bead, allow for mechanochemical measurements such
as velocity and step size at constant external load (Visscher et al., 1999). On the
other hand, position clamps maintain the bead position, enabling detachment or stall
force measurements over short distances as the motor displaces the bead from the
trap center (Svoboda and Block, 1994). These are often combined with bright-field
or fluorescence microscopy to visualize the bead and filament (Spudich et al., 2011b).

Several strategies have been used for bead attachment, including nonspecific
adsorption, chemical crosslinking, biotin/streptavidin linkages, and antibody/antigen
linkages. It is critical to ensure that the linkage to the bead does not affect the motor
activity, which is especially risky in the case of nonspecific adsorption because of
the lack of control over motor orientation. Bead size is an important consideration
for both biological and optical reasons. Ideally, the bead should mimic endogenous
cargo, but there are tradeoffs even for sizes within this range. Large beads (~1 um)
are easier to trap and allow higher trap stiffness. Smaller beads are harder to trap
but can resolve faster events (Spudich et al., 2011b).

Despite the exquisitely detailed information this assay yields, there are limi-
tations (Mehta et al., 1997). First, the static immobilization of motors on the bead
surface is distinct from the endogenous membrane-bound cargoes that allow motor
diffusion. Some groups have performed optical trapping assays with lipid-coated

beads, lipid droplets (Bartsch et al., 2013), or purified native cargoes (Barak et al.,

10



2013; Hendricks et al., 2014) to overcome this. Another potential problem is optical
damage of the biological sample caused by the high-power laser beam (Neuman et al.,
1999; Landry et al., 2009). Surface effects can also arise from using beads that are

too large or have certain coatings (Spudich et al., 2011a).

1.2.3 Microtubule or actin gliding assays

In wvitro gliding assays were first developed in 1985 by Vale et al. in their sem-
inal paper identifying kinesin from giant squid axoplasm (Vale et al., 1985). Shortly
thereafter, Kron and Spudich applied this idea to myosin and actin filaments using
a purified system (Kron and Spudich, 1986). Microtubule or actin filament gliding
assays are now commonly used to assess multi-motor function, but they have also
been adapted for studying single motors (Howard et al., 1989).

A flow chamber is constructed as in the above two assays, usually with double-
sided tape, to form a narrow channel between a glass coverslip and a glass microscope
slide. Motors are immobilized on the glass coverslip through specific binding (Berliner
et al., 1994), immunoadsorption (Post et al., 2002), or nonspecific adsorption (Howard
et al., 1989) such that their motor domains are facing up into solution. Fluorescent
microtubules or actin are flowed in and are propelled by the lawn of immobilized mo-
tors, giving them the appearance of gliding along the surface; this is a different frame
of reference than the single-molecule motility assays described above. A schematic is
shown in Figure 1.3 A, left.

Kymographs of filament position over time are generated and their speed is
indicative of how well that motor works in teams. Whether a motor is processive can
also be determined by examining gliding as a function of motor density. For example,
one group observed reduced gliding velocity at low motor densities for non-processive
yeast class V myosins but not for processive chick myosin-Va (Reck-Peterson et al.,

2001). Lastly, the directionality of a motor can also be deduced by using polarity-
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marked filaments in gliding assays (Tseng et al., 2018).

Limitations of this assay include the non-physiological geometry: endogenous
motors in cells are able to diffuse in the lipid bilayer of their cargo, not immobilized on
a flat surface. Furthermore, adsorption to the coverslip surface may change motility
properties or partially denature the motors, yielding different results depending on

the motor-coverslip binding strategy.

1.2.4 Cellular assays

Although the above assays have given unprecedented insight into the enzy-
matic, kinetic, motility, and mechanical properties of purified motor proteins, there is
also great interest in evaluating the motility and cooperation of motors in a cellular
environment where motors must navigate a complex cytoskeleton (e.g. intersecting
filaments) in a viscoelastic environment (Veigel and Schmidt, 2011).

An important step forward in this direction was the ability to image motor
proteins at the single-molecule level in cells. There are many difficulties with imaging
motors in cells, including how to fluorescently label the motor to sufficiently track
motility above the noise of the cellular environment. Cai et al. demonstrated tracking
of fluorescently tagged kinesins at the single-molecule level in the cytoplasm of live
cells (Cai et al., 2007). This work revealed the important result that individual
kinesin-1 motors move with an average speed and run length that agree in cells and
m vitro.

The authors later extended this work using two-color tracking to investigate
kinesin motility on heterogeneous microtubules in COS-7 cells (Cai et al., 2009). They
showed that kinesin-1 motors prefer stable microtubules marked by post-translational
modifications, whereas specific motors from the kinesin-2 and -3 families are not
selective. These results, inaccessible by in vitro methods, revealed a novel strategy

for the cell to segregate trafficking events based on microtubule diversity. It would
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be interesting to examine the microtubule roadmap in other cell types and with
other kinesin motors in the future. For myosins, another group developed an ex vivo
motility assay using detergent-extracted cells and showed that the actin cytoskeleton
also regulates unconventional myosins through distinct track selection in different cell
types (Brawley and Rock, 2009).

Optical trapping has also been performed in cells, combining high resolution
force measurements with the native cellular environment. Pioneered by Ashkin et al.
(1990), optical trapping in cells has been used to study transport by kinesin (Shubeita
et al., 2008; Rai et al., 2013), myosin (Nambiar et al., 2009), and dynein (Blehm
et al., 2013; Rai et al., 2013). Some studies have utilized latex beads phagocytosed
into macrophages to dissect transport by endogenous motors on a membrane-bound
cargo (Hendricks et al., 2012; Leidel et al., 2012; Rai et al., 2013). Other groups have
used lipid droplets as the cargo (Shubeita et al., 2008; Leidel et al., 2012). Although
measuring endogenous motors certainly has advantages, it is also impossible to be
certain of their identity, and many assumptions inevitably go into these studies.

The next significant development was the ability to image motor proteins
transporting cargoes in cells. Utilizing the FKBP-rapalog-FRB heterodimerization
system, Kapitein et al. developed a generic approach to probe the activity of specific
motors in cells by inducibly recruiting them to peroxisomes (Kapitein et al., 2010b).
This assay enables the study of selected motors with membrane-bound cargoes in
the native cellular environment and can be used for a wide variety of questions. In
Chapter 3, I describe the application of this assay to several questions about kinesin
cooperativity in teams.

The native cellular environment provides both the advantages and disadvan-
tages of these assays. It is useful to have the cellular complexity, but it comes at
the expense of control and resolution. A disadvantage of studies in cells is the lack

of control over parameters such as motor number, which can be more finely tuned
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in vitro. However, recent studies have taken large strides toward this, using genetic
approaches to control receptor density on the peroxisome surface with a doxycycline-
inducible system (Efremov et al., 2014). They were also able to modulate cargo size,
another important parameter affecting multi-motor transport.

In the following sections, I will cover some of the seminal findings on the

myosin and kinesin superfamilies that have used these experimental techniques.

1.3 Myosins

Myosin motor proteins move along actin filaments in eukaryotic cells. They are
essential for muscle contraction, cell division, cell migration, membrane trafficking,
and vesicle transport. Myosin mutations can lead to a variety of diseases includ-
ing deafness, cardiomyopathy, hydrocephalus, neuronal malfunction, and intestinal
disease (Hartman and Spudich, 2012).

The myosin superfamily, shown in Figure 1.4, is divided into fifteen different
classes based on phylogenetic analysis (Sellers, 2000). They share a conserved motor
domain that binds to actin and hydrolyzes ATP. After the motor domain, there is
a neck domain that binds to light chains or calmodulin, which provide rigidity. The
neck acts as a lever arm and provides the power stroke for motility by swinging relative
to the motor domain in response to ATP hydrolysis; this is known as the swinging
neck-lever model (Uyeda et al., 1996). Finally, the tail domains vary considerably
between families (Sellers, 2000). These associate with adapter proteins or anchor the
motor domain to specific cargoes, facilitating various cellular functions.

The founding family of myosins is known as conventional myosin or myosin
IT and includes both muscle and non-muscle motors. These operate in large arrays,
forming bipolar filaments. Individual myosin II motors have a low duty ratio, or
fraction of their ATPase cycle spent associated with actin, which makes them effective

for working in teams.
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There is considerable diversity in the oligomeric state of motors across the
myosin superfamily. Some unconventional myosins, e.g. myosin V involved in vesicle
transport, are dimeric and processive as individual motors due to the “hand-over-
hand” motility of their two motor domains (Yildiz et al., 2004). These processive
motors have a high duty ratio, taking many steps before detaching (high mechanical
processivity). Other unconventional myosins, such as myosin VI, VII, and X, are
monomers and are not processive as individual motors; however, they can work in
teams to carry out their cellular functions. Rather than a coiled-coil for dimerization,
the neck domain of these motors is followed by a single alpha-helix (SAH) domain
that amplifies the power stroke of the lever arm (Knight et al., 2005; Peckham, 2011).
These SAH domains have been well-characterized biophysically (Sivaramakrishnan
et al., 2008, 2009) and will be used as an important tool in Chapters 2 and 3. On
the other hand, Myosin VI is a monomer in solution but has been shown to undergo
cargo-mediated dimerization, an important regulatory mechanism (Yu et al., 2009;

Phichith et al., 2009; Mukherjea et al., 2014).
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Figure 1.4: The myosin and kinesin family trees for humans.
Reprinted from Peckham, 2011, with permission.

1.4 Kinesins

A large number of kinesin motors are involved in anterograde transport of
cargoes to the plus ends of microtubules in the cell periphery (Hirokawa et al., 1991).

Transport kinesins carry diverse cargoes such as vesicles, mRNA, proteins, organelles,
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and viruses. Other kinesins are involved in mitosis or walk in the opposite direction,
but these will not be covered here. Owing to their critical cargoes, defects in kinesin
function cause neurodegenerative diseases, developmental defects, and cancers.

The kinesin superfamily is shown in Figure 1.5 and is subdivided into fifteen
different kinesin families (KIFs) based on phylogenetic analysis (Verhey and Ham-
mond, 2009; Hirokawa et al., 2009). All members share a highly conserved motor
domain (~30-60% amino acid sequence homology), with greater variation in other
regions (Hirokawa and Noda, 2008). Kinesins differ in their biophysical/biochemical
motility properties as well as in their cellular functions; many studies seek to link
these and demonstrate how a specific motor is optimized for its function. Much work
remains to be done in this area.

At one end of kinesin, the motor domain or “head” binds to the microtubule
track and hydrolyzes ATP, generating directional force. At the other end, the tail
binds to cargo. The two ends are connected via a stalk formed by coiled-coils and
flexible hinge regions. The stalk allows oligomerization of two motor domains and
any adapter proteins for cargo binding. Between the motor domain and the stalk is
the neck linker, which is the force-generating segment of kinesins (analogous to the
lever arm of the myosins) (Rice et al., 1999; Hwang et al., 2008). A schematic of
the structure of kinesin-1 is shown in Figure 1.7. Notably, most kinesins function
as dimers, unlike the oligomeric diversity of myosins (Figure 1.4). It is thought that
kinesins carry each cargo alone or in small groups (Miller and Lasek, 1985). In the
absence of cargo, they are autoinhibited to prevent microtubule crowding and futile

ATP consumption (Verhey and Hammond, 2009).
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Figure 1.5: The kinesin superfamily.

Reprinted from Verhey and Hammond, 2009, with permission.

Mature Reviews | Molecular Cell Biology

This dissertation includes studies of the kinesin-1, -2, and -3 families, intro-

duced in the following sections. Figure 1.6 shows their subunit organization.
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Figure 1.6: Subunit composition of kinesin motors. Schematic of the subunit
composition and organization of kinesin-1, kinesin-2, and kinesin-3 motors. All these
kinesins contain a kinesin motor domain (dark green oval ) at their N terminus for
ATP-dependent processive motion toward the plus ends of microtubules. These ki-
nesins also have a neck domain (neck linker and neck coil) and varying amounts of
coiled-coil stalk regions for oligomerization. Several of these kinesins have protein-
protein or protein-lipid interaction domains such as TPR, Armadillo, FHA, and PH
domains. Note that the kinesin-3 motor KIF1A is depicted as a dimeric molecule as
this appears to be the state of the processive motor, although it is still unclear whether
KIF1A motors are monomeric or dimeric in solution. Abbreviations: FHA, forkhead
associated; KAP, kinesin-associated protein; KHC, kinesin heavy chain; KIF, kinesin
family; KLC, kinesin light chain; PH, pleckstrin homology; TPR, tetratricopeptide
repeat.

Reprinted from Verhey et al., 2011, with permission.

1.4.1 Kinesin-1 family

Kinesin-1, or conventional kinesin, is the founding member of the kinesin su-
perfamily and the canonical transport kinesin. Much of what we know about kinesins
comes from this family, which was first discovered in giant squid axoplasm (Vale et al.,
1985). Kinesin-1 is highly expressed in the nervous system and is critical for vesicle

and organelle transport.
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Kinesin-1 is a heterotetramer composed of two kinesin heavy chains (KHC)
and two kinesin light chains (KLC) (Figure 1.6). KHC consists of an N-terminal mo-
tor domain for ATP hydrolysis and microtubule binding, a neck domain (neck linker
for processivity plus neck coil for homodimerization), a coiled-coil stalk with hinges
for flexibility, and a tail domain for regulation of motor activity and cargo binding.
Three genes encode for KHC subunit proteins in mammals: KIF5A, KIF5B, and
KIF5C. Four genes encode for the KLC subunit, KLC1-4, which contains six tetratri-
copeptide repeat motifs for cargo binding. The KHC subunits homodimerize and can
additionally assemble with any of the four KLC homodimers, allowing for distinct
combinations with specific roles in cells (DeBoer et al., 2008). Physical dimensions

are shown in Figure 1.7.

w
(4]
coiled coil 2 5
E hinge 2
°<
©
0
~
&
coiled coil 1 § hinge 1
neck linkers
(4]
neck t =
coiled coil ¥ 3

Figure 1.7: A schematic diagram of the kinesin-1 structure bound to a
microtubule with associated light chains.

Dimensions are approximate and the diagram is based on information in the literature.
Reprinted from Jeppesen and Hoerber, 2012, with permission.

A seminal study found that a single kinesins can move a microtubule several
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microns (Howard et al., 1989). Later, Svodoba et al. optically trapped single beads
attached to single kinesin-1 molecules and showed that kinesin-1 takes 8-nm center-of-
mass steps along the microtubule and can transport against loads of ~5 pN (Svodoba
et al., 1993). Kinesin-1 is a microtubule protofilament tracer and walks parallel to the
microtubule long axis (Ray et al., 1993). Indeed, tubulin dimers also have an 8 nm
periodicity in a microtubule protofilament. A later study used interferometry to track
beads coupled to single kinesin molecules with high spatial and temporal resolution.
By examining the dwell time between steps at limiting ATP and the motor speed as
a function of ATP, the authors showed that kinesin hydrolyzes one molecule of ATP
per 8 nm center-of-mass step (Schnitzer and Block, 1997).

However, whether the two motor heads moved in an inchworm-like manner,
with one head always in front of the other, or alternated positions in a hand-over-
hand manner, remained unclear and was a controversial topic in the field for years.
Elegant high-resolution tracking of kinesin motor heads revealed that kinesin walks
hand-over-hand (Yildiz et al., 2004). The coordination of the two motor domains is
maintained by alternating ATPase cycles, ensuring that one head remains bound to
the microtubule as the other head takes a step forward (Hackney, 1994; Rosenfeld
et al., 2003). Thus, kinesin-1 motors are processive as single motors and maintain
their interaction with the microtubule track for hundreds of catalytic cycles.

Specific roles for individual members of the kinesin-1 family have also been
identified. KIF5A is neuron-specific and has similar expression level in various types
of neurons, but lower expression than KIF5C (Kanai et al., 2000). A study of Kif5a-
knockout mice revealed reduced GABA 4 receptor-mediated synaptic transmission
(Nakajima et al., 2012). Impaired inhibitory neural transmission resulted in mice
with epileptic phenotypes (Nakajima et al., 2012; Xia et al., 2003).

KIF5B is ubiquitously expressed. Kif5b-knockout mice are embryonic lethal,

and analysis of abnormal organelle distribution in extraembryonic cells revealed that
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KIF5B is essential for proper mitochondrial and lysosomal localization (Tanaka et al.,
1998). In the nervous system, KIF5B is expressed in glial cells and strongly upregu-
lated in axon-elongating neurons, such as olfactory primary neurons and mossy fibers
(Kanai et al., 2000).

KIF5C is also neuron-specific, and its strong enrichment in lower motor neu-
rons in mice 2 weeks or older suggests that it is important for motor neuron mainte-
nance rather than axonal formation (Kanai et al., 2000). Surprisingly, Kif5c-knockout
mice were viable with intact nervous systems. They did, however, have smaller brain
size and relative loss of motor neurons to sensory neurons (Kanai et al., 2000). KIF5A
and KIF5B expression level remained unchanged in these mutants. Their viability
suggests that other proteins might compensate for the lack of KIF5C.

Thus, the same study investigated functional redundancy between the three
kinesin-1 motors (Kanai et al., 2000). KIF5A, KIF5B, and KIF5C are highly similar,
with 60% sequence identity (80% identical in the motor domain and 90% identical in
the C-terminal coiled-coil region) (Kanai et al., 2000). A rescue study used cultured
Kif5b-knockout cells with abnormal perinuclear aggregation of mitochondria from
mice that were embryonic lethal (Kanai et al., 2000). However, transfection of KIF5HA,
KIF5B, and KIF5C resulted in dispersion of mitochondria, recovering the phenotype
of wild-type control cells. This provided strong evidence for functional redundancy
among the three kinesin-1 motors, at least in organelle localization.

Numerous cargo and adapter protein binding partners have been identified,
with disease-related proteins being subjects of particular focus. Because kinesin-1
motors are so abundant in the nervous system, they are involved in many neurolog-
ical disorders. Huntingtin-associated protein-1 interacts with KLC (McGuire et al.,
2006); early-onset dystonia protein TorsinA binds to KLC (Kamm et al., 2004); and
KIF5B stably associates with two proteins, neurofibromin and merlin, involved in

Neurofibromatosis (Hakimi et al., 2002). Kinesin-1 motors have also been identified
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on vesicles containing mammalian prion protein, which can convert to a pathogenic
form involved in Creutzfeldt-Jakob disease (Encalada et al., 2011).

Beyond the role of simply transporting pathological cargoes, kinesin mutations
themselves have been implicated in human neurodegenerative diseases. For example,
mutations in KIF5A, mostly in the motor domain, have been identified in patients
with hereditary spastic paraplegia (Reid et al., 2002; Blair et al., 2006; Crimella et al.,
2012) and in axonal Charcot-Marie-Tooth type 2 (Crimella et al., 2012).

1.4.2 Kinesin-2 family

First discovered in sea urchin eggs (Cole et al., 1992, 1993), the kinesin-2 family
contains two subfamilies, both of which are involved in multiple types of intracellular
transport. Kinesin-2 family motors walk along axonemal microtubules and carry out
intraflagellar transport (IF'T) to build and maintain cilia and flagella (Scholey, 2008).
They also walk along cytoplasmic microtubules to transport organelles, melanosomes,
and membrane-bound vesicles (Yamazaki et al., 1995; Tuma et al., 1998; Scholey,
2013).

There are four kinesin-2 genes in mammals: Kif3A, Kif3B, Kif3C, and Kif17.
The two kinesin-2 subfamilies have distinct structures (Figure 1.6). Motors in one
subfamily are heterotrimeric, composed of two different motor polypeptides plus a
globular, non-motor accessory protein, kinesin-associated polypeptide (KAP). KIF3A
associates with KIF3B or KIF3C, but KIF3B and KIF3C do not associate (Cole,
1999). Interestingly, this heterodimeric oligomerization is unique within the kinesin
superfamily. KIF3AB further associates with KAP to form a heterotrimeric complex,
but KIF3AC does not. The other subfamily, KIF17 in mammals, is composed of two
identical motor polypeptides (Verhey et al., 2011).

Although optical trapping studies measuring 8 nm steps under a variety of

forces and ATP concentrations suggest that KIF3AB motors also take 8 nm hand-
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over-hand steps along the microtubule lattice (Andreasson et al., 2015), KIF3AB
motors have distinct catalytic properties from kinesin-1 motors (Albracht et al., 2014).
KIF3AB motors also exhibit distinct behavior against opposing force; rather than
stalling like kinesin-1, they rapidly unbind and rebind to the microtubule (Andreasson
et al., 2015). In contrast to KIF3AB, homodimeric KIF17 is fast, highly processive
(Hammond et al., 2010), and continues stepping against 6 pN hindering load (Milic
et al., 2017). These behaviors have implications for how well these motors cooperate
in teams and will be discussed in more detail later.

Kinesin-2 motors are ubiquitous and have many critical functions. In vitro ex-
periments with purified vesicles containing N-methyl-D-aspartate (NMDA) receptors
suggested that KIF17 transports these vesicles in dendrites (Setou et al., 2000). The
significance of this role was revealed later, when interestingly, overexpression of KIF17
in transgenic mice led to improved spatial learning and working memory in behavioral
tasks (Wong et al., 2002). KIF3AB disperses pigment in Xenopus laevis melanophores
(Tuma et al., 1998), transports N-cadherin and organizes the developing neuroepithe-
lium (Teng et al., 2005), and is involved in COPI-dependent retrograde transport from
the Golgi to the endoplasmic reticulum (Stauber et al., 2006). Furthermore, Kif3A-
knockout mice are embryonic lethal, show ciliary morphogenesis defects, and suggest
the motor’s involvement in mesodermal patterning and neurogenesis (Takeda et al.,
1999; Marszalek et al., 1999). Disruption of IFT leads to developmental defects and
ciliopathies such as polycystic kidney disease (Lin et al., 2003).

Why KIF3AB and KIF3AC are heterodimers has puzzled the field for years.
Other kinesins carry out their functions effectively as homodimers, so what drove
kinesin-2 motors to evolve with two different motor domains? Several studies have
revealed differences in the kinetic and motile properties of the two subunits (Zhang
and Hancock, 2004; Zhang et al., 2016; Gilbert et al., 2018), but their significance in

Yivo remains unclear.
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One important aspect to note is the diversity in heteromeric kinesin-2 motil-
ity among species. Brunnbauer et al. investigated the trajectories of full-length, het-
erodimeric kinesin-2 motors from several species on freely suspended microtubules us-
ing a laser trap assay (Brunnbauer et al., 2012). They found that mouse MmKIF3AB
was the only kinesin-2 motor they tested that tracked protofilaments like kinesin-
1 (Ray et al., 1993), walking parallel to the microtubule long axis. In contrast,
SpKRP85/95, XIKLP3a/3b, and CeKLP11/20 (which contains one processive and
one non-processive subunit) exhibited left-handed spiraling around the microtubule
with a range of pitches (Brunnbauer et al., 2012). Through a series of chimeric con-
structs, the authors demonstrated that torque generation is not linked to processivity,
as previous studies suggested; instead, it is dictated by the stability of the neck do-
main. Adding flexible peptides after the neck linker to destabilize the neck allowed
motors to side-step and spiral around microtubules; conversely, crosslinking to stabi-
lize the neck reduced spiraling (Brunnbauer et al., 2012). The functional implications
of these results in vivo will be the topic of future investigations. Beyond their scien-
tific interest, these findings underscore the danger of assuming that the properties of

motors from one species can be generalized to others.

1.4.3 Kinesin-3 family

The kinesin-3 family has five subfamilies: KIF1, KIF13, KIF14, KIF16, and
KIF28. Kinesin-3 motors transport presynaptic vesicles and other membrane-bound
organelles in neurons. They were first identified in C. elegans because mutations in
the unc-104 gene caused defects in synaptic vesicle transport in axons, resulting in
slow and uncoordinated movement (Otsuka et al., 1991).

Compared with other kinesin families, the most notable features of kinesin-3
motors are their high processivity, allowing them to travel the long length of the

axon, and their controversial oligomeric state. There has been differing evidence on
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the oligomeric state of KIF1A in solution and as a functional motor. Several studies
provided evidence that truncated KIF1A motors are processive as monomers, under-
going biased Brownian diffusion (Okada and Hirokawa, 1999; Okada et al., 2003).
Optical trapping experiments with single KIF1A motors showed that one ATP hy-
drolysis event leads to one step, with step sizes distributed around multiples of 8 nm
(Okada et al., 2003). Kinesin-1 requires two motor heads to be processive, so this
raised the question of how a single motor domain could maintain microtubule inter-
action for multiple steps. The mechanism was thought to be a nucleotide-dependent
interaction between a positively charged region in loop 12 of the motor domain known
as the K-loop with the negatively charged E-hook at the C-terminal region of tubulin
(Okada and Hirokawa, 2000).

However, the speed of KIF1A monomers was ~8-fold lower than that observed
for full-length motors. Another model emerged in which cargo-dependent dimeriza-
tion was proposed to occur when Unc104/KIF1A clusters within lipid rafts, and single
motors only reached maximal speeds as a dimer, suggesting that this is their func-
tional form (Klopfenstein et al., 2002; Tomishige et al., 2002). Later studies showed
that expressed and endogenous mammalian KIF1A motors are dimeric in vivo us-
ing crosslinking analysis, Forster resonance transfer (FRET), and sucrose gradient
sedimentation. This work also suggested that KIF1A motors are also regulated by
autoinhibition and are activated by cargo binding (Hammond et al., 2009). Thus, it
remained controversial how KIF1A motors assemble and are regulated.

Although the kinesin-3 family is one of the largest in the superfamily, the
molecular mechanisms underlying its cargo transport remained unknown until re-
cently. A series of papers from the Verhey lab elucidated several critical findings.
They showed that full-length kinesin-3 motors KIF1A, KIF13A, KIF13B, and KIF16B
are monomeric and inactive when not bound to cargo. Upon cargo binding, they un-

dergo a monomer-to-dimer transition and become highly processive, with run lengths
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~10 um (Soppina et al., 2014). They also investigated the role of the conserved,
positively charged K-loop in loop 12 of the kinesin-3 motor domain. They found that
the K-loop promotes the motor’s initial interaction with the microtubule and facil-
itates its diffusive motion, likely due to electrostatics. However, surprisingly, they
found that the K-loop does not affect the superprocessive motion of kinesin-3 motors
(Soppina and Verhey, 2014). Therefore, the structural features that cause kinesin-3’s
superprocessive motility remain unknown.

Specific roles have been identified for several kinesin-3 family members. KIF16B
is involved in trafficking of early endosomes (Hoepfner et al., 2005). KIF13A asso-
ciates with recycling endosomes and initiates their tubulation (Delevoye et al., 2014).
Motors are also involved in more nefarious processes. Various viruses hijack kinesin
motors during their replication cycles. For example, KIF13A transports influenza A
virus ribonucleoproteins (Ramos-Nascimento et al., 2017). Defects in kinesin-3 trans-
port are thought to cause various neurodegenerative and developmental defects (Li
and DiFiglia, 2012). A mutation in the motor domain of KIF1B was associated with
Charcot-Marie-Tooth type 2A disease (Zhao et al., 2001).

Overall, although it is now clear that motors within each of the kinesin-1,
-2, and -3 families have distinct roles in cells, there remain many gaps in knowledge
of single-molecule motility properties because of the assumption that motors in the
same family should have similar properties. For example, members of the kinesin-1
family clearly have different tissue expression and functions, yet many researchers
treat the family members interchangeably. This is equally true for motors of the
same type from different species. A major challenge in the field will be to investigate
motors within families and across species that have previously been assumed to be
biophysically similar and attempt to understand what drove the evolution of such
diverse motors that still contain high sequence and structural similarity.

Despite the large body of research on transport kinesins, much remains un-
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known about their function in cells. Topics such as regulation, binding partners,
cargo specificity, and multi-motor behavior will remain active topics of research for

years to come.

1.5 Motors working in teams

Numerous studies have demonstrated that multiple motor proteins are present
on an individual cargo undergoing intracellular transport. Early hints in this direc-
tion came from electron microscopy studies showing multiple cross-bridges connecting
membrane-bound cargoes to the microtubule track (Miller and Lasek, 1985; Ashkin
et al., 1990), as shown in Figure 1.8. Since then, analysis of purified mouse neuronal
transport vesicles (Hendricks et al., 2010) and measurements of endosomes (Soppina
et al., 2009) and peroxisomes (Kural et al., 2005; Ally et al., 2009) inside live cells
have identified motor identity and number in greater detail. These can be multiple
motors of different classes (e.g. a kinesin and a dynein) or multiple motors of the
same class (e.g. kinesin-1 and kinesin-3 motors) on the same cargo. Thus, there has
been a great deal of interest in understanding how multiple motors work together and

coordinate their motility.

:

Figure 1.8: Examples of mitochondria from Reticulomyra with 1, 2, and 4
crossbridges to a microtubule, as seen by electron microscopy. Bar, 0.1 um.
Reprinted from Ashkin et al.; 1990, with permission.

An interesting question is how these motors coordinate their activities to avoid
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interfering with each other. For cargoes with a kinesin and a dynein, several systems
have observed that the presence of kinesin and dynein motors results in a tug-of-war
(Soppina et al., 2009; Hendricks et al., 2010). In other systems, the motors appear
to be regulated so that only one type of motor is active at a time (Kural et al., 2005;
Laib et al., 2009). However, the specific regulatory mechanisms that determine which
motors dominate at which times and locations for different cargoes is largely unknown
and remain a formidable experimental challenge for the future.

Dimeric kinesin motor proteins are capable of high speeds, long run lengths,
and high force generation as individual motors. What then is the advantage of hav-
ing multiple motors on a cargo? One advantage is that if a motor disengages from
the track, other motors present on the cargo can engage and continue the journey.
An added advantage would be the ability to dodge a microtubule-associated protein
that is blocking the path and avoid a traffic jam (Lakadamyali, 2014). Cytoplasmic
crowding and roadblocks on microtubules make this especially important for sus-
tained track interaction. A third advantage may be the ability of multiple motors
to generate higher forces than a single motor is capable of. At least in wvitro, stall
forces for kinesin-1 are additive (Vershinin et al., 2007). One major goal in the field
is to understand the dynamics of individual motors in a team and reveal how they
are related to isolated motor properties. Many theoretical studies have explored this,
but experimental limitations have stalled progress. Thus, new tools are required that
offer spatial and temporal control over components.

In Chapter 2, I describe the development of a protein-based system to assemble
motors in defined numbers in order to observe their coordination both in in witro
assays and in specific locations in cells. This modular technique will allow future

exploration of a variety of questions on multi-motor transport in cells.
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1.5.1 Monomeric motors working in teams

Although most, if not all, kinesins function as dimers, it is theoretically pos-
sible that monomeric kinesins can work in teams to drive cargo transport. Leibler
and Huse provided a theoretical framework for how monomeric motors could work in
teams to drive cargo transport (Leibler and Huse, 1993). This work classified motor
proteins as either “porters” or “rowers.” Porters work effectively as individual motors
because they spend a large fraction of their catalytic cycle engaged with the track
(high duty ratio), allowing them to take many successive steps without detaching
(Leibler and Huse, 1993; Hackney, 1996). On the other hand, rowers are ineffective
as individuals because they spend most of their ATPase cycle off the track (low duty
ratio); however, when they are combined in large ensembles, the reduced interference
and friction from other members of the ensemble allow them to collectively produce
large forces. This framework has never been tested in cells for monomeric kinesins.

To better understand the functional significance of kinesin’s well-conserved
dimeric structure, several groups have studied the in vitro motility of single-headed
kinesin-1 motors, both truncated (Berliner et al., 1995; Young et al., 1998; Kamei et
al., 2005; Inoue et al., 1997) and full-length (Hancock and Howard, 1998). Most have
shown that single kinesin monomers are non-processive, but groups of monomers can
glide a microtubule (Hancock and Howard, 1998) or transport a bead (Kamei et al.,
2005), albeit at lower speeds and forces than their dimeric forms (Berliner et al., 1995;
Kamei et al., 2005; Inoue et al., 1997).

Other studies have shown that KIF1A (kinesin-3 family) monomers can move
processively on microtubules (Okada and Hirokawa, 1999; Okada et al., 2003) via
biased Brownian diffusion but do not recover their in vivo speed until they dimerize
on cargo (Tomishige et al., 2002). These observations suggest that kinesin monomers
may be able to function as rowers, despite their canonical behavior as dimeric porters.

There is ample evidence that members of both the myosin and dynein families
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are monomeric and work in teams to produce motion. The best-studied examples are
muscle myosin and flagellar dynein, which work in large ensembles and spend most of
their time detached from the track. Myosin VI monomers are nonprocessive in single-
molecule assays but can work in teams to transport cargoes with similar speeds as
dimers (Sivaramakrishnan and Spudich, 2009). Individual monomers interact only
transiently with the track but collectively can generate force and large movements.
Whether monomeric versions of kinesin motors are capable of working in teams
to drive transport or whether there is something about the catalytic or mechanical
properties of kinesins that prevents them from functioning in this manner is not
known. Also unknown is whether monomers are able to collectively transport cargoes
when attached to a lipid bilayer and moving through the crowded cellular environ-
ment. In Chapter 3, I describe experiments aimed at resolving whether dimerization

is required for kinesins to carry out intracellular transport.

1.5.2 Overview of dissertation

Overall, this dissertation focuses on the collective behavior of groups of ki-
nesin motors transporting membrane-bound cargoes along microtubules in mam-
malian cells.

In Chapter 2, I describe the development of a protein-based system for as-
sembly of defined multi-protein assemblies on a scaffold. This system can be used to
probe multi-motor behavior both in vitro and in cells.

In Chapter 3, I describe the investigation of the minimal structural require-
ments for kinesins to carry out transport in cells. I show results from experiments
both in vitro and in cells that address the question of whether nonprocessive kinesins

can act as rowers to collectively carry out cargo transport.
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CHAPTER II

Assembly of protein complexes at defined

subcellular locations

Portions of this chapter have been adapted from:

Norris, S.R., V. Soppina, A.S. Dizaji, K.I. Schimert, D. Sept, D. Cai, S. Sivaramakr-

ishnan, and K.J. Verhey. 2014. A method for multiprotein assembly in cells reveals in-

dependent action of kinesins in complex. J. Cell Biol. 207:393-406. doi:10.1083/jcb.201407086.
Author contributions: S.R.N., V.S., D.C., and K.J.V. designed research. S.R.N.,

V.S., A.S.D., and K.S. performed research. A.S.D., D.S.; and S.S. contributed new

reagents or analytic tools. S.R.N. and A.S.D. analyzed data. S.R.N. and K.J.V. wrote

the p aper with input from all authors.

K.S. wrote the text in this chapter.

2.1 Introduction

Thanks to remarkable technological advances, the biophysical and biochemical
properties of cytoskeletal motor proteins have been studied in great detail at the
single-molecule level. However, in cells, there are multiple motors on a single cargo,

rendering it critical to study motor coordination in teams.
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Several studies have used DNA origami as scaffolds to group motors together
and investigate their motility. DNA scaffolds allow for control over motor number and
spacing, and several groups have successfully used them to study multi-motor behav-
ior (Rogers et al., 2009; Derr et al., 2012; Furuta et al., 2013). However, cooperation
among kinesin motors remains poorly understood. Furthermore, DNA scaffolds can-
not be used in cells, which is a major limitation and prevents the correlation of in
vitro and in vivo behavior.

DNA scaffolds also do not recapitulate physiological motor-cargo linkages. Mo-
tors are recruited to their intracellular cargoes via various mechanisms (Akhmanova
and Hammer, 2010). Some motors bind directly to transmembrane cargo proteins
on transport vesicles or organelles. For example, kinesin-1 light chain is thought to
bind directly to amyloid precursor protein, a major player in the development of
Alzheimer’s disease, on axonal vesicles (Kamal et al., 2000). Other motors dock onto
cargoes via lipid binding domains. For example, kinesin-3 motor Unc-104 contains a
pleckstrin homology domain that can bind to phosphatidylinositol(4,5)bisphosphate
(PIP2) on synaptic vesicles (Klopfenstein et al., 2002), and kinesin-3 motor KIF16B
contains a PX domain that can bind to phosphatidylinositol-3-phosphate (PI(3)P)
on early endosomes (Hoepfner et al., 2005). However, as more cargo assemblies are
identified, these direct binding modes appear to be the exception rather than the rule.

Many motors bind to their cargoes via multi-protein complexes (for reviews,
see Akhmanova and Hammer (2010); meng Fu and Holzbaur (2014)). Association
with scaffold or adaptor proteins can significantly affect motor properties. Belyy et
al. showed that when mammalian dynein associates with dynactin and Bicaudal-D2,
its force production increases from 0.5-1.5 pN to 4.3 pN (Belyy et al., 2016). This
work illustrated that it is critical to study motor properties in their native context,
with the binding partners that link them to their cargo.

This motivated the development of a multi-protein scaffold system to group
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multiple motors with defined separation distance that can be used to study motility

in vitro and in cells.

2.2 Results

We set out to assemble defined, multi-protein complexes in mammalian cells.
The goal was to use self-associating protein linkers to attach motors to a protein scaf-
fold. For the scaffold backbone, we opted to use single alpha helix (SAH) domains
that are recurrent in nature (Knight et al., 2005) (Figure 2.1 A). These are also called
ER/K helices because they are stabilized by ionic interactions between the side chains
of alternating glutamate (E) and arginine (R) or lysine (K) residues (Knight et al.,
2005). A BLAST search on PubMed from a previous study revealed that this ER/K
motif is present in at least 123 distinct proteins in 137 organisms (Sivaramakrishnan
et al., 2008). SAHs are stable in solution and act as a bridge between protein sub-
domains in myosin VI and myosin X, making them an ideal scaffold for our system.

We selected helices of 5, 10, 20, and 30 nm.
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Figure 2.1: A protein-based system for assembly of defined multi-protein
complexes.

(A) Plasmids for expression of scaffold (top) and motor components (middle and
bottom) are cotransfected into mammalian cells, and the protein components are
allowed to self-assemble. The scaffold (yellow) is a SAH with linkers (blue) attached
at each end. (B) Summary of the four linker components and their features. Reprinted
from Norris et al., 2014, with permission.

)

DmrA/C

Next, we cloned and screened linker proteins to attach to the scaffold, bas-
ing our selection on several criteria: 1) They had to self-associate. 2) They had to
have well-characterized structural and assembly properties. We selected alpha-helical
protein segments known to form coiled-coils of a certain orientation and oligomeric
state. In order to assemble dimeric kinesin motors on a monomeric scaffold, we
predicted that a trimeric coiled-coil would be optimal. Using single-molecule motil-
ity assays and coimmunoprecipitation (summarized in Figure 2.2 A), we tested the
following coiled-coil structures for their ability to connect motors to the scaffold:
a homotrimeric variant of the leucine zipper from Saccharomyces cerevisiae GCN4
(Holton and Alber, 2004); the homotrimeric coiled-coil domain of mammalian coro-
nin 1 (Kammerer et al., 2005); and de-novo designed coiled-coils of homotrimeric
(Burkhard et al., 2002), homodimeric (Litowski and Hodges, 2002), or heterotrimeric
(IA/IQ) (Kiyokawa et al., 2004) form. The heterotrimeric IA/IQ coiled-coil was the

best for our geometry. The others exhibited no or very limited motility in the screen
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or had other complications.
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Figure 2.2: Characterization of self-assembling linkers.

(A) Several potential coiled-coil linkers were screened via single molecule motility as-
says to determine their suitability for assembling kinl motors and SAH scaffolds. The
heterotrimeric TA/IQ sequences were most efficient at recruiting dimeric kinl motors
to monomeric SAH scaffolds. (B-E) Coimmunoprecipitation assays. Motor-linker and
linker-scaffold-GFP components were coexpressed in COS7 cells and immunoprecip-
itated (IP) from cell lysates with a monoclonal antibody to kinl (IP:kinl lanes),
and the presence of scaffold was detected by immunoblotting (IB) for the GFP tag
(IB:GFP). Input = 1/4 of lysate compared with IP lanes. + indicates the presence of
the plasmid in transfection. The position of the linker with respect to the scaffold is
indicated in black text as N terminus (N), middle (Mid), or C terminus (C). For the
split GFP linker (B), the first 10 strands of the barrel (GFP(1-10)) were attached to
the scaffold and the last strand (GFP11) was attached to kinl. For the split EF Hand
linker (C), the red text indicates whether the N-terminal half (N) or C-terminal half
(C) of the EF Hand domain was attached to the scaffold or motor components. The
opposite configurations showed no assembly. These experiments were performed by
Stephen R. Norris. Reprinted from Norris et al., 2014, with permission.
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In addition to the alpha-helical protein segments, we also tested protein-
protein linkers for their efficacy at connecting motors to scaffolds (Figure 2.1 B).
They all offer specific benefits in assembling multi-protein complexes. We tested:
1) A split superfolder GFP that provides a green fluorescent signal upon assembly,
which is almost irreversible (Pinaud and Dahan, 2011). 2) The split EF Hand domain
from calbindin that assembles with high affinity (K; ~ 1 nM) that can be increased
(Kgq ~ 1 pM) in the presence of calcium (Lindman et al., 2009). 3) The drug-inducible
dimerization of DmrA (FKBP) and DmrC (FRB domain) upon addition of A/C Het-
erodimerizer (Rapalog-1, AP21967) that has been used in cells to induce dimerization
of proteins (DeRose et al., 2013).

Linkers were tested at the N terminus, middle, and C terminus of a 30 nm
SAH scaffold. Coimmunoprecipitation demonstrated protein expression, solubility,
and interaction with the motor (Figure 2.2 B-E). We also tested the linkers and ar-
rangements in single-molecule assays with a truncated, constitutively active version of
kinesin-1, KIF5C(1-560), or kinl. For these data, see Figure 2 of Norris et al. (2014).
The motor-linker-scaffold complexes had similar run length and velocity distributions
to kinl without a scaffold, suggesting that we can assemble and use scaffold-linker-
motor complexes in in wvitro motility assays by expressing constituent proteins in
mammalian cells and collecting them in cell lysates. Therefore, we decided to move
forward with the four protein-protein linkers and the de-novo designed IA/IQ pep-
tides (two IA peptides attached to a dimeric kinesin assemble with one 1Q peptide
attached to a scaffold, forming an AAB-type heterotrimeric coiled-coil) (Kiyokawa
et al., 2004).

Verifying multiple protein assembly in live cells

After characterizing the protein linkers in wvitro, we next tested whether we

could use them to recruit two proteins to the same scaffold in live cells. We did this
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by utilizing Forster resonance transfer (FRET) and making use of SAH domains of
known length for the scaffold (Knight et al., 2005; Sivaramakrishnan et al., 2008,
2009; Baboolal et al., 2009). We used the split superfolder GFP as the FRET donor
and mCherry as the acceptor. The scaffold had half of the split superfolder GFP on
one end and the DmrA domain on the other end (Figure 2.3 A). Therefore, for FRET
to occur, the other half of the split GFP should bind to the scaffold and produce green
signal, and addition of A/C homodimerizer should recruit the mCherry-tagged DmrC
domain to the opposite end of the scaffold. In the absence of A/C heterodimerizer,
mCherry remained cytosolic and low/now FRET was observed from the scaffold-
associated GFP complex, as expected. Consistent with expectations, addition of
A /C heterodimerizer induced recruitment of mCherry to the scaffold-GFP complex,
causing a FRET signal that varied with scaffold length; high FRET occurred at a
short separation distance (GSG peptide as the scaffold), and no FRET occurred for
a 10-nm scaffold (Figure 2.3 B-C). These results demonstrate that our scaffolds and

linkers can assemble into defined, multi-protein complexes in live cells.
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Figure 2.3: Assembly of two proteins on a scaffold in live cells.

(A) Schematic of multi-protein assembly. Plasmids encoding the indicated compo-
nents were expressed in COS7 cells (Transfection). Self-assembly of the split GFP
linker (step 1) recruits the SNAP-GFP11 component to the DmrA-scaffold-GFP(110),
resulting in green fluorescence. Addition of A /C heterodimerizer (step 2) recruits the
mCherry-DmrC component, resulting in FRET. (B and C) FRET donor (split GFP)
and FRET acceptor (mCherry) components were recruited to scaffolds of 0 nm (GSG
peptide), 5 nm SAH, or 10 nm SAH by the addition of A/C heterodimerizer for 1
h, and FRET was determined in live cells. (B) Representative calculated FRET effi-
ciency (Ed) images. Yellow dotted lines indicate the outline of each cell. Bar, 10 pm.
(C) Calculated FRET efficiencies (Ed). n > 31 cells in three independent experiments
for each condition. *** P < 0.0001; n.s., not significant as compared with the (-) A/C
heterodimerizer condition. Data are presented as the average = SEM (error bars).
These experiments were performed by Stephen R. Norris (with constructs cloned by
Kristin Schimert). Reprinted from Norris et al., 2014, with permission.

Assembling multi-protein complexes at specific subcellular locations

Future multi-motor studies could benefit from complexes being targeted to
certain areas of the cell. Thus, we next tested whether we could assemble multi-
protein complexes of our characterized scaffolds and linkers at specific subcellular
locations. We targeted mCherry-DmrC to the plasma membrane by fusing it to a
myristoylation-palmitoylation signal sequence (Figure 2.4 A). We also constructed

a lysosome-targeted scaffold by fusing it to a lysosomal membrane protein, Lampl
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(Figure 2.5 A). In the absence of A/C heterodimerizer, DmrA-scaffold-split GFP
complexes were cytosolic (Figures 2.4 B and 2.5 B, bottom panels). However, upon
addition of A/C heterodimerizer, DmrA-scaffold-split GFP complexes were rapidly
recruited to the plasma membrane, colocalizing with the mCherry-DmrC. This was a
robust effect for both the plasma membrane-targeted (Figure 2.4 B) and the lysosome-
targeted (Figure 2.5 B) mCherry-DmrC components. Thus, we have demonstrated
that complexes comprised of multiple proteins can be assembled sequentially at de-

fined locations in live cells.
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Figure 2.4: Assembly of multi-protein complexes at the plasma membrane.
(A and B) Step-wise assembly of a multi-protein complex at the plasma membrane in
live cells. (A) Schematic of the experimental setup. COS7 cells were transfected with
plasmids for expression of the indicated components. The split GFP self-assembles
(step 1) and is recruited to the MyrPalm-mCherry component on the plasma mem-
brane by addition of A/C heterodimerizer (step 2). (B) Representative images of cells
incubated in the absence or presence of A /C heterodimerizer for 1 h. The three panels
on the far right display magnified views of the boxed region in the Merge channel.
Bar, 10 gm. The three panels on the far right display magnified views of the boxed
region in the Merge channel. Bar, 10 ym. Reprinted from Norris et al., 2014, with
permission.

42



A Transfection:

I 1
DmrA  Scaffold  GFP(1-10) 1. Split-GFP N-

N W d assembly

2. (+) AC
Heterodimerizer

Green Signal

Green
recruited
to lysosome

SNAP  GFP11 Lysosome
s MYYS

N = Lysosome

LAMPT mCh DmrC N

M

Green Red Merge G R M

+ A/C Heterodimerizer o

(-) A/C Heterodimerizer

Figure 2.5: Assembly of multi-protein complexes on the lysosome. (A and
B) Step-wise assembly of a multi-protein complex on the lysosome in live cells. (A)
Schematic of experimental setup. COST7 cells were transfected with plasmids for
expression of the indicated components. The split GFP self-assembles (step 1) and
is recruited to the LAMP1-mCherry component on the lysosome by addition of A/C
heterodimerizer (step 2). (B) Images of cells incubated in the absence or presence
of A/C heterodimerizer for 1 h. The three panels on the far right display magnified
views of the boxed region in the Merge channel. Bar, 10 pm. Reprinted from Norris
et al., 2014, with permission.

2.3 Discussion

Many questions in cell biology would benefit from having a well-characterized
system to assemble multiple proteins into defined complexes at relevant locations in
the cell. To this end, we describe a new method that is broadly applicable to questions
in signaling, motility, and organization. This system can be easily generalized and
used with other organelle localization signals to facilitate location-specific experiments

in live cells.
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We opted to utilize FRB-rapalog-FKBP dimerization in order to induce rapid
recruitment of components, allowing for studies in live cells. The use of this system
demonstrates the feasibility of inducible, sequential complex assembly. A related idea
is used to assemble kinesin motors on artificial cargoes in Chapter 3. In the future,
it would be possible to use one set of protein linkers to assemble a complex with
multiple kinesin-1 motors and then induce the recruitment of another type of motor,
observing how the dynamics of that specific complex change with addition of more
motors.

This work demonstrates the assembly of multiple protein components into a
defined geometry at a specific location in live cells. It was used by Stephen Norris in
the Verhey lab to study coordination of kinesin motors coupled on a protein scaffold
in COS-7 cells (Norris et al., 2014). He applied this method to directly compare
the cooperative behavior of two-kinesin complexes in vitro to that in live cells. Taken
together, his results suggest that kinesins on a shared cargo act independently and can
alternate their activity, but they do not cooperate. This suggests that the presence
of multiple motors on a cellular cargo has functional importance beyond what can be
deduced by motility properties; for example, having multiple motors probably enables
the cargo to navigate around obstacles on the microtubule (Ross et al., 2008).

The tools developed here open up many questions for future investigation.
For example, one interesting question is how the emergent behavior of assemblies
of different motors is regulated in different areas of the cell. Further work is also
required to elucidate how the compliance of the cargo effects motor cooperation.

This is possible using this method with protein scaffolds of different stiffness.

2.4 Materials and methods

Adapted from Norris et al. (2014).
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Plasmids

Constitutively active versions of the kinesin-1 motor rat KIF5C (aa 1-560)
and the kinesin-3 motor rat KIF1A (aa 1-393 with the leucine zipper dimerizing seg-
ment of GCN4) have been described previously (Cai et al., 2007,2009; Soppina et
al., 2014). DNA fragments encoding SAH domains of various lengths were gener-
ated by PCR cloning of the relevant sequences: a 5-nm helix from Homo sapiens
translation initiation factor IF-2; a 10-nm helix from Sus scrofa Myosin VI medial
tail; a 20-nm helix from S. cerevisiae mannosyltransferase MNN4; and a 30-nm he-
lix from Trichomonas vaginalis Kelch-motif family protein (Sivaramakrishnan et al.,
2008, 2009). The 60-nm helix is a tandem repeat of 30-nm helices separated by four
tandem Gly-Ser-Gly (GSG) sequences. Multiple GSG repeats were also included be-
tween all scaffold and linker components to ensure flexibility and rotational freedom
of each component. TA/IQ fusions were generated by insertion of oligonucleotides en-
coding the peptides. Plasmids encoding FKBP and FRB were obtained from ARIAD
Pharmaceuticals and are now available from Takara Bio Inc. as DmrA and DmrC,
respectively. Plasmids encoding mNeonGreen were obtained from Allele Biotechnol-
ogy. EF Hand and tandem mCherry sequences were synthesized (DNA 2.0). Plasmids
encoding split superfolder GFP components were a gift from F. Pinaud (University
of Southern California, Los Angeles, CA). Each component was subcloned behind
the cytomegalovirus promoter in the EGFP-N1 vector (Takara Bio Inc.); this vector
also contains an SV40 origin for replication in mammalian cells and a kanamycin
resistance cassette for amplification in Escherichia coli. All plasmids were verified by

DNA sequencing.

Cell culture, transfection, and immunofluorescence

COS cells were cultured, transfected, and lysed as described previously (Cai

et al., 2007; Soppina et al., 2014). For immunoprecipitation, lysates were incubated
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with antibodies for 3 h at 4°C, Protein A agarose beads were added for an addi-
tional 30 min at 4°C, and the immunoprecipitates were analyzed by blotting with a
monoclonal antibody to bovine brain kinesin-1 (Mouse MAb1614; EMD Millipore)
or a polyclonal antibody raised in rabbits against a GFP peptide (antigen sequence
CFKEDGNILGHKLE). For immunoprecipitation experiments using DmrA /C link-
ers, 20 ng/ml rapamycin (EMD Millipore) was added 1 h before lysis and maintained
throughout lysis and immunoprecipitation. For immunofluorescence, monoclonal an-
tibodies to total 5 tubulin (Mouse E7; Developmental Studies Hybridoma Bank) and

acetylated a-tubulin (Mouse 6-11B-1, #T7451; Sigma-Aldrich) were used.

Live-cell imaging

Fluorescence images of live COS7 cells were collected at 37°C in Leibovitzs
L-15 medium without phenol red (Life Technologies) using an inverted microscope
(IX70; Olympus) with a 40x objective lens (LCPlan F1, NA 0.6, 1.5x tube lens) and
an X-Cite 120 metal halide light source (EXFO). For DmrA/C FRET experiments,
A/C heterodimerizer (Takara Bio Inc.), equivalent to Rapalog-1 AP21967 (ARIAD
Pharmaceuticals) was added at 500 nM for 60 min unless otherwise noted. Fluo-
rescence excitation and emission wavelengths were selected using a DAPI/FITC/Tx
Red filter set (Chroma Technology Corp.) and a Lambda 10-3 filter wheel controller
(Sutter Instrument) equipped with a shutter for epifluorescence illumination control.
Images were recorded with a CoolSNAP HQ2 14-bit charge-coupled device (CCD)

camera (Photometrics).
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CHAPTER III

Monomeric kinesin cooperativity in intracellular

transport

3.1 Introduction

Cytoskeletal motor proteins transport cargoes directionally along actin or mi-
crotubule filaments in eukaryotic cells. Defects in motor protein function impair this
transport and are linked to numerous diseases including neurodegeneration and can-
cers. A large number of kinesin motors are involved in transport of cargoes to the
plus end of microtubules in the cell periphery. Transport kinesins such as kinesin-1,
the founding member of the kinesin superfamily, are dimerized through a coiled-coil
stalk and thus have two motor domains for ATP hydrolysis and microtubule binding.
The coordination of the two motor domains in kinesin-1 is maintained by alternating
(out-of-phase) ATPase cycles, ensuring that one domain remains bound to the micro-
tubule as the other takes a step forward (Hackney, 1994; Rosenfeld et al., 2003; Yildiz
et al., 2004). Thus, kinesin-1 motors are processive as single motors and maintain
their interaction with the microtubule track for hundreds of catalytic cycles.

Several studies have investigated the in vitro motility of single-headed kinesin-
1 motors, both monomeric motors generated by truncation of the coiled-coil stalk

(Berliner et al., 1995; Young et al., 1998; Kamei et al., 2005; Inoue et al., 1997)
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and full-length molecules lacking one of the motor domains (Hancock and Howard,
1998). These studies demonstrated that single kinesin monomers are not processive,
providing strong support for the model that dimerization is required for processive
motion.

Yet groups of kinesin monomers can glide a microtubule or transport a bead,
albeit at lower speeds and forces than their dimeric forms (Berliner et al., 1995;
Kamei et al., 2005; Inoue et al., 1997), suggesting that monomeric motors could work
cooperatively in teams to drive cargo transport. Indeed, a recent study showing that
single-headed KIF1A motors are able to extract membrane tubes from giant vesicles
proposed that the presence of a diffusive state in KIF1A’s mechanochemical cycle may
facilitate its cooperative force generation in groups (Roth et al., 2015). In addition,
several members of the myosin family are known to exist as monomers but can drive
processive cargo transport in cells (Pyrpassopoulos et al., 2016; Dunn et al., 2007).

A theoretical framework for how dimeric and monomeric motors function to
drive processive cargo transport was proposed by Leibler and Huse (Leibler and Huse,
1993). Dimeric motors such as kinesin-1 work as “porters” and can drive long-range
transport alone or in small groups because they spend most of their ATPase cycle
bound to their track (high duty ratio). Monomeric motors, such as myosin-2 and
flagellar dynein, work in large ensembles and spend most of their time detached from
the track. Like “rowers” in a boat, individual monomers interact only transiently with
the track but collectively can generate force and large movements. While this model
is consistent with the ability of ensembles of kinesin monomers to drive processive
transport in bead transport or gliding assays, it is not clear whether monomers are
able to collectively transport cargoes when attached to a lipid bilayer and moving
through the crowded cellular environment.

To test whether kinesin monomers can work collectively to drive cargo trans-

port in cells, we directly compared dimeric motors to artificial monomeric motors
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across the kinesin-1, -2, and -3 families in both in vitro and cellular assays. We find
that surprisingly, the monomeric motors are able to drive the dispersion of peroxi-
somes to the cell periphery, suggesting that dimerization and processive motility at
the single-molecule level are not required for cargo transport by teams of motors. We
further explore the mechanics of this cooperativity and find that in general, kinesin
monomers are efficient transporters if the motor-to-cargo distance is short and the
cargo imposes minimal load on the motors. As the length of the stalk increases,
monomers become less efficient, and dimerization becomes necessary to pull against
load. Together, these results lend insight into the minimal requirements and mechan-
ical modulators of collective kinesin cargo transport. They may also shed light on

why most kinesins evolved to function as dimers.

3.2 Results

3.2.1 Single-headed KIF1A motors can transport membrane-bound cargo

in cells

Can monomeric kinesin motors work in teams to transport a cargo in cells?
To investigate this, we focused on the kinesin-3 motor KIF1A based on its ability to
diffuse along the microtubule lattice as a monomer (Okada and Hirokawa, 1999; Okada
et al., 2003) and to extract membrane tubes from giant vesicles (Roth et al., 2015). We
utilized a constitutively active, truncated version of KIF1A that contains the motor
domain, neck linker, neck coil, and the GCN4 leucine zipper [KIF1A(1-393)-LZ)]
and is known to exist as a dimer, along with a monomeric version containing only the
motor domain and neck linker [KIF1A(1-369)] based on our previous work (Hammond
et al., 2009; Soppina and Verhey, 2014). We first verified their motility properties
as individual motors by imaging 3xmCit-tagged motors with total internal reflection

fluorescence (TIRF) microscopy (Norris et al., 2015). Dimeric KIF1A motors display
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long, processive, uni-directional runs at fast speeds (Figure 3.1 A, left), consistent with
previous studies (Soppina et al., 2014), whereas monomeric KIF1A motors show only
transient interactions with the microtubule and diffusive motion in both directions
(Figure 3.1 A, right), consistent with previous work (Okada and Hirokawa, 1999;
Okada et al., 2003; Soppina and Verhey, 2014). Thus, dimerization is required for

individual KIF1A motors to undergo robust processive motility along microtubules.
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Figure 3.1: Single-headed KIF1A motors can cooperatively transport cargo
in cells despite lacking single-molecule processivity.

(A) The single-molecule motility of 3xmCit-tagged KIF1A motors was imaged with
TIRF microscopy at saturating ATP (2 mM). Representative kymographs of single-
motor tracks are shown for dimers (left) and monomers (right). Time is on the
x-axis (bar: 5 s) and distance is on the y-axis (bar: 5 um). (B) Schematic of the
inducible peroxisome dispersion assay. Motor-mNG-FRB was co-expressed in COS-7
cells with PEX-mRFP-FKBP. Motors were recruited to peroxisomes via rapamycin
(RAP) addition and cells were fixed after 0, 10, or 30 min. Representative images
at each time point after RAP addition are shown for targeted (C) dimeric KIF1A
and (D) monomeric KIF1A motors. Merged images are shown again in Fig. 2 for
comparison with other motors. Bar: 10 um.
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To test whether dimeric and monomeric KIF1A motors can work effectively in
teams for cargo transport in cells, we utilized an artificial cargo trafficking assay where
the kinesin of interest is targeted to the peroxisome, and the subsequent redistribution
of the peroxisome can be attributed to the transport capacity of the motor (Kapitein
et al., 2010a). Peroxisomes are relatively immotile and are localized in the perinuclear
region in COS-7 cells. Their dispersion requires <15 pN force generation by the
recruited kinesin motors (Efremov et al., 2014; Wiemer et al., 1997). This assay
enables the analysis of motor behavior in a physiological environment where motors
work in teams to transport membrane-enclosed cargoes.

We fused mNeonGreen-FRB to the C-terminus of our dimeric or monomeric
KIF1A motors and co-expressed the tagged motors with a PEX3-mRFP-2xFKBP
targeting sequence in COS-7 cells. Rapamycin addition induces the dimerization of
FRB and FKBP (Clackson et al., 1998), thereby rapidly recruiting the motor to the
peroxisome surface (Figure 3.1 B). The cells were fixed after 0, 10, or 30 minutes of
rapamycin treatment and the motor/cargo dispersion was observed by fluorescence
microscopy (Figure 3.1 C-D). As expected, recruitment of dimeric KIF1A results
in rapid redistribution of the peroxisomes to the cell periphery (Figure 3.1 C). To
our surprise, we found that monomeric KIF1A motors are also able to transport
peroxisomes as well as the dimeric motor (Figure 3.1 D), despite lacking the single-
motor processivity of the dimer form. These results suggest that groups of monomeric
KIF1A motors are able to work cooperatively while attached to a lipid bilayer to
drive transport in a cellular environment. They also demonstrate that dimerization

of kinesin motors is not required for cargo transport in cells.
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3.2.2 Single-headed motors from the kinesin-1, -2, and -3 families can

transport membrane-bound cargo in cells

We next asked whether other monomeric kinesin motors can work in teams
to drive cargo transport in cells or whether this property is unique to KIF1A. To
test this, we compared the ability of dimers and monomers across the kinesin-1,
kinesin-2, and kinesin-3 families for their ability to drive peroxisome dispersion in cells.
We constructed artificial monomeric motors containing only the motor domain and
neck linker for members of kinesin-1 (KIF5A, KIF5B, KIF5C), kinesin-2 (KIF3AB,
KIF17), and kinesin-3 (KIF13B, KIF16B) families based on coiled-coil predictions
and previous work (Hariharan and Hancock, 2009; Phillips et al., 2016). The amino
acid composition of each construct is indicated in Figure 3.2. We first verified that
all monomeric motors are able to interact with microtubules as single molecules.
Indeed, the monomeric kinesin-1 and kinesin-2 motors display rapid binding and
unbinding events with little to no diffusive motion, whereas the transient interactions

of monomeric kinesin-3 motors consist of short periods of diffusive motion (Figure 3.3).
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Artificial monomeric kinesins containing the motor domain and neck linker were con-
structed based on coiled-coil predictions and previous work. Amino acids are indi-
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Figure 3.3: Minimal kinesins containing a single motor domain and neck
linker can collectively transport peroxisomes to the cell periphery.

(A) Monomers from the kinesin-1, -2, and -3 families were tagged with 3xmCit and
imaged with TIRF microscopy at saturating ATP. Representative kymographs are
shown. Time is on the x-axis (bar: 1 s); distance is on the y-axis (bar: 5 um). (B, C)
Representative images of fixed COS-7 cells co-expressing PEX3-mRFP-FKBP (ma-
genta) and (B) dimeric or (C) monomeric motor-mNG-FRB (green). Left column: no
RAP; right column: 30 min. after RAP addition. Only merged images are shown for
clarity. Figures 3.4, 3.5, and 3.6 contain individual fluorescence channels. Bar: 10 um.
(D) Cells were classified into 4 categories based on peroxisome localization: clustered
(red), partially dispersed (orange), diffuse (yellow), or peripheral (green). Quantifi-
cation of the proportion of cells in each category with targeted (E) dimers and (F)
monomers. Motility assays in (A) were performed by Breane Budaitis in the Verhey
laboratory. 95



We then examined the ability of the dimeric and monomeric motors to drive
peroxisome dispersion in cells. The dimeric and monomeric versions of each motor
were tagged with mNG-FRB and co-expressed in COS-7 cells with the PEX3-mRFP-
FKBP construct and motor recruitment to the peroxisome surface was induced with
rapamycin. For KIF3AB, only the 3A subunit was tagged with mNG-FRB, and the
3B subunit was fused to TagBFP to encourage the binding of heterodimers. The cells
were fixed after 0, 10, or 30 min of rapamycin treatment and peroxisome dispersion
was examined by fluorescence microscopy. For clarity, representative images before
and after 30 minutes of rapamycin treatment are shown in Figure 3.3 B-C, with in-
dividual channels in Figures 3.4, 3.5, and 3.6. Control experiments in the absence
of RAP, absence of motor expression, and presence of ethanol vehicle show no per-
oxisome dispersion. Data are pooled from at least three independent experiments.
As expected, dimeric versions of each kinesin motor are able to drive peroxisome
dispersion (Figure 3.3 B). Surprisingly, the monomeric motors are also able to drive
peroxisome dispersion (Figure 3.3 C). These experiments indicate that the ability of
kinesin motors to generate motion in cells requires only the catalytic core and the

neck linker.
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Figure 3.4: Individual fluorescence channels in peroxisome dispersion assay
with kinesin-1 family motors (from merged images in Figure 3.3 B-C). Rep-
resentative images of fixed COS-7 cells co-expressing PEX3-mRFP-FKBP (magenta)
and dimeric (left panel) or monomeric (right panel) motor-mNG-FRB (green). In
each panel, left column: no RAP; right column: 30 min. after RAP addition. Bar: 10
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To quantify these results, we classified the peroxisome localization into 4 cate-
gories: clustered, partially dispersed, diffuse, or peripherally dispersed (Figure 3.3 D).
For the kinesin-1 motors, it is interesting that a dimeric KIF5B motor is most effec-
tive at full dispersion of the peroxisomes, whereas the monomeric KIF5B is the least
effective (Figure 3.3 E-F). For the kinesin-2 motors, KIF17 is a less effective motor
than KIF3AB in both the dimeric and monomeric states. For the kinesin-3 motors, all
motors are effective at peroxisome transport, although KIF16B appears less effective
in both the dimeric and monomeric states (Figure 3.3 E-F). Thus, despite the impor-
tance of dimerization for processive motion at the single-molecule level, dimerization
is not required for kinesin motors to work effectively in teams to drive transport in

cells.
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Figure 3.5: Individual fluorescence channels in peroxisome dispersion assay
with kinesin-2 family motors (from merged images in Figure 3.3 B-C). Rep-
resentative images of fixed COS-7 cells co-expressing PEX3-mRFP-FKBP (magenta)
and dimeric (left panel) or monomeric (right panel) motor-mNG-FRB (green). In
each panel, left column: no RAP; right column: 30 min. after RAP addition. Bar: 10
um.
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Figure 3.6: Individual fluorescence channels in peroxisome dispersion assay
with kinesin-3 family motors (from merged images in Figure 3.3 B-C). Rep-
resentative images of fixed COS-7 cells co-expressing PEX3-mRFP-FKBP (magenta)
and dimeric (left panel) or monomeric (right panel) motor-mNG-FRB (green). In
each panel, left column: no RAP; right column: 30 min. after RAP addition. Bar: 10
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3.2.3 Monomeric motors are impaired at high-load cargo transport in

cells

The fact that kinesin monomers are able to cooperatively transport peroxi-
somes in cells raises the question of why most kinesins exist as dimers. One potential
advantage of being a dimer is that a dimeric motor can generate higher forces than
monomeric motors working individually or in teams. We hypothesized that although
monomer teams can generate sufficient force for transport of peroxisomes, these mo-
tor teams would be ineffective when challenged with a high-load cargo. To test this,
we examined the ability of monomeric motors to drive dispersion of the Golgi com-
plex in COS-7 cells. The Golgi is held in a tight cluster in the perinuclear region of
COS-7 cells by a combination of cytoplasmic dynein, myosin motors, and linker pro-
teins (Brownhill et al., 2009; Wei and Seemann, 2017). Targeted kinesins must work
against this opposing force to disperse the Golgi (Figure 3.7 A), with one study sug-
gesting that movement of the Golgi requires 200 pN force (Guet et al., 2014; Egea and
Serra-Peinado, 2014). We thus used the C-terminal region of GMAP210 to target the
mRFP-FKBP module to the cis-Golgi membrane (Infante et al., 1999; Nguyen et al.,
2014; Engelke et al., 2016). Cells expressing a kinesin-mNG-FRP and the GMAP210-
mRFP-2xFKBP were fixed 0, 10, or 30 min after rapamycin treatment and stained
with an antibody against the Golgi marker Giantin to probe for dispersion of Golgi
components.

We examined the ability of dimers and monomers of the kinesin-1, -2, and -3
families to disperse the Golgi to the cell periphery (Figure 3.7 B-C). Representative
images before and after 30 minutes of rapamycin treatment are shown in Figure 3.7 B-
C, with individual channels in 3.8. Control experiments demonstrated that no Golgi
dispersion occurs in the absence of rapamycin, in the absence of motor-mNG-FRB
expression, or upon treatment with ethanol vehicle. To directly compare Golgi and

peroxisome dispersion, we used the same cargo dispersion phenotypes to categorize
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cellular phenotypes after rapamycin-induced targeting (Figure 3.7 A). Compared to
peroxisome dispersion, there is much more variation both across and within families
in terms of a motors ability to disperse the Golgi complex. In general, dimeric motors
(Figure 3.7 D) are better at dispersing the Golgi than their monomeric versions (Fig-
ure 3.7 E). This supports the hypothesis that dimerization enables kinesin motors to
generate higher forces necessary for the transport of high-load cargoes in a cellular
context.

For kinesin-1 motors, we find that dimeric KIF5B and KIF5C motors are ef-
fective at Golgi dispersion (>50% of cells have peripheral dispersion) whereas dimeric
KIF5A motors are less effective (<10% of cells have peripheral dispersion) (Figure 3.7
D). Interestingly, the monomeric motors show the opposite trend; monomeric KIF5B
and KIF5C cannot disperse the Golgi (>95% remain clustered) and the monomeric
KIF5A is relatively effective (<10% remain clustered) (Figure 3.7 E).

For kinesin-2 motors, we find that dimeric KIF3AB is an effective motor for
Golgi dispersion (>30% of cells have peripheral dispersion) whereas dimeric KIF17 is
completely ineffective (0% of cells have peripheral dispersion (Figure 3.7 D). Indeed,
the majority of cells expressing KIF17 still have clustered Golgi, despite the fact that
the motor is targeted to the Golgi after rapamycin treatment (Figure 3.7 B,D). For
the monomeric kinesin-2 motors, we were surprised to find that monomeric versions
of both subunits (KIF3A and KIF3B) of the heterodimeric motor are able to disperse
the Golgi. 20% of the cells expressing monomeric KIF3A have a peripheral disper-
sion phenotype and >50% of cells expressing monomeric KIF3B have this phenotype
(Figure 3.7 E). In fact, the KIF3B monomer disperses the Golgi to the cell periphery
in a larger percent of cells (55%) than does the KIF3AB dimer (32%).

For kinesin-3 motors, all dimeric motors are capable of Golgi dispersion (15%
peripheral dispersion for both KIF13B and KIF16B) (Figure 3.7 D), whereas the

monomeric versions are relatively inefficient at Golgi dispersion (30%, 30% and 60%
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clustered for KIF1A, KIF13B, and KIF16B, respectively) (Figure 3.7 E). We had
expected KIF1A to be effective as a monomer based on the original characterization
of this motor as a monomer (Okada et al., 1995; Okada and Hirokawa, 1999; Okada
et al., 2003); however, KIF13B is the only monomeric kinesin-3 whose recruitment
results in peripheral dispersion of the Golgi complex (10% of cells).

Taken together, these results indicate that monomeric kinesin motors are gen-
erally ineffective at transport of a high-load cargo in a cellular environment. Thus,
a benefit provided by dimerization is that the motor can generate sufficient forces

required for transport of certain cellular cargoes.
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Figure 3.7: Motor dimerization facilitates transport of high-load cargoes in
cells. (A) Schematic of the inducible Golgi dispersion assay. Targeted kinesins must
work against the opposing force of endogenous proteins that hold the Golgi in a clus-
ter in the perinuclear region, making Golgi a high-load cargo. Representative images
of fixed COS-7 cells co-expressing (B) dimeric or (C) monomeric motor-mNG-FRB
(green) and GMAP-mRFP-FKBP (magenta) before (left column) and 30 min. after
(right column) RAP addition. Only merged images are shown for clarity. They are
shown again in Figure 3.8 along with individual fluorescence channels. Quantifica-
tion of the proportion of cells within each category with targeted (D) dimers and (E)
monomers shows that Golgi dispersion is more heterogeneous than peroxisome dis-
persion, and dimerization generally benefits high-load transport. Bar: 10 um. Only
quantification at the 30 min. time point is shown for clarity.
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Figure 3.8: Individual fluorescence channels in Golgi dispersion assay with
kinesin-1, -2, and -3 family motors (from merged images in Figure 3.7 B-
C). Representative images of fixed COS-7 cells co-expressing GMAP-mRFP-FKBP
(magenta) and dimeric (left panel) or monomeric (right panel) motor-mNG-FRB
(green). In each panel, left column: no RAP; right column: 30 min. after RAP
addition. Bar: 10 um.
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3.2.4 The length of KIF3B monomers modulates their cooperativity in

cells and in vitro

Kinesins are generally extended molecules containing extensive non-motor seg-
ments that contribute to oligomerization, cargo binding, and regulation of motor
activity. We thus asked how the addition of non-motor elements would affect the
ability of kinesin monomers to cooperate in intracellular cargo transport. We spec-
ulated that teams of monomers may only be able to row along the microtubule and
generate force if there is a short distance between the motor and the cargo. To test
this, we took advantage of the unique ability of KIF3B to function in Golgi dispersion
and appended single alpha helix (SAH) domains of varying length (5, 10, 20, or 30
nm) after the neck linker of the KIF3B monomer (Figure 3.9 A). SAHs are stable
helical structures found in a number of proteins, including myosins, and have been
well-characterized biophysically (Spink et al., 2008; Sivaramakrishnan et al., 2008,
2009). Their defined length and mechanical properties make them ideal for protein
engineering applications (Swanson and Sivaramakrishnan, 2014). We tested the func-
tionality of the extended motors in the peroxisome and Golgi dispersion assays. With
both cargoes, we observed a robust trend: as the length of the monomer increases, it
is less efficient at working in teams to transport both peroxisomes and Golgi in cells

(Figure 3.9 B).
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Figure 3.9: Increasing the extension between KIF3B monomers and cargo
reduces transport ability in a length-dependent manner.

(A) SAH sequences of known length (5, 10, 20, or 30 nm) were inserted after the
motor domain and neck linker of KIF3B. (B) Extended motors were tested in the
peroxisome (left) and Golgi (right) dispersion assays. Only quantification at the 30
min. time point is shown for clarity. The longer the SAH extension, the worse the
motor is at cooperatively dispersing both Golgi and peroxisomes.

To gain a mechanistic understanding of the ability of long and short monomers

to cooperate in a multi-motor situation, we immobilized monomeric KIF3B-SAH con-
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structs on beads and determined their speed (Figure 3.10 A) and force generation
(Figure 3.10 B) in a multi-motor context. For these assays, we compared the minimal
KIF3B monomer (no SAH) to the monomer with a 20 nm SAH because these showed
significant differences in the peroxisome and Golgi dispersion assays (Figure 3.9 B).
Beads coated with multiple KIF3B monomers of both lengths show consistent unidi-
rectional motility along microtubules (Figure 3.10 A). The short monomers drive bead
motility with faster speeds (722.8 £+ 482.1 nm/s) than the longer monomers (217.4
+ 203.9 nm/s) (Figure 3.10 A). To determine the force production of the KIF3B
monomers, we used optical trapping and found that the short monomers generate
higher forces than the long monomers. Beads coated with short KIF3B monomers
move quickly out of the trap and stall at 6-8 pN of force before returning to the
center of the trap, whereas beads coated with long KIF3B monomers (KIF3B-20 nm
SAH) move more slowly and detach at lower forces before returning to the center
of the trap (Figure 3.10 B-C). Quantification of multiple events showed that short
monomers detach from the microtubule track at an average of 6 pN, whereas long
monomers detach from the microtubule track at an average of 4 pN (Figure 3.10 B).
Strikingly, at a lower motor concentration, KIF3B monomers generate up to 11 pN

of force (data not shown).
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Figure 3.10: Short KIF3B monomers drive faster unloaded bead motility
and generate higher force compared to their elongated forms.

Monomeric, biotinylated KIF3B motors were bound to 0.4 um streptavidin beads
and tested for their ability to cooperate in vitro at different lengths. The minimal
KIF3B monomer (with no SAH) was compared to an extended KIF3B monomer
(with 20 nm SAH) to measure multi-motor motility properties in vitro. Identical
bead stocks, motor preparations, and incubation conditions were used for both as-
says, except the motor concentration, which for had to be altered for feasibility in
each assay geometry. (A) Top: schematic of unloaded bead motility assays. Flu-
orescent, streptavidin-coated polystyrene beads bound to biotinylated motors were
imaged with TIRF microscopy and their speeds were measured by kymograph. At
equal motor concentration (35 nM), beads bound to minimal KIF3B monomers moved
at significantly higher speeds of 723 £+ 482 nm/s (67 nm/s SEM) than beads bound
to elongated KIF3B monomers, which move at speeds of 217 + 204 nm/s (29 nm/s
SEM). n = 52 events for short monomers and 51 events for longer monomers. (B) Top:
Schematic of optical trapping assay. At equal motor concentration (7 nM), minimal
KIF3B monomers produce significantly higher forces of 5.9 + 1.8 pN (0.3 pN SEM)
than elongated KIF3B monomers, which produce 3.9 + 1.3 pN (0.1 pN SEM). n =
39 events for short monomers and 108 events for long monomers. (C) Example traces
of optically trapped beads are shown for each motor. Data are reported as mean =+
standard deviation (error bars). **** P < 0.0001 (two-sample Kolmogorov-Smirnov
test).

Optical trapping experiments were performed by Dana N. Reinemann in the labora-
tory of Matthew Lang at Vanderbilt University.

69



These results indicate that the impaired ability of the longer KIF3B monomers
to drive cargo transport in cells is due, at least in part, to their reduced speed and force
generation in a multi-motor context as compared to the short monomers. They also
demonstrate that the ability of monomeric kinesins to work effectively in teams and
transport cargo depends on the distance between the motor domain and the cargo. For
kinesins known to be involved in transport of membrane-bound cargoes in cells, the
presence of structural elements involved in oligomerization and/or motor regulation
result in an increased motor-to-cargo distance and thereby impose a constraint on

motor function that dimerization appears to reduce or solve.

3.3 Discussion

This study provides the first investigation of the effect of dimerization on
intracellular transport driven by kinesin motors. We show that non-processive kinesin
monomers are able to collectively generate force and drive transport while attached
to a membrane-bound cargo. While other studies have demonstrated that monomeric
kinesins can be assembled into processive complexes (Berliner et al., 1995; Stewart
et al., 1993; Jamison et al., 2012; Schindler et al., 2014), this study is the first to
demonstrate cargo transport by nonprocessive motors attached to a membrane and
pulling against a load in a cellular environment. We find that transport driven by
monomeric kinesins is most efficient a) under low-load conditions, and b) when the
motor-to-cargo distance is short.

Numerous studies have sought to explain the ability of KIF1A monomers to
undergo processive motion. Theoretical papers have proposed that it is KIF1A’s weak
binding state that allows it to cooperate as a monomer. However, our results indicate
that this is not required. We demonstrate that the ability of kinesins to generate
motion requires only the catalytic motor domain and the neck linker. These minimal

elements enable the motors to work as rowers; each member of the team briefly binds
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to the track, generates an impulse of force, and then releases from the track. However,
it is remarkable that despite the ability of all of the monomeric motors we tested to
bind to microtubules (Figure 3.3 A), the motors display large differences in their
ability to drive processive transport in cells. The sequence similarity among kinesin-
1, -2, and -3 motor domains is high, indicating that small sequence changes can lead
to large functional consequences.

An important finding is that the motors that are most effective as monomers
in teams are not the ones that are most effective as dimers in teams. It is especially
surprising that although kinesin-1 dimers, the canonical porters, are able to disperse
Golgi better than kinesin-2 dimers, KIF3A and KIF3B (kinesin-2) monomers are
significantly stronger in teams than kinesin-1 monomers. One possibility is that the
motility parameters that benefit monomers are not the same as the ones that benefit
dimers. Indeed, motor parameters such as motor-to-motor gating, load-dependent off-
rate, catalytic speed, and rebinding rates are known to impact the transport output of
individual dimeric motors and may also be important for multi-motor transport driven
by monomeric motors. For example, rapid unbinding of individual motor domains
may help a monomer in a team setting but hinder the cooperation of individual motors
domains within a dimer. Another possibility is that the stalk plays an important role
in force-generating capability. If it were merely an inert linkage that had the same role
in all motors, we would expect the strongest dimers to correspond to the strongest
monomers, but this is not the case even within families.

The kinesin-3 motor KIF1A was originally described as a monomeric proces-
sive motor and we find that monomeric versions are more effective than the other
kinesin motors when at working in teams to drive peroxisome transport (98% pe-
ripheral dispersion). However, we were surprised to find that monomeric versions
of KIF1A are less effective at Golgi dispersion than monomeric versions of other

kinesins, in particular the kinesin-1 KIF5A and the kinesin-2s KIF3A and KIF3B.
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Further work is needed to decipher the parameters that limit teams of KIF1A motors
under high-load conditions, including force generation and rebinding rate.

It is also unclear why the other kinesin-2 motor, KIF17, is ineffective in teams
since it is significantly faster than KIF3AB across a wide range of applied forces
(3 times faster unloaded than KIF3AB at saturating ATP), highly processive, and
continues stepping against 6 pN hindering load (Milic et al., 2014; Hammond et al.,
2010). Future work will explore the features of kinesin-2 motors that endow them

with surprising multi-motor behavior.

3.3.1 High force generation by monomeric KIF3B motors

The unique ability of KIF3A and KIF3B (kinesin-2) monomers to generate
high force in wvivo is striking. We were also surprised at the magnitude of force
production by KIF3B when attached to beads and manipulated in an optical trap in
vitro. We found that multiple KIF3B monomers with short motor-to-cargo linkers
can withstand up to 11 pN of force at a concentration of 7 nM. In contrast, multiple
kinesin-1 KIF5B monomers are capable of withstanding an average of only ~2.7
pN at comparable concentrations (Kamei et al., 2005); this is consistent with our
observation that monomeric KIF5B motors cannot transport high-load cargo in cells.
That KIF3A and KIF3B are uniquely well-suited to transport high-load cargoes even
as monomers is especially interesting given their unique assembly as a heterodimeric
KIF3AB motor in the native molecule. Insights about these monomeric motors could
inform studies seeking to explain the functional significance of the heterodimeric
KIF3AB structure.

The structural and mechanical features that enable KIF3A and KIF3B mo-
tors to function effectively as monomers, even under high-load conditions, are unclear.
Biophysical findings offer some hints. A recent study showed that although kinesin-2

motors are less processive than kinesin-1 at the single-molecule level, KIF3A homod-
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imers with a KHC stalk have a reattachment rate is four-fold faster (Feng et al., 2018).
The authors propose that this “dynamic tethering” makes kinesin-2 (KIF3AB) an es-
pecially helpful team player because its rapid rebinding allows a cargo assembly to
dodge obstacles and remain associated with the microtubule (Feng et al., 2018). Fur-
thermore, this rapid reassociation with the microtubule after unbinding may allow
groups of KIF3A and KIF3B monomers to function well as rowers because each motor
can interact more frequently with the track, increasing the efficiency of the ensemble.

Another distinctive feature of KIF3AB motors is that they rapidly unbind in
response to opposing force, in contrast to the stalling behavior of kinesin-1 (Andreas-
son et al., 2015). Their tendency to dissociate from the microtubule rather than stall
under load likely reduces friction and interference and facilitates their cooperative

force generation as single-headed rowers.

3.3.2 Features that facilitate the cooperativity of monomers

Muscle myosins function in a confined environment, and despite their frequent
unbinding, their spatial proximity to the track allows them to quickly rebind and
engage in productive rowing. It is possible that the cargoes in our assays are playing
a similar role, spatially confining motors near the microtubule and allowing them
to rapidly rebind. This rapid rebinding may be especially beneficial for monomers,
whose short length decreases the volume they are able to sample. Thus, rebinding
quickly ensures that instead of diffusing away in the membrane from the track or
sterically hindering other productive motors, they engage with the track and produce
an impulse of force, contributing to the forward motion of the cargo.

Spatial considerations are important when interpreting these assays. One
study showed that purified neuronal transport vesicles, primarily late endosomes and
lysosomes, had a mean diameter of 90 nm (Hendricks et al., 2010). It is worth noting

that in our cellular assays, the extracted Golgi fragments are of unknown size and
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are likely not uniform. Peroxisomes are usually spherical and 0.1-1 um in diameter,
but they can also change shape (Smith and Aitchison, 2013). The beads we used in
our in vitro assays are spherical with 0.4 um diameter, so this is a reasonable size for
comparison with endogenous cargoes.

A short motor-to-cargo linker is not essential for processive transport in teams,
but it enables the monomers to be more effective, particularly in high force situations.
Relevant to this is the myosin I family, which contains only a short linker sequence
before the cargo binding segment. Recent work showed that these motors can gen-
erate collective force when attached to a lipid bilayer on a bead (Pyrpassopoulos
et al., 2016). For myosin II motors, each motor in the filament effectively works as a
monomer, yet these motors are capable of high force generation because their assem-
bly into bipolar filaments means that the distance separating the motor from the cargo
(the filament) is short. Some dimeric kinesin and myosin motors have been shown
to be non-processive as single motors yet can drive processive cargo transport when
working in teams. This has previously been demonstrated for non-processive kinesin-
14 (Case et al., 1997; Furuta et al., 2013; Jonsson et al., 2015; Walter et al., 2015)
and kinesin-6 family motors (Tao et al., 2016). Given our results with monomeric
KIF3B motors with SAH linker sequences, these non-processive dimeric motors may
be capable of cooperating for processive cargo transport as long as high force gener-
ation is not required. Future work will investigate the ability of these nonprocessive

dimers to transport membrane-bound cargoes in cells.

3.3.3 The advantage of being a dimer

Our data suggest that monomers become less efficient transporters in cells the
larger the motor-to-cargo distance. Thus, an advantage to being a dimer is the ability
to incorporate non-motor domains for oligomerization and regulation, with a resulting

increase in the motor-to-cargo linker distance, and retain the ability to drive high-load
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transport in cells. In fact, dimeric motors have been shown to work better when the
coiled-coil is extended (Uyeda et al., 1996; Endres et al., 2006; Bieling et al., 2008).
Extension of the coiled-coil may merely facilitate multi-motor transport by reducing
spatial interference between motors or by increasing the compliance of the system in
a manner similar to the increased cooperativity of dimeric kinesins containing breaks
in the coiled-coil (Bieling et al., 2008).

Our conclusion with the length-dependence of motor-to-cargo linker for the
monomeric motors assumes that the SAH domains are inert spacers of increasing
length, but we cannot rule out that the longer SAH domains, which are longer than
the SAH persistence length of 15 nm (Sivaramakrishnan et al., 2009), may affect
motor cooperation by changing the compliance and/or rigidity of the motor-to-cargo
linkage. Future work with additional linkers is needed to address the question of
how compliance of the motor-to-cargo linkage affects the ability of motors to work in
teams and drive processive cargo transport.

We have shown that although dimerization is required for processive motion
of individual kinesin motors, it is not required for teams of motors to effectively
transport a membrane-bound cargo in cells. Why then do most, if not all, kinesins
exist as dimers? One advantage to being a dimer is likely the ability to generate high
force, especially at low motor copy number. Dimerization allows a few motors to
effectively transport high-load cargo since each motor can generate force and the forces
are additive. Theoretical and experimental studies have suggested that high force
generation by dimeric kinesins requires tight coupling between the two motor domains,
provided by the neck linker (Yildiz et al., 2008). For monomeric motors, motor-to-
motor coupling requires that mechanical interactions between motor domains occur
through the cargo itself. For monomeric motors attached to a bead or glass, the rigid
cargo can provide this mechanical coupling. However, for monomeric motors attached

to a lipid bilayer, motor-to-motor coupling likely requires either high motor numbers
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and/or a decrease in the fluidity of the membrane (Nelson et al., 2014; Grover et al.,

2016).
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CHAPTER IV

Discussion and conclusions

4.1 Discussion

4.1.1 Impact of this work

The kinesin field has long held the belief that to carry out intracellular trans-
port, a kinesin must be both processive and dimeric. Here we have demonstrated
that this is not true: kinesin monomers that are nonprocessive as single motors can
carry out efficient, long-range transport in cells when grouped on the same cargo. The
myosin field has long known that nonprocessive motors can work in teams to generate
movement and force. Thus, this work provides a unifying theme for the myosin and
kinesin fields: transport ability is not tied to the processive state of individual motors.

In their paper, Leibler and Huse proposed a theoretical framework for classify-
ing motor proteins into porters or rowers based on how they transduce chemical energy
into mechanical work (Leibler and Huse, 1993). While subsequent years demonstrated
that this classification scheme was applicable to both processive and nonprocessive
myosin motors, the absence of monomers in the kinesin superfamily made it unclear
whether they also fit into the scheme. The work in this thesis provides experimental
evidence that a kinesin can act either as a rower or a porter, both in vitro and in

cells, depending on its oligomeric state. Thus, kinesins do not have some intrinsic

7



catalytic property that prevents them from acting as rowers like myosins.

The work in this thesis extends the field’s knowledge about commonalities
and differences across the kinesin and myosin superfamilies. Kinesins and myosins
arose from common ancestor and then evolved in paprallel to form superfamilies
(Kull et al., 1996, 1998). Despite a common ancestor, they evolved to associate
with different filaments and have different mechanochemical cycles, such that ATP
hydrolysis controls different stages of their stepping cycles. They also have almost no
sequence identity. Yet the motors can have similar mechanical and functional outputs.
For example, a minus-end-directed kinesin-14 motor, Drosophila Ncd, has been shown
by cryo-electron microscopy to have a coiled-coil mechanical element that swings like a
lever-arm toward the minus-end of the microtubule upon ATP binding (Endres et al.,
2006). Increased lever-arm length led to increased velocity in microtubule gliding
assays, whereas decreased length led to decreased velocity. Ncd is a nonprocessive
motor and is responsible for microtubule crossbridging and tension development in
the mitotic spindle. The authors suggest that Ncd and tension-generating myosin 11
motors in muscle convergently evolved to arive at the same force-generating element.

By comparing general properties of myosins and kinesins, and specific kinesins
within the superfamily, we can gain a better understanding of how their individual
structural and motility properties allow them to carry out their cellular functions

optimally.

4.2 Future outlook

4.2.1 Regulation of motor-cargo interaction

One limitation to our study, and indeed to most methods linking multiple
motors together, is the fact that the motors bind to the cargo irreversibly (Kapitein

et al., 2010b). In wvivo, there are important regulatory mechanisms that modulate
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cargo unloading and motor/adaptor abundance on the cargo. For example, there
is evidence that in Drosophila melanogaster, the MAPK signalling pathway actively
regulates kinesin-1 binding to JIP scaffolding proteins (Horiuchi et al., 2007) (for a
review of kinesin regulation, see Verhey and Hammond (2009)). In Saccharomyces
cerevisiae, Inp2p is the peroxisome-specific receptor for myosin V motor Myo2p. One
study showed that whereas total Inp2p levels are regulated by cell cycle progression,
Inp2p levels on individual peroxisomes are controlled by peroxisome positioning (Fa-
garasanu et al., 2009). Thus, both the multi-protein scaffold assemblies from Chapter
2 and the artificial cargo trafficking assays in Chapter 3 would benefit from having
dynamic control over motor-cargo binding. This would allow for more dynamic, well-
controlled studies on, for example, the effect of motor number on an individual cargo’s
transport.

Efremov and coworkers improved upon the peroxisome dispersion assay by us-
ing a genetic approach with a doxycycline-inducible promoter to tune receptor densi-
ties on the peroxisome surface with different concentrations of doxycycline (Efremov
et al., 2014). Although this control over receptor densities on a cargo is certainly

beneficial, it would also help to have a strategy to induce unbinding of motors.

4.2.2 Porters vs. rowers: cooperativity

We have shown that monomers from the kinesin-1, -2, and -3 families can
collectively transport membrane-bound cargoes from the perinuclear region to the
periphery of COS-7 cells, with select monomers generating enough force to disperse a
high-load cargo and KIF3B monomers generating up to 10 pN of force in the optical
trap. However, many questions remain open on the details of this transport by
monomers compared to dimers. Most of our cargo dispersion observations were done
on fixed cells, which enabled collecting a much higher sample size but also prevented

us from measuring the dynamics that live-cell imaging would allow.
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Thus, future work will use live-cell imaging for further investigations of how
porters and rowers cooperate for intracellular cargo transport. This will involve per-
forming live-cell imaging to track the movement of cargoes along microtubules before
and after rapamycin-based recruitment of motor proteins. Measuring the fluorescence
signal from motors, which is directly proportional to motor number, will provide im-
portant information about the number of motors driving the transport event. We
can also measure dynamic parameters of the transport event such as speed and pause
frequency. This will enable a comparison of motors from different families to deter-
mine how well they cooperate as dimers and monomers. These experiments would
also allow us to test theoretical predictions that rowers and porters display different
levels of cooperativity. Specifically, multiple porters have been shown to combine
additively to generate higher forces but not speeds, whereas we would expect rowers
to have a nonlinear response in relating speed and force production to an increase
in motor number. We could also test this prediction with myosin motors, comparing
myosins that actually function as porters vs. rowers.

A complementary approach could also be taken in vitro. To directly correlate
motor number with cargo speed and force production, one could bind fluorescently-
labeled motors to unlabeled beads. For each bead, it would then be possible to
measure the speed and/or force while simultaneously measuring total fluorescence
intensity and photobleaching steps, indicating the number of motors present on that
particular bead. Compared to live-cell imaging of cellular cargoes, this would enable
more precise measurement of the number of motors on each bead. One drawback is
that the motor-bead linkage is not physiological, and several groups have begun to

use a membrane-coated bead to allow for motor diffusion in the cargo.
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4.2.3 Force generation by kinesin-2 motors

KIF5A monomers displayed a drastically better ability to transport high-load
cargo than the other kinesin-1 motors, KIF5B and KIF5C. The fact that these motors
are highly homologous yet behave vastly different in cells underscores the need to
study motors using both reductionist and cell biological methods.

The ability of teams of monomeric KIF3B motors to withstand up to 11 pN
of force is striking; previous studies showed that teams of KIF5B (kinesin-1) and
KIF1A (kinesin-3) motors can only withstand average forces of 2.7 pN (Kamei et al.,
2005) and 2.5 pN (Okada et al., 2003), respectively, at comparable concentrations.
In the future, it will be interesting to identify the key force-generating elements of
KIF3B and uncover their features. The mechanical element of kinesins is the neck
linker, but sequence comparisons of the neck linker of KIF3B (kinesin-2) and KIF5C
(kinesin-1) do not reveal any obvious differences that could account for the higher
force generation of KIF3B monomers. It is possible that interactions of the neck
linker with other structural features of the KIF3B motor domain enable the high
force generation, and mutational analysis could be used to probe this possibility.

It will also be interesting to determine how the features of KIF3B revealed in
these assays impact the functional output of the kinesin-2 KIF3A /KIF3B/KAP motor
in cells. The kinesin-2 motor is best known for its role in the assembly, maintenance,
and function of cilia and eukaryotic flagella. Unpublished work shows that cells
expressing KIF3A /KIF3B motors that contain only one motor domain are unable to
generate cilia, suggesting that dimerization is critical. It may be that ciliary cargoes
only bind a couple of KIF3A /KIF3B motors and this small team cannot generate the
high forces seen in our assays. It may also be that the dimeric version is required for

walking on the special doublet microtubules in cilia.
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4.2.4 Other features that modulate multi-motor cooperativity

The work described here investigated the ability of teams of dimeric and
monomeric kinesin motors to transport cargoes in a cellular environment and the
influence of force generation and motor protein length on this transport. Based on
in vitro experiments, other motor features are also likely to influence the ability of
motors to work in teams, and it will be interesting to investigate this in the future.
For example, that the kinesin-2 motor KIF17 is ineffective in transport is surprising
since this motor has been shown to be fast, processive, and continue stepping against
a 6 pN hindering force when attached to beads and measured in an optical trap (Milic
et al., 2014), so one would naively expect it to perform like kinesin-1 in cells. Sequence
analysis of the KIF17 neck linker indicates that it has all of the features needed for
force generation. Future experiments could examine whether KIF17 has a low on-rate
to the microtubules or a high load-dependent off-rate that hinder its ability to work
effectively under high-load situations, even in teams.

In fact, features that are seen as detrimental for single motors may help mo-
tors work more productively in a multi-motor scenario. Kinesin-1 can walk against
loads, whereas kinesin-2 and kinesin-3 detach more readily under load. However, as
monomers, it is kinesin-2 and -3 that tend to be stronger in teams than kinesin-1.

Two studies investigated the effect of single-motor velocity on multi-motor
travel distance (Xu et al., 2012, 2013).

Duty ratio is an example of a motor property that has the opposite effect
on transport efficiency of individual porters vs. multiple rowers — high duty ratio is

better for individual porters, and low duty ratio is better for rowers in teams.

4.2.5 Use of SAH domains as building blocks

The work in this dissertation provides two examples of how the SAH domain

can be used as a building block in synthetic biology: creating multi-protein assemblies
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(Chapter 2) and extending the length of the kinesin “lever arm” (Chapter 3). The
SAH domain has also been used by others to engineer chimeric myosin motors with
different mechanical properties (Hariadi et al., 2014) or to systematically regulate
protein-protein interactions, forming the basis for a FRET biosensor (Sivaramakrish-
nan and Spudich, 2011) (for a review, see Swanson and Sivaramakrishnan (2014)).
As we have shown in Chapter 2, combining SAH domains with tunable regula-
tion, such as inducible chemical dimerization, offers a versatile and powerful method
for modulating and monitoring dynamics in vitro and in cells. In the future, this
structural element is likely to be useful to construct artificial motors for use in drug
delivery, lab-on-chip, or nanodevices, i.e. in directed molecular assembly (Hess et al.,

2004).

4.3 Conclusions

Numerous studies over the last few decades have shown the importance of
coordination between the two motor domains for kinesin’s processive motility. How-
ever, until now it was unknown whether dimerization was required for kinesin motors
to transport cargo in a cellular context. Here we have shown, across the kinesin-1,
-2, and -3 families, that although dimerization is indeed required for single-molecule
processivity, monomeric kinesins can overcome their lack of processivity when they
are grouped in teams, generating motion and in some cases large forces.

Our data demonstrate that the ability of kinesins to transport membrane-
bound cargo requires only the catalytic motor domain and the neck linker. These
minimal elements enable the motors to work as rowers in which each member of the
team briefly binds to the track, generates an impulse of force, and then releases from
the track. Although a minimal motor is sufficient for transport in all three families
studied, there is large variability in cargo transport by monomers as well as dimers.

Some monomeric kinesins go even further and generate high forces collectively, both
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in cells and in the optical trap.

The fact that the relative transport efficiency of a dimeric motor is not a good
predictor of its performance as a monomer (i.e. KIF5A is the weakest of the kinesin-1
dimers but the strongest of the kinesin-1 monomers) supports the reductionist ap-
proach of studying monomeric kinesin motors to better isolate motor domain-specific
factors contributing to motility while also investigating them in a cellular context.
Given their highly homologous motor domains, it is surprising that KIF5A monomers
displayed such a drastically better ability to transport high-load cargo than the other
kinesin-1 motors, KIF5B and KIF5C. This dimer vs. monomer approach is especially
critical for the case of KIF3AB, which is unique with its heterodimerization of two
different motor domains; understanding how they behave individually can lend insight
into their distinct roles in the full-length molecule.

On the other hand, the finding that single-molecule motility assays do not pre-
dict the performance of motors in teams underscores the importance of studying mo-
tors in their native cellular environment with membrane-bound cargoes, microtubule-
associated proteins, post-translational modifications, and all the cellular complexity
that may affect their functioning. This is especially obvious in the kinesin-2 family.
KIF17 in witro is fast, processive, and can step against 6 pN hindering loads. In
contrast, KIF3AB is slower, less processive, and detaches under an even lower load
(Milic et al., 2014; Andreasson et al., 2015). In cells, however, this is reversed, with
KIF3AB dispersing the Golgi well and KIF17 performing poorly.

Taken together, our study demonstrates the importance of using complemen-

tary approaches — in vitro and in cells — to thoroughly dissect motor function.
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APPENDIX A

A method for tethering single viral particles for

virus-cell interaction studies with optical tweezers

This work was done in the laboratory of Wei Cheng at the University of

Michigan.

A.1 Introduction

Human immunodeficiency virus type 1 (HIV-1) is an enveloped retrovirus
that primarily infects T lymphocytes and macrophages in vivo. As the etiological
agent of acquired immunodeficiency syndrome (AIDS), the HIV-1 replication cycle
has been the subject of intense research over the last thirty years. Despite considerable
advances, the mechanistic details for many steps in the cycle remain elusive due to
inadequate techniques.

HIV-1 has a lipid bilayer that is derived from the host cell plasma mem-
brane during viral assembly and budding. It holds 15 viral proteins, 2 copies of
single-stranded RNA (Frankel and Young, 1998), and numerous incorporated cellular
proteins (Arthur et al., 1992). As an enveloped virus, HIV-1 requires a cellular entry

scheme that will liberate its contents from the protective viral membrane in order
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to initiate infection. Entry is mediated by envelope glycoproteins (Env) in the viral
membrane, which bind to cell surface receptors in a coordinated, sequential fashion
and cause fusion of viral and cell membranes (for a review, see Gallo SA, Finnegan
CM, Viard M, Raviv Y, Dimitrov A, Rawat SS, Puri A, Durell S, 2003). The viral
core can then enter the cytoplasm and initiate replication.

Env functions as a trimer of heterodimers composed of noncovalently asso-
ciated surface gp120 and transmembrane gp41 subunits. gpl120 binding to a CD4
receptor on the target cell surface induces a conformational change in gpl120 that
exposes a binding site for a chemokine coreceptor, most commonly CCR5 or CXCRA4.
gpl120 binding to the coreceptor causes additional conformational changes, which
trigger the fusogenic machinery in gp4l, leading to virus-cell membrane fusion and
delivery of the viral payload into the cytoplasm.

In addition to its essential role in productive cellular entry, Env is the only viral
immunogen on HIV-1 surface, making it the sole target for neutralizing antibodies
produced by the humoral immune system. Therefore, it is a focus for the devel-
opment of neutralizing antibody-eliciting vaccines and entry inhibitors. Moreover,
Env-mediated cellular entry can reveal general features applicable to other systems,
including receptor-mediated signaling, membrane fusion, and binding cooperativity.

Elegant structural and biochemical studies have provided significant insight
into the sequence of receptor engagement and corresponding Env remodeling prior to
and during cellular entry. However, several fundamental issues pertaining to virus-
cell interactions and subsequent entry remain controversial. Clarifying these issues is
crucial for understanding basic HIV-1 entry mechanisms and informing rational drug
design.

Strikingly, HIV-1 Env is sparsely distributed on the viral surface compared
to glycoproteins on other enveloped viruses such as influenza (Klein and Bjorkman,

2010). Nevertheless, HIV-1 is still able to infect cells, raising the question of potential
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compensatory mechanisms. Recent studies suggest that maturation-dependent clus-
tering of Env in the viral membrane is correlated with fusion competence (Chojnacki
et al., 2012). Superresolution fluorescence (Chojnacki et al., 2012) and cryo-electron
microscopy (Sougrat et al., 2007) can visualize Env distribution on virions but are
unable to quantify the extent of receptor engagement. Thus, the dynamics and func-
tional role of Env clustering remain unclear.

It is possible that spontaneous clustering occurs independently of virus-cell
interaction, merely as a byproduct of Gag proteolysis during structural maturation of
virions after budding from the cell; dissolution of the lattice could allow Env cluster-
ing driven by self-association of the gp41 cytoplasmic tail (CT). Alternatively, specific
interactions with cellular CD4 receptors could induce Env clustering. Distinguishing
between these two models motivates the development of a technique that can moni-
tor high-resolution dynamics of Env clustering and probe cellular interactions while
retaining the native states of the virus and cell.

Force spectroscopy has been used extensively to quantify receptor-ligand in-
teractions (Bell, 1978). By varying external loading rates, it is possible to link bond
strength to molecular-scale chemistry. Atomic force microscopy (AFM) has been
used to measure interactions between HIV-1 and cellular receptors (Dobrowsky et al.,
2008). However, this study used a cantilever with attached virions to force contact
with a cell, which imposed artificial constraints on the geometry and number of bonds
formed. They report that their virus functionalization, using LC-SMCC treatment
of gp120, had no noticeable effect on viral infection. However, it is possible that
modification of gp120 could still affect binding properties, and the long spacer arm
in LC-SMCC has an unknown effect on force measurements. Furthermore, attaching
virions to a cantilever via gp120 prevents an unknown number of Env from interacting
with cells. Therefore, this study was unable to reliably investigate dynamical binding

of multiple Env over long time courses.
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Optical tweezers (OTs) offer significant advantages over AFM for this func-
tional investigation; they can isolate a single virion in solution that is free to rotate
and interact with a cell diffusively, they have superior force sensitivity and dynamic
range, and they allow monitoring of virion internalization.

We thus set out to design an optical tweezers-based technique with which we
can manipulate a single virion in solution by linking it to an optically trapped bead
via a DNA tether (Figure A.1). It will then be possible to measure near-native,
physical interactions of the virion with the surface of a micropipette-immobilized cell

(not to scale).
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Figure A.1: Single-virion optical trapping assay schematic.

A.2 DMaterials and methods

Cell culture

Human embryonic kidney 293T cells were maintained at 37°C with 5% CO2 in
Dulbeccos Modified Eagles Medium (DMEM, ATCC, Manassas, VA). TZM-bl cells
were maintained at 37°C with 5% CO2 in DMEM (HyClone, Logan, UT). Both cell
lines were supplemented with 10% Defined Fetal Bovine Serum (HyClone, Logan,
UT). Complete medium refers to DMEM with 10% Defined Fetal Bovine Serum.
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Production of HIV-1 virions with incorporated biotinylated transferrin

receptors

pTfR-AP-IRES-BirA-ER (hereafter pTfR, for simplicity) (Liu et al., 2010)
was subcloned into the pcDNA3.1(+4) vector for expression in 293T cells using EcoRI
and Notl restriction sites. HIV-1 virions were produced as described (Kim et al.,
2013) with modifications. 293T cells were seeded in 2 mL culture volumes in 35
mm wells the day before transfection. The following plasmid amounts were added
to each 35 mm well. For EGFP-Vpr virions, 293T cells were transfected with 1
ug pNL4-3R-E-, 1 ug pREC, 0.3 ug pEGFP-Vpr (Kim et al., 2013) and varying
amounts of pTfR with TransIT LT-1 transfection reagent (Mirus Bio, Madison, WT).
For iGFP virions, 293T cells were transfected with 1 ug pNL4-3-iGFP2 and different
envelope plasmids. Before transfection, medium was supplemented with 100 uM
biotin, which was previously shown to be saturating for BirA in 293T cells (Nesbeth
et al., 2006). Medium was changed 6 hours post-transfection, maintaining the 100
uM biotin supplement. 24 hours post-transfection, culture supernatant was collected
and filtered through a 0.45 um syringe filter. Virus preparations were then either
aliquoted on ice and flash-frozen in liquid nitrogen, or dialyzed against PBS at 4°C in
Spectra/Por Float-A-Lyzer G2 dialysis devices (Spectrum Laboratories, Inc., Rancho
Dominguez, CA) with different molecular weight cutoffs (MWCOs) against PBS pH
7.4 for varying times. Immediately after collection, they were flash-frozen in liquid
nitrogen. All viruses were stored at -80°C.

HIV-1 concentration was assayed with a p24 enzyme-linked immunosorbent
assay (ELISA) as previously described (Kim et al., 2013) using the HIV-1 p24 Anti-
gen Capture Kit (Advanced Bioscience Laboratories, Rockville, MD), following the
manufacturers instructions. p24 concentration was converted to virion concentration
via the assumption of 10 million virions per ng p24 (Kim et al., 2013). The con-

centration of infectious virions (titer) was measured using the TZM-bl indicator cell
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line, as described (Kim et al., 2013). Infectivity was calculated by taking the ratio of
infectious virion concentration to total virion concentration (titer/p24). Conditions
were chosen with the goal of maintaining infectivity and maximizing biotinylated TR,
(bTfR) incorporation.

Before HIV-1 was dialyzed, a feasibility experiment was performed to assess
its stability when diluted in PBS or complete media at 4°C. The virus pool was
diluted 25.5-fold, which brought the concentration to 4 x 107 particles/mL so that
the results would be relevant for virometry. After incubation in the tube at 4°C and
before flash-freezing, HIV-1 was further diluted 1:10 in complete media, bringing the
total dilution to 1:255.

To test for expression of biotinylated TfR in 293T cells, cell lysates were also
prepared. 293T cells were transfected with pTfR-AP-IRES-BirA-ER under the same
conditions as virus-producing cells. Cells were washed with cold PBS and then incu-
bated with 200 uLL RIPA Lysis and Extraction Buffer (Thermo Scientific) containing
protease inhibitor on ice for 15 minutes. Cells were collected and centrifuged at 12,000
rpm for 20 minutes at 4°C. The supernatant was collected and samples were stored

at -80°C.

Western blotting

Virus samples were mixed with 6x SDS-PAGE sample loading buffer contain-
ing 9% [-mercaptoethanol and cell lysates were mixed with 2x Laemmli sample buffer
containing 5% [-mercaptoethanol. Samples were heated at 95°C for 5 minutes. After
cooling to room temperature, samples were run on 10% SDS-PAGE. Bands were then
transferred onto supported nitrocellulose membranes.

Streptavidin-alkaline phosphatase conjugate (Invitrogen, Catalog #43-4322)
at a concentration of 1.5 ug/mlL was used to detect biotinylated protein. Pro-

tein bands were colorimetrically detected with nitro blue tetrazolium chloride and
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5-bromo-4-chloro-3-indolyl-phosphate, toluidine salt substrates (NBT/BCIP, Roche)
in a buffer containing 0.1 M Tris-HCI, 0.1 M NaCl, and 0.05 M MgCl2 at pH 9.5.

Virometry

Virometry to quantify bTfR copy number per virion was performed as de-
scribed (Pang et al., 2014) with modifications. Alexa Fluor 594 streptavidin conju-
gate (Molecular Probes, Invitrogen) (SVD-Alexa 594) was used to detect and quantify
bTfR in optically trapped virions. Briefly, dialyzed HIV-1 with incorporated bTfR
was thawed from -80°C and incubated with 10 nM SVD-Alexa 594 for 1 hour at 20°C
in the dark. The mixture was then diluted in PBS prior to injection into the flow
chamber such that the final concentrations were 2 nM SVD-Alexa 594 and 0.8 - 1.3 x
108 virions/mL. These virus concentrations are higher than those found to aggregate
in Pang et al., 2014 because here, dialysis removed much of the protein from the cul-
ture media that may have promoted aggregation in the previous study. This allowed
higher-throughput measurements.

The refractive index of each trapped particle was calculated as described (Pang

et al., 2016). All trapping experiments were conducted at 20.0 + 0.2°C.

Preparation of DNA tethers

Doubly-labeled, double-stranded DNA tethers were prepared to link a virion
to a bead. To generate Digoxigenin handles, a 510 bp fragment of Lambda DNA
(New England BioLabs (NEB), Ipswich, MA) was PCR amplified using Taq poly-
merase. Digoxigenin (Dig)-dUTP was incorporated during PCR. The PCR product
was purified with QIAquick PCR Purification Kit (Qiagen, Germantown, MD) and
digested with Xbal (NEB). The digestion reaction was then treated with Antarctic
phosphatase (NEB) and subsequently purified again with QIAquick PCR Purification

Kit. To generate the long, biotinylated part of the tether, Lambda DNA was heated
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at 65°C for 5 minutes to melt the cos sites and immediately quenched on ice to form
hairpins. Klenow Fragment (3" — > 5" exo-) (NEB) was used to incorporate Biotin-
14-dATP and Biotin-14-dCTP (Invitrogen, Carlsbad, CA), after which the reaction
was passed through a Micro Bio-Spin P-6 Gel Column (Bio-Rad, Hercules, CA) equi-
librated with 1x New England Buffer 2 (NEB). This product was then digested by
Xbal and ligated with the phosphatase-treated Dig handle at a molar ratio of Dig
handle : Lambda DNA of 2:1. The length of the final DNA tethers was 8 um.

To form linkages for virion binding , doubly-labeled DNA tethers were incu-
bated with 115 nM streptavidin, a 50-fold molar excess over DNA, for 30 minutes at
20°C and then 1 hour on ice. However, since unbound streptavidin would compete
for virion binding, free streptavidin was removed by dialyzing DNA tethers against
PBS for 87.5 hours at 4°C in 1000 kD MWCO membranes, with a total of four buffer

exchanges.

Assembly of bead-DNA tether-virion complex

Here, we report the conditions used to obtain Video 1, in which an optically
trapped bead attached to a DNA tether drags a fluorescent HIV-1 virion through a
microfluidic chamber. Reproducibly forming the three-body complex proved to be
difficult, so further optimization is necessary. Dig antibody-coated beads, DNA teth-
ers, and virions were mixed as follows. First, 1 volume dual-labeled DNA tethers was
incubated with 1 volume Dig antibody-coated beads and 3 volumes PBS overnight
at 4°C, which was a ratio of 1735 tethers/bead. The next day, biotinylated, dialyzed
HIV-1 was added to the bead-DNA mixture at an excess of 100 virions/bead and
incubated on ice 3.5 hours. To remove unbound virions, the mixture was then cen-
trifuged 3 times at 6000g for 5 minutes, resuspended in 40 ul. PBS after each spin,
and resuspended in 10 ulL PBS after the final spin. 5 uli of this was then diluted in

395 ul. PBS before injection into the microfluidic OTs chamber.
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A.3 Results

Metabolically biotinylating an HIV-1-incorporated cellular protein in virus-

producing cells

[solating a virion for cellular delivery requires a labeling scheme with high
specificity and minimal structural perturbation. As new virions bud from the cell,
they incorporate host cellular proteins (Arthur et al., 1992). In order to target single
virions without disrupting Env structure or function, we hypothesized that we could
utilize the natural viral budding process to incorporate a biotinylated cell surface
protein into nascent HIV-1 virions. This would serve as an anchoring target in the
virion, leaving viral proteins intact. We could then use dual-labeled DNA tethers to
link biotinylated virions to an optically trapped bead. Steering this bead would allow
us to move the virion close to a cell, but the flexible DNA tether would allow the
virion to freely diffuse and interact with the cell.

Among other labeling methods that commonly rely on in vitro manipulation
of the virus pool, we chose metabolic biotinylation because it enabled site-specific
labeling within the cell to occur simultaneously with virion production. We wanted
to maximize the strength of the bond between the protein anchor and the DNA tether
so that upon pulling, we would measure protein-protein interactions between viral and
cellular proteins rather than simply rupturing the DNA from the virion. The strong
affinity between biotin and streptavidin would allow for this. The small size of biotin
(244.3 Da) was also less likely to interfere with protein incorporation than larger tags
and an excess would be efficient to remove.

Previous studies have incorporated biotin into the membrane of enveloped
viruses such as influenza (Liu et al., 2012) and infectious hematopoietic necrosis
virus (Liu et al., 2011) in order to label virions with quantum dots for tracking.

However, these studies treated purified viruses wn vitro with Sulfo-NHS-LC-Biotin,
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which labels primary amino groups rather than a specific peptide sequence. An-
other study made use of the natural viral budding process by adding 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(cap biotinyl) (sodium salt) (Biotin-Cap-PE) to
virus-producing cells to produce biotinylated pseudorabies virus (Huang et al., 2012).
This strategy avoided excessive in wvitro handling that could perturb viral stability,
but again, biotin was incorporated nonspecifically into membranes.

Traditional biotinylation methods suffer from nonspecificity. In vivo biotiny-
lation techniques circumvent this issue by using an Escherichia coli biotin ligase,
BirA, for sequence-specific ligation of biotin to a lysine in a 15 amino acid accep-
tor peptide (AP) (Beckett et al., 1999; Schatz, 1993). When AP is fused to the
extracellular domain of a protein of interest, this metabolic approach facilitates spe-
cific, high-efficiency biotinylation of cell surface proteins (Chen et al., 2005; de Boer
et al., 2003). These biotinylated proteins can then be incorporated into budding
virions when BirA and TfR-AP are coexpressed in virus-producing cells (a similar
strategy was used in Nesbeth et al., 2006). This will allow high-affinity binding to
a streptavidin-conjugated DNA tether linked to a trapped bead to manipulate single
virions. It also avoids subjecting the virus pool to harsh post-purification labeling
methods. To our knowledge, ours is the first study to biotinylate a virus for use in
force spectroscopy.

In order to select a cellular protein to biotinylate, we wrote a MATLAB script
to compare the expression library of 293T virus-producing cells (54,675 proteins)
with the list of cellular proteins found in HIV-1 (Ott, 2008) (Cellular Proteins in
HIV-1, https://ncifrederick.cancer.gov/research/avp/protein_db.asp) (303 proteins),
narrowed to those localized to HIV-1 surface (131 proteins). We further restricted
the list by protein structure and function, hypothesizing that transmembrane proteins
with substantial cytoplasmic domains would be more difficult to pull from the viral

membrane upon applied force. We also sought a protein whose overexpression has
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not been shown to influence viral infectivity. We chose the transferrin receptor (TfR)
on the basis of its demonstrated incorporation into the viral membrane (Orentas and
Hildreth, 1993), endogenous expression in virus-producing cells, expected stability in
the membrane, and functional insignificance to the virus.

We speculated that the sizable 67 amino acid cytoplasmic domain of TfR would
stably anchor it in the viral membrane. TfR is a type II transmembrane protein, so
its C-terminal ectodomain is a prime site for biotinylation. By expressing transferrin
receptor fused with AP and BirA in virus-producing cells, it would be possible for
nascent HIV-1 virions to incorporate biotinylated transferrin receptors as they bud

from the plasma membrane.

Biotinylated TfR is present in HIV-1 preparations

To test whether our HIV-1 virions had indeed incorporated biotinylated trans-
ferrin receptors, we performed western blotting on iGFP virus preparations produced
with 1 ug BG505 pEnv per well and varying amounts of TfR plasmid transfected. Our
results indicate the presence of increasing bTfR in virus preparations with increasing
plasmid input (Fig. 1A). Prior to this, we also optimized transfection conditions,

including timing of biotin supplementation and transfection order.

Virometry reveals heterogeneity in biotinylated TfR incorporation per
virion

Although western blots show the presence of biotinylated transferrin recep-
tor in bulk virus preparations, they do not necessarily indicate viral incorporation;
transferrin receptors could be present in non-viral microvesicles that bud off from
the plasma membrane. Additionally, assessing the heterogeneity of TfR copy number
per virion requires a more sensitive method. To quantify the number of biotinylated

TfR on each virion, we used virometry, a technique recently developed in our lab
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Figure A.2: Production of HIV-1 with incorporated biotinylated transferrin
receptors.

(A) Western blot showing the presence of biotinylated TfR in HIV-1 preparations
(iGFP virions with BG505 Env) detected with streptavidin-alkaline phosphatase con-
jugate. Loaded samples were diluted to have equal p24 concentrations. Lysate from
293T cells transfected with pTfR-AP-IRES-BirA-ER (pTfR) serves as a positive con-
trol. (B) Left: histogram of Alexa 594 fluorescence, proportional to the number of
biotinylated transferrin receptors, in individually trapped virions. Right: histogram
of EGFP fluorescence in individually trapped virions. Bottom: refractive index ver-
sus diameter of individually trapped particles. N = 28 virions trapped on the same
day.
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(Pang et al., 2014). Briefly, virions pumped into a flow chamber can be individually
trapped by an 830 nm laser, whereupon their EGFP and Alexa 594 fluorescence can
be simultaneously measured along with their size and refractive index (Fig. 1B, bot-
tom), which were consistent with previous studies (Pang et al., 2014, 2016). We used
these parameters to distinguish virions from other particles or debris, and only in-
cluded viral particles in our analysis. From the size of a single Alexa 594 fluorophore
photobleaching step, it is then possible to estimate the number of biotinylated TfR
molecules per virion.

Fluorescence measurements of Alexa 594 per virion comprise a broad distribu-
tion (Figure 1B, left) and are uncorrelated with EGFP fluorescence (Figure 1B, right).
Many virions have no Alexa 594 signal. Importantly, HIV-1 produced in the absence
of pTfR does not nonspecifically bind to SVD-Alexa 594 when measured by virome-
try. Based on the mean Alexa 594 fluorescence, scaled for labeling stoichiometry on

streptavidin, this pool of HIV-1 has a mean of 4 bTfR molecules per virion.

Incorporation of TfR preserves HIV-1 infectivity

For future applications of this technique, it is crucially important to maintain
the infectivity of HIV-1 containing bTfR. We analyzed the effect of TfR overexpres-
sion and incorporation into the viral membrane by transfecting different amounts of
TR plasmid into 293T virus-producing cells along with fixed amounts of viral plas-
mids. We performed infectivity assays using TZM-bl cells, as described (Kim et al.,
2013). To assess the effect of TfR expression and the presence of exogenous biotin on
virus production in 293T cells, we performed an enzyme-linked immunosorbent assay
(ELISA) to detect HIV-1 p24 capsid protein. Figure 2A shows the concentration
of virion particles as a function of pTfR plasmid input during transfection for two
strains of HIV-1 with two different envelopes. Although p24 concentration decreases

with increasing TfR plasmid input, there is a concomitant decrease in the concentra-
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Figure A.3: Effect of bTfR incorporation on HIV-1 production and infec-
tivity.

(A) Concentration of physical virion particles as a function of pTfR-AP-IRES-BirA-
ER plasmid input, as measured by p24 ELISA. Open circles: iGFP backbone with 1
ug BG505 pEnv; black circles: EGFP-Vpr backbone with 1 ug NL4-3 pEnv. (B) In-
fectivity of EGFP-Vpr virions as a function of pTfR plasmid input. Titer is measured
by TZM-bl cell assay. Infectivity is the percentage of infectious virions in a sample.

tion of infectious virions; thus, the infectivity remains relatively stable (Figure 2B).
The similar trend in reduction of virus production with increasing pTfR between the
two strains suggests that this may be a fundamental feature of competition between
different overexpressed proteins. Indeed, when we equalized the total DNA of two
different pTfR conditions by adding carrier DNA (pcDNA3.1), the p24 also equalized.
Trypan blue staining of virus-producing cells indicated that 100 uM biotin was not

cytotoxic compared to complete media alone, regardless of when it was added.

Dialysis reduces HIV-1 infectivity in a molecular weight cutoff-dependent

manner

In order to achieve efficient binding to streptavidin, which would be the bridge
between the biotinylated virion and the biotinylated DNA tether, it was necessary to

remove unbound biotin from virus preparations while still preserving viral stability.
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As a preliminary experiment, we first investigated whether HIV-1 is stable when
diluted in PBS or complete media and stored at 4°C. We found that p24 (Figure
3A, left) and infectivity (Figure 3A, right) are fairly stable over 24 hours when HIV-
1 is diluted in either PBS (black symbols) or complete media (red symbols) and
stored at 4°C. This gave an upper-bound prediction for the time over which HIV-1
infectivity would remain stable. Of note, the samples corresponding to open symbols
in Figure 3A were freshly thawed before the assays, so the additional freeze-thaw
cycle experienced by the diluted and dialyzed samples may have partly contributed
to the apparent decrease in p24 and titer.

We then tested dialysis membranes with several different molecular weight
cutoffs, corresponding to varying pore sizes, using infectivity as a readout of HIV-
1 stability. First, we tried a 10 kD molecular-weight-cutoff (MWCO) membrane
because we wanted to maintain as many proteins as possible that might stabilize
the virus. Although infectivity remained stable over 24 hours of dialysis in a 10
kD molecular-weight-cutoff (MWCQO) membrane (Figure 3A, right, blue symbols),
virometry revealed poor binding of SVD-Alexa 594 to virions, suggesting that free
biotin may still be present and competing with bTfR for SVD binding.

However, after 24 hours, the infectivity of virions diluted in PBS (black),
diluted in complete media (red), and dialyzed in PBS (blue) all showed a similar
trend of decay (Figure 3A, right). This indicated that biotin removal needed to be
more efficient in order to maintain HIV-1 stability and that loss of protein through
the membrane was not the cause of infectivity decrease. Thus, we tried dialysis
membranes with larger pore sizes to more rapidly remove biotin, at the possible
expense of losing larger proteins (Figure 3B, C). We also took samples from the same
pool to be dialyzed and instead stored them in a tube at 4°C for the entire dialysis
time. Consistent with the results for 10 kD MWCO in Figure 3, samples that were

dialyzed in 1000 kD MWCO maintained nearly the same infectivity as those stored
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Figure A.4: Effect of dialysis on HIV-1 stability.

Left column: concentration of physical virion particles as measured by p24 ELISA.
Error bars are standard deviations of duplicate trials. Right column: infectivity of
virions. FError bars are propagated uncertainties using standard deviations of p24
and titer. All are plotted as a function of incubation or dialysis time in PBS at
4°C. The right y-axis is normalized by the sample diluted in complete media at 0
h of incubation. (A) EGFP-Vpr virions (with 1 ug NL4-3 pEnv and 1 ug pTfR)
as a function of dialysis time in PBS in 10 kD MWCO membrane. Open symbols
correspond to the sample of the same color that was diluted or dialyzed, except they
were freshly thawed before the p24 and titer assays, rather than being frozen and
thawed once more. Infectivity error bars are propagated uncertainties using standard
deviations of p24 (N = 2) and titer (N = 3). (B) EGFP-Vpr virions (with 2 ug
BG505 pEnv and 4 ug pTfR) as a function of dialysis time in PBS in 1000 kD MWCO
membrane. Gray circles represent identical samples to those dialyzed, except they
were stored in a tube at 4°C as a control for 14.5 hours. (C) iGFP virions (with 1
ug BG505 pEnv and 2 ug pTfR) as a function of dialysis time in PBS in 1000 kD
MWCO membrane.
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in a tube. Therefore, at least over these time scales, loss of protein does not seem to
significantly affect HIV-1 stability during dialysis in PBS.

p24 and infectivity of EGFP-Vpr virions were stable over 14.5 hours (Figure
3B), but here again, this was insufficient time to adequately remove free biotin from
the virus pool. Next, we decided to begin using iGFP virions because 100% of them
are labeled with GFP, in contrast to EGFP-Vpr virions, which contain a nontrivial
fraction of nonfluorescent particles. iGFP facilitated more confident identification of
HIV-1 virions versus debris or microvesicles in the optical tweezers. After iGFP HIV-
1 production, we dialyzed the virus pool in a 1000 kD MWCO membrane, allowing
it to proceed for 23.5 hours this time for more complete biotin removal. The p24 and
infectivity both decayed more rapidly for iGFP virions (Figure 3C) than for EGFP-
Vpr virions (Figure 3B), despite using the same MWCO and dialysis conditions. One
possible explanation for this is that iGFP virions with 1 ug BG505 pEnv are in-
trinsically less stable than EGFP-Vpr virions with 2 ug BG505 pEnv. The initial
infectivity of iGFP virions also starts about ten-fold lower than that of EGFP-Vpr
virions. Although the infectivity had significantly decayed after 23.5 hours of dial-
ysis, we used these virions in virometry (Figure 1B) to test whether free biotin had
at least been adequately removed so that we could quantify bTfR incorporation. In-
deed, SVD-Alexa 594 binding improved after extended dialysis in a 1000 kD MWCO
membrane.

Because dialysis in low MWCO membranes does not remove biotin thoroughly
enough, a higher MWCO is required, but the dialysis time must be carefully tuned

so as to preserve HIV-1 infectivity.

Biotinylated DNA tethers bind streptavidin

To test whether biotinylated DNA tethers bound streptavidin, we compared

the migration in an agarose gel of unbound tethers alongside tethers that had been
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incubated with streptavidin and then dialyzed. Indeed, streptavidin binding retarded
the migration of the treated tethers compared to the untreated tethers. We further
tested the dual labeling by force-extension curves in the optical tweezers using Dig
antibody-coated beads and streptavidin-coated beads. These followed the character-
istic trend for DNA stretching, indicating the presence of a dual-labeled DNA tether

bound to two beads.

Bead-DNA tether-virion complex can be used to manipulate single HIV-1

virions in solution using optical tweezers

By combining biotinylated HIV-1 with dual-labeled DNA tethers and polystyrene
beads, it is possible to move the virion around in the flow chamber and deliver it
to a living cell immobilized on a micropipette. In Video 1, a Dig antibody-coated
polystyrene bead is optically trapped and moved around the flow chamber. A fluo-
rescent particle (virion) can be visualized at a distance from the bead approximately
equal to the length of the DNA tether, 8 um. This video is a proof of principle of
our technique. However, further optimization of conditions is required to increase
reliability of forming the three-body complex before cellular delivery experiments can

be performed.

A.4 Discussion

HIV-1 entry into cells is a highly coordinated and dynamic process. Much has
been revealed about the coordination of key players during entry, but limitations on
techniques have hindered further mechanistic insight. These details may be crucial
to entry inhibitor development.

HIV-1 entry has mainly been studied in bulk, with many cells and many
virions. Using optical tweezers to study single virus-cell interactions at the single-

molecule level is unprecedented. The technique described here allows the possibility

103



of probing virus-cell interactions via rupture force measurements at varying loading
rates, allowing decomposition of multiple simultaneous interactions. By isolating se-
lective steps with inhibitors, one could decipher the physical framework for different
HIV-1 entry pathways. This experimental geometry could also reveal the probability
of nonspecific interactions versus specific Env-receptor binding at a single-particle
level; optical tweezers allow the virion to sample the surface of the cell freely, main-
taining physiological conditions.

The technique introduced here has unique potential to uncover the dynamics
of Env clustering and cooperative binding. We expect that it will lend insight into
essential viral entry mechanisms applicable to other viruses. It is also ideally suited
to compare binding of different envelope glycoproteins across different viral strains
at high resolution. Because it is able to directly probe the magnitude of interactions,
our technique could be adapted to other fundamental questions in biology, such as
protein-protein interactions and receptor-mediated membrane fusion.

This study also demonstrates the feasibility of using virometry (Pang et al.,
2014) to quantify the copy number of cellular proteins incorporated into the viral
membrane at a single-virion, single-molecule level. Although the incorporation of
cellular proteins into HIV-1 has been well established, the identity, copy number, and
heterogeneity among virions remain elusive due to lack of techniques available. The
abundance of certain cellular proteins in HIV-1 may have a functional importance in
enhancing cellular interactions, for example (Arhel and Kirchhoff, 2010; Liao et al.,
2000; Sato et al., 2008). Thus, it is possible to use virometry to quantify protein copy
number and associate this with physical interactions that our technique can directly

measure.
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A.5 Conclusion

We have described the development of a novel single-molecule technique that
can be used to study interactions between single virions and living cells (Figure A.1).
This technique opens the door to many previously inaccessible questions about viral
entry and more broadly, receptor-ligand interactions in the context of live cells.

Overall, this technique and the principles discovered will potentially elucidate
mechanisms of viral entry, reveal fundamental information on the cooperativity of

receptor-ligand interactions, and have broad applicability to other systems.
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