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ABSTRACT

Intracellular cargos are shuttled around the cell via molecular motor proteins along
their respective filament substrates. For decades, biophysicists have taken advantage of in
vitro techniques to study fine details of the molecular motor machinery. Today, thanks in
large part to in vitro experimentation, a great deal is known about the structure-function
relationship of various motors, including kinesin-1.

The field is now shifting to investigate how multiple motors work together to
transport cargos around the cell’s complex microtubule (MT) network. Due to the
complexity of the cell’s complex biochemical makeup and the heterogeneity of its three-
dimensional (3D) MT network, this topic is virtually impossible to address quantitatively
in the native cellular environment. Instead, in vitro experiments must be used to ensure
full control over all relevant variables to study how geometry alone, impacts cargo
transport.

Traditional in vitro bead assays cannot faithfully model the cell’s 3D MT network,
and thus cannot be used to test how MT network geometry (orthogonal filament separation,
or crossing angle) affects cargo transport. To remedy this, we developed a novel in vitro
method to manipulate individual MT filaments in 3D with nanometer precision. With this
technique, we constructed MT-MT crossings with various geometries to test how
separation distance and angle between MT filaments impact transport behaviors of artificial

model cargos driven by kinesin-1.



We find that variable separation distance and angle influence cargo navigational
behaviors at MT-MT crossings. We also use our experimental data to constrain a 3D
simulation to probe aspects of the overall transport system that are not possible to assay
experimentally. We propose detailed mechanisms that underlie the MT network’s

influence on cargo transport.



| dedicate this work to my parents, and to my mentors.

I am forever grateful for their support and tutelage.



TABLE OF CONTENTS

ABSTRACT ..ottt bbbttt et bbbt e b e bt e Rt et bbb beaneere s iii
LIST OF FIGURES ..ottt sttt bbb viii
ACKNOWLEDGEMENTS ... .ottt sttt bbb X
Chapters
1. INTRODUCTION ...ttt sttt bbbt 1
1.1 OVEIVIEW ...ttt sttt bbbttt 2
1.2 The individual microtubule, and the complex environment in which the
MICrotubule FUNCLIONS. ..o 6
1.3 Kinesin-1, a single-molecule perspective ..........ccccocvevirinininiicieien, 12
1.4 Transport via multiple Kinesin Motors.........ccccccevvveveieereiie e, 18
1.5 Commentaries on prior reports pertaining to cargo transport through
MT-MT INTEISECLIONS ...c.veviiiieiieieierie et 21
1.6 RETEIBINCES ...c.vveii ettt ettt et et eneenne e 29

2. CONSTRUCTING 3D MICROTUBULE NETWORKS USING HOLOGRAPHIC

OPTICAL TRAPPING .....ooii ittt sttt be s e ebbe e s eb e e bee e e 37
P20 A 1 10T [N w1 (o o R 36
A = (=1 U | | £ 37
PG 3 B 1Y o1 XY o] o ORI 41
|V =1 1 T Lo 3SR 42
2.5 RETEIBINCES .. uviie et s b ae e e eaees 43
2.6 Supplemental INfOrmMation............cocoveiiiiiinineee s 45

3. ARTIFICIAL MICROTUBULE CYTOSKELETON CONSTRUCTION,
MANIPULATION, AND MODELING VIA HOLOGRAPHIC OPTICAL TRAPPINGS58

B L INEFOAUCTION .ot e e e e e e e e 57
B2 RESUIES oo 59
BB RETEIENCES .o 66



4. CARGO NAVIGATION ACROSS 3D MICROTUBULE INTERSECTIONS.......... 70

A 01 (=10 T 71
2 1 (oo V101 o] o TSR 71
B = (T 1L T 74
o B T Yot D11 [ TR 84
4.5 MEINOUS. .....c.eviiiciie e 86
4.6 RETEIBNCES. ...ttt e s st r e e s s e e e s s ebbee e e 87
APPENDIX: 3D COMPUTER SIMULATION SUPPLEMENT .....ooooviiiiieiiie e, 104

vii



Figures
2.1
2.2
2.3
24
2.51
2.52
2.S3
2.54
2.55
2.56
3.1
3.2
33

3.4

3.5
3.6
4.1

4.2

LIST OF FIGURES

Basic BH-MT tethering strategy and preparation of assay constituents.............. 40
Dumbbell assembly and polarity characterization...............ccccoveveiieevviicieennenn, 41
3D Network asSEMBIIES ........coiveiiiiic e 42
Technique validation for motility @SSays.........cccceeviieieiiieiiieie e 43
MT SHTFNESS @SSAY ...eeuvrivieiiieiieeie ettt e e re e 48
MT SHTFNESS @NAIYSIS ... 49
Z-axiS CADIALION ... 50
Example of 3D coverslip steps used to calibrate voxel height.............c..cc....... 51
Motility assays on SUSPENAEd MTS.......oiiiiiiririririeie e 52
BH tracking and fOrce readout............ccoueerieiiieniiiseceeee e 53
Four MT dumbbells are resting on the glass coverslip in a designated area ....... 62
A dumbbell with a side MT can be a useful construction block.............cc.ccco...... 63
Pentagonal shape is assembled out of five MTs and seven BHs.............c.cc......... 64
Pentagonal and Y building blocks are combined to form a more complex

AITANGEIMENT L.ttt e et e et e e sb e e st e e e srbeeensaeeasneeas 65
An example of an extended star MT NEtWOIK..........ccocevvvevieiieeiie e, 66
Two MT-MT crosses are formed by 3 dumbbells...........ccccooveiiiiiiiiic, 67
Our in vitro system allows us to model transport through 3D MT crossings...... 95

Identification and quantification of TOW ..., 96



4.3

4.4

4.5

4.6

4.7

4.8

Restoring force 0N BH .........cooiiiiii e 97
Cargo navigation flow chart, with associated probabilities..............cccccevvviinenen. 98

Mathematical modeling demonstrates mechanisms of variable switch

ProDADIIITIES ..o 100
Solutions to the heuristic model for TOW probability ...........c.ccocoiiiiiienennen, 101
Empirical cumulative probability distributions for TOW times...........c..ccceue.... 102
Simulated average number of motors engaged...........ccooeverereninenieiieeee, 103



ACKNOWLEDGEMENTS

First and foremost, | would like to acknowledge my doctoral advisor, Dr. Michael
Vershinin. Michael, | thank you for taking me under your wing. Thank you for taking a
chance on a person without a bachelor’s in physics. | know | have come a long, long way
from when | first joined the lab. If | can argue with a genius like you, I know must be
getting somewhere! If | had to do it all over again, | would. This has been a fabulous
developmental experience. | am forever indebted to you.

I also would like to acknowledge my late mentor, Dr. Karl Pfenninger. Not only
was Karl an excellent scientific mentor, Karl also assuaged my fears regards moving to
Salt Lake City to begin my doctoral studies. |1 am glad he did, because moving to SLC was
an excellent decision. | miss you, Karl.

I would be remiss not to acknowledge Shannon Nielsen who always made sure |
followed protocol with regards to committee meetings, health insurance, and graduation!
Shannon, you do an excellent job, and | am very happy my organizational deficits were
made up for by your supervision. | am sure all the graduate students in the biology
department feel the same. You are truly awesome!

To my committee members: Dr. Markus Babst, Dr. Erik Jorgensen, Dr. Jody
Rosenblatt, and Dr. Saveez Saffarian: Thank you serving on my committee. At first, the
idea of presenting in front of you caused fright, but now | am very grateful for having gone

through the *“gauntlet,” multiple times. | know that if | can stand up in front of four



esteemed scientists, no audience will ever be able to rattle my nerves again... | think the
skills that makes me stand out from other scientists is my ability to communicate and
present. Thank you for helping me hone those skills.

To my friends, and family: You do not have to ask how much longer | have left
anymore! 1did it! Completing a PhD. program can be mentally challenging, so | thank
you for all the laughs we shared.

To my parents: Thank you for your love and support. Your encouragement did not
fall on deaf ears. It has been a bit of an arduous journey, but... we got there! | love you

both very, very much.

Xi



CHAPTER 1

INTRODUCTION



1.1 Overview

In the eukaryotic cell, many different types of organelles may be considered cargo,
i.e., lysosomes, lipid droplets, endosomes, mitochondria. To transport cargo more quickly
and/or efficiently than would be possible via diffusion, the cell relies on intricate
cytoskeletal networks comprised of actin filaments (AFs) and microtubules (MTs). Cargo
motility is made possible by cytoskeletal motors of the kinesin, dynein, and myosin
families which can both link cargos to filaments, and produce mechanical force to displace
cargos, relative to the filaments.

Many details of the components involved in this system are now understood.
Protein structures for actin, tubulin, and many of their polymeric forms have been resolved
and their important features mapped. Likewise, structures for many molecular motors are
now sufficiently understood to extrapolate structure-function relationships even for large
complex motors like cytoplasmic dynein. Overall, single-molecule dynamics are now well
understood for many motors, and their respective substrates, through a combination of
extremely precise biochemical and biophysical experiments. While many gaps remain to
be filled at the single-molecule level, the imperative of our day requires an effort to
reconcile our detailed single-molecule understanding with the complex cellular
environment in which motors normally function (Ross et al., 2008a).

The cell introduces many layers of complexity, but first consider that intracellular
cargos are most likely transported via multiple motors, often by teams of kinesin-1 motors)
(Hirokawa et al., 2010). Thus, the transport field has recently shifted to investigate how
multiple motors work together to transport cargo (Beeg et al., 2008; Mallik and Gross,

2004; Roux et al., 2002; Vershinin et al., 2007). To study this topic in fine detail,



biophysicists developed deoxyribonucleic acid (DNA) hybridization, antibody-coupling,
and DNA origami methods to engineer precise assemblies of motor proteins to study in
vitro (Derr et al., 2012; Furuta et al., 2013; Goodman and Reck-Peterson, 2014; Xu et al.,
2012). These works have been instrumental in understanding how motors coordinate to
carry out long distance transport along a single MT, but to understand transport in cells,
we must consider another prominent layer of complexity the cellular environment begets:
the MT network’s geometric heterogeneity.

The MT network is very complex with respect to its three-dimensional (3D)
geometry (Bo Huang. et al., 2008). In the 3D environs of a cell, MT filaments can converge
at virtually any angle to form MT-MT crosses with extreme separation variability. Thus,
in cells, cargos are immersed within a 3D mesh-like array of MT filaments; each of which
serves as a potential binding partner. This environment almost ensures the motile cargo,
driven by multiple motors, will at some point interact with multiple MTs simultaneously.
Indeed, this is regularly seen in vivo (Balint et al., 2013; Mudrakola et al., 2009; Osunbayo
etal., 2015).

Near various MT-MT junctions the cargo can potentially disassociate from the
original MT filament, giving rise to a switch (Balint et al., 2013; Osunbayo et al., 2015;
Ross et al., 2008b). Corroborating this statement, cargos are known to be transported along
multiple distinct MT filaments throughout its intracellular journey (Lakadamyali et al.,
2003; Mudrakola et al., 2009). As one could imagine, switches could drastically impact a
cargo’s transport route. This then begs the question, How does the geometry of the MT
network regulate switching?

To address the above question, and to gain a better understanding of intracellular



cargo transport, it is paramount to learn how the underlying geometry of the MT network
influences cargo navigational outcome at MT-MT crossings. This is an important question
to study because aberrant intracellular cargo transport could lead to an imbalance in cargo
distribution, which could bring about decreased cellular function, such as in B-cell insulin
secretion (Zhu et al., 2015), or neurodegenerative diseases (Hirokawa and Tanaka, 2015)

A recent live cell study set out to investigate MT-MT crossing geometry and how
it influences cargo transport behavior (Balint et al., 2013). By correlating lysosome
transport outcomes with MT-MT separation distance, it was suggested that the MT
network’s 3D geometry significantly influences navigational outcome. Unfortunately, due
to the complexity of the cell, a live cell approach has limited effectiveness in identifying
how the geometry of the MT network impacts cargo transport. With so many complicating
protein factors in vivo, both known and unknown, teasing out the exact role MT network
geometry plays in regulating transport behavior, is challenging. Thus, this question is well
suited to be subjected to a highly controlled in vitro investigation.

Although the MT network’s 3D geometry is suggested to be a critical regulator of
intracellular transport in vivo, the topic has received relatively little attention from
biophysicists. This is not due to disinterest, but is due to an inability to properly model the
cell’s 3D MT network in vitro. In the few reports where biophysicists addressed this
question, they did so by engendering planar networks of MTs on glass surfaces (Ross et
al., 2008b; Vershinin et al., 2007). Considering the 3D nature of the cell, it is easy to
understand why this approach has limited effectiveness. Glass deposited MTs can only
model zero separation MT-MT crossings, and with limited effectiveness (glass slide

backings used in traditional bead assays sterically hinders the bead’s motion). Although



zero separation scenarios are observed in the cell, a large proportion of crossings fall under
the non-zero separation category, as well (Balint et al., 2013).

We aimed to study how MT network geometry (angle and separation distance)
influences cargo transport by experimenting within a simple in vitro system that can
faithfully model the 3D nature of the MT network in a cell. To accomplish this, we first
developed a method to manipulate multiple distinct MT filaments in 3D (Bergman et al.,
2015). This operation is performed via precise 3D holographic optical trapping (Sinclair
et al., 2004). In essence, we adsorb trappable silica nodes to opposing ends of a MT
filament, and then capture and place the nodes precisely in 3D with a holographic optical
trap system, so that the MT suspended between them is stretched taut in the desired
orientation. With this novel technique, we can construct customizable MT-MT crossings
in vitro, with respect to crossing angle, and filament separation. With this system, we can
then probe how the MT-MT crossing’s geometry impacts transport behaviors of a kinesin-
1 driven model cargo.

Like the biophysical groups who developed methods to probe new questions
regarding multiple motor transport with high precision, we developed a precise method to
probe new questions relating to cargo transport upon complex 3D MT-MT crossings. With
this experimental setup, we begin to elucidate mechanisms that underlie the differential
cargo navigational outcomes observed at variable crossing geometries.

We also collaborate with theoretical physicists who developed a 3D simulation to
model cargo transport across MT-MT crossings. We use our experimental data to constrain
their computer simulations to gain further insight into our model transport system. With

these in vitro and in silico approaches, we start to build a quantitative model so that we



may begin to extrapolate how various geometric parameters impact cargo routing at simple
MT-MT intersections; after all, at its core, the MT cytoskeleton can be explained as a
network comprised of a vast series of many individual MT-MT crossings.

Overall, we find that variable crossing geometry (angle and separation parameters)
significantly influence cargo transport behaviors. In other words: various MT network
geometries favor specific navigational outcomes. For example, a cargo that faces a MT-
MT crossing with near-zero separation will be much more likely to switch filaments
compared to an equivalent cargo that negotiates MT-MT crossings with separation
distances on par with the diameter of the cargo. In this introduction, I will (1) introduce
motor proteins, microtubules, and (2) discuss previous studies that investigate cargo
transport across MT networks. Then | will (3) describe what modifications were
implemented in our optical trap system to accommodate 3D MT network construction. |
will then (4) discuss the method of 3D MT network construction, (5) consider pragmatic
details that potential MT network builders would appreciate, and then (6) discuss our

findings regarding how MCs behave at various MT-MT crossings.

1.2 The individual microtubule, and the complex environment

in which the microtubule functions

The MT cytoskeleton plays many roles in the cell. The MT network provides
structure and support, it serves as the apparatus for chromosomal segregation, and it acts
as the highway network for long range intracellular cargo transport via kinesin and dynein
family motors. In this MT overview, | will discuss details of the individual MT

(superstructure, substructure, dynamic instability), and will consider the vast complexity



of MT network regulating components within the cellular environment (diversity of MT
associated proteins). Together, these details will help us to understand and appreciate the
inherent difficulties of studying cargo transport within the immeasurably complex

intracellular environment.

1.2.1 MT superstructure

The MT is a tubular filament with an outside diameter of ~25nm and an inside
diameter of ~15nm (Nogales, 2001). The MT filament is comprised of multiple (8-17 with
13-15 being typical, Hunyadi et al., 2007) protofilaments which can be thought of as
“chains” of o/ tubulin subunit dimers which polymerize in repeating, head-to-tail fashion.
These protofilaments arrange to form a hollow, tubular cylinder which can grow many
micrometers in length (tens of micrometers).

The MT’s tubular structure lends it some unique properties; even though they may
appear to be a fragile elongated protein structure, MTs are actually considered rigid
filaments. Their persistence length is ~ three orders of magnitude greater than that of an
actin filament, and their persistence length is far greater than the actual length of the largest
MT filaments (Gittes et al., 1993). The persistence length of the MT scales with its contour
length as interactions between longer chains of protofilaments garner increased lateral
interactions, which increase persistence length/rigidity (Pampaloni et al., 2006). The cell
is suggested to take advantage of the MT’s rigidity to use as mechano-transducing agents
to stimulate transmembrane channels during osmotically induced cell shrinkage (Prager-

Khoutorsky et al., 2014).



1.2.2 MT substructure

Although the a and B subunits only have 40% identity, they have nearly identical
structures as the density maps for o and B tubulin are almost completely superimposable
(Nogales et al., 1998). Their monomeric structure is very compact, but can be divided into
three functional domains: (1) the amino-terminal domain containing the guanine
nucleotide-binding region, (2) an intermediate domain containing the taxol-binding site (a
very commonly used, small molecule MT-stabilizing agent), and (3) the carboxy-terminal
domain, which comprises the binding surface for motor proteins (Nogales et al., 1998).

Both o and B tubulin subunits are GTPase proteins which each bind a single
molecule of GTP nucleotide. The binding of GTP to o tubulin at the N site is
nonexchangeable, and nonhydrolysable whereas the binding of GTP to  tubulin at the E
site is exchangeable and hydrolysable. Only o/p dimers with GTP in their  tubulin E site
can be incorporated into a MT, unless taxol is used(Nogales, 2015). After polymerization
into a MT filament, the GTP in the B tubulin “exchangeable” site will become hydrolyzed
over time (Weisenberg et al., 1976).

GTP hydrolysis in B tubulin is only performed in the polymerized MT form because
B tubulin itself lacks the crucial residues to hydrolyze the nucleotide. Hydrolysis of
tubulin GTP is triggered once an additional o/p dimer has been added to the protofilament.
The polymerization of an additional dimer leads to GTP hydrolysis in the previously
incorporated dimer because the key hydrolytic residues, absent in 3 tubulin, are contributed
by the newly added o tubulin subunit (Nogales et al., 1999). Thus, in a MT, most of the
incorporated [ tubulin subunits are in the GDP state.

MT polymerization requires GTP-bound o/p tubulin dimer because the dimer acts



like a bent spring, which resists straightening until ushered into a growing MT by GTP-
mediated interactions (Rice et al., 2008). Once GTP in B tubulin is hydrolyzed to GDP,
the P tubulin subunits would take on a “bent” conformation again, but this conformational
change is suppressed by the dimer’s incorporation into the whole MT structure. The
positive end of the MT is stabilized by the GTP-bound o/f tubulin at the MT’s forefront,
which is referred to as the GTP cap. These GTP-bound tubulin dimers resist bending, and
thus remain in a stable conformation. Their presence at the positive end of the MT forces
previously incorporated GDP-bound tubulin dimers to remain “straight.”

If the GTP cap is removed, the GDP-bound o/p tubulin dimers tend to depolymerize
because they are no longer held “straight.” When this happens, the tubulin dimers start to
bend, which reduces the strength of lateral interactions between protofilaments, and leads
to an unfurling of the MT (Rice et al., 2008). Thus, GTP hydrolysis over time, initiated by
MT incorporation, is what allows MTs to be rapidly depolymerized. This mechanism is
what gives rise to the dynamic instability phenomenon of the MT.  In our experiments,
we suppress dynamic instability by addition of taxol, a MT-stabilizing drug. Taxol addition

to polymerized microtubules is very common in the in vitro motor proteins field.

1.2.3 MT dynamic instability

MT polymerization/depolymerization follows what is called dynamic instability.
This means that MTs can exhibit phases of slow growth and rapid shrinkage (Mitchison
and Kirschner, 1984). Dynamic instability is important because it serves as a cellular
mechanism to remodel the MT network during the cell cycle, or during development

(Howard and Hyman, 2003). Dynamic instability is partially dependent upon the guanine
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nucleotide status of the tubulin dimers that make up the MT.

In the cell, the GTP cap is actually comprised of patches of tubulin in both the GTP
and GDP state. The GTP-bound B tubulin subunits confers a stable MT (Seetapun et al.,
2012). This patchwork is possible because hydrolysis of GTP lags behind the binding of
new GTP-tubulin and occurs randomly; this lag is what creates a relatively large cap of
GTP-tubulin at the microtubule plus end, compared to previous in vitro measurements
(Carlier and Pantaloni, 1981; Seetapun et al., 2012). The GTP cap can be considered a
basal level of regulation. The cell has machinery to further regulate the rates of MT
polymerization and depolymerization through certain classes of MT-associated proteins
(Howard and Hyman, 2003) like MCAK (mitotic centromere-associated kinesins,

depolymerizing agents) and +TIPs (plus-end-binding proteins, stabilizing agents).

1.2.4 Complexity of the MT cytoskeleton

In this section, we must consider the different tubulin isoforms that make up a MT,
the posttranslational modifications (PTMs) that tubulin undergo, and consider the
multitude of MT-associated proteins (MAPSs) found in cells. We already briefly discussed
a couple MAPs (MCAK, +TIPs) which regulate the MT’s mechanism of dynamic
instability, but the cellular environment is extremely complex, and contains a multitude of
MAPs which modify the MT track, which we have not yet considered. It is important to
consider the diversity of tubulin, PTMs, and MAPs so that one may appreciate the
complexity of the MT cytoskeleton.

The cell is an extraordinarily complex environment. In humans, there are eight

isoforms of both a and B tubulin, and they are found to have specific distributions in
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different cell types (Leandro-Garcia et al., 2010). Some MTs are comprised of
heterogenous tubulin isoforms, while others are more homogenous (Miller and Joshi,
1996). To further complicate matters, the cell is known to posttranslationally modify MTs
via acetylation, detyrosination, phosphorylation, glutamylation, glycylation, amination,
and plays host to a bevy of MAPs, both known, and unknown (Verhey and Gaertig, 2007).

Effects of PTMs are still being elucidated, but we now know that PTMs of tubulin
affect, not only dynamics of the microtubules, but also their organization and interaction
with other cellular components (Song and Brady, 2015). Due to the complexity of the MT
cytoskeletal system, it is very difficult to study the functions of MT PTMs in vivo. In the
cell, sites of MT PTMs are heterogenous, meaning multiple PTMs can be intermingled or
concentrated in distinct domains. Multiple PTMs can even affect the same tubulin dimer
(Song and Brady, 2015). Thus, it is virtually impossible to account for all the various
PTMs on the MT, especially in a cellular context. Like the heterogeneity of tubulin
isoforms, as discussed above, PTMs could be considered an additional layer of MT
cytoskeletal complexity. To state “the impact of these layers of complexity are still
completely unresolved,” is not an overstatement. As if those two layers were not
confounding enough, the MT cytoskeletal system has yet another layer of complexity at
the MT modification level: the existence of MT-associated proteins (MAPS).

MAPs include a very large group of diverse types of proteins: single long a-helices
(stathmin), helical coiled-coils (APC), helical hairpins (XMAP215/ch-TOG), extended
random coil (tau) and 3 unrelated globular folds (EB1, CAP-Gly and doublecortin) (Amos
and Schlieper, 2005). MAPs, like the ones listed above have been traditionally subject of

MT stabilizing/destabilizing studies, but recently more groups have begun to investigate
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how their presence on the MT might impact motor transport characteristics.

For example, Tau, a MAP famously implicated in Alzheimer’s disease, is known
to stabilize MTs (Santarella et al., 2004), but also may serve as an impediment to forward
progression for certain motor proteins, like conventional kinesin (Vershinin et al., 2007).
To make the matter more complicated, different tau isoforms, of which there are 6 (Buée
et al., 2000), have different influence on the motors (Dixit et al., 2008; Sparacino et al.,
2014; Vershinin etal., 2007). Other structural proteins such as MAP4 affect seem to impact
kinesin transport in vitro, but these findings, and Tau findings may not be reflected in vivo
(Atherton et al., 2013).

Overall, the MT network in vivo is extraordinarily complex. To learn about how
MT network geometry impacts cargo transport, experiments must be conducted in highly
controlled environments which feature little complexity. A controlled environment allows
one to make confident assertions about how the system functions. We negate the
complexity of the cell’s MT network by conducting our 3D MT network geometry

experiments in an in vitro environment.

1.3 Kinesin-1, a single-molecule perspective

Kinesin-1 is a highly processive MT-based motor protein comprised of two ~960
amino acid “heavy chains” subunits which form homodimers. The heavy chain is
comprised of 3 domains: the motor domain, the neck linker, and the tail domain (which is
responsible for dimerization of two kinesin heavy chains). This protein is referred to as
kinesin-1, or conventional kinesin, due to being the first motor protein discovered to

translocate upon purified MTs, in vitro (Vale et al., 1985). Kinesin-1, hereafter referred to
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simply as kinesin, translocates across the MT in what is known as a “hand over hand”
mechanism (Yildiz et al., 2004). Kinesin stepping brings about a net motor displacement
of ~8nm, a distance which correlates perfectly with the space between kinesin binding sites
(Fehr et al., 2008). This movement is mediated by the motor domain and neck linker.

Approximately one-third of the amino acids that make up kinesin-1 are considered
the motor domain. This domain produces force to facilitate MT translocation by
hydrolyzing ATP to convert the chemical energy stored in the terminal phosphoanhydride
bond, to mechanical energy (Cross, 2016). This energy conversion manifests in a
conformational change of heavy chain’s motor domain/neck linker, referred to as the
“powerstroke.”

The powerstroke is the motion produced by the neck linker as it docks along the
motor domain, enabling the motor to “walk” along the MT. The neck linker is the short
peptide sequence that swings forward to generate the powerstroke. The neck linker is a
~14 amino acid sequence at the carboxy-terminus of the motor domain (Rice et al., 1999).
The neck linker also serves to “link” the motor domain to the rest of the heavy chain, which
dimerizes with the tail domain of its partner to form a stalk-like “coiled-coil.” The
coiled-coil is a ~40-55nm long, ~5nm wide projection which serves to associate with
kinesin-1’s cargo-binding “light chains” and cargo itself (Cuevas et al., 1992; Friedman
and Vale, 1999).

Kinesin-1 steps processively by carefully coordinating its motor domains to
function in an “out of phase” cycle (Andreasson et al., 2015). To explain the stepping
cycle, imagine kinesin being bound to a MT by one of its heads, while the other is unbound

from the MT. The MT-disassociated head is referred to as the tethered head because
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although it is not directly bound to the MT, it is indirectly “tethered” to the MT via the
bound head. Upon ATP binding, the MT-bound head exerts force to displace the tethered
head ~16nm towards the MT’s plus end. This 16nm displacement positions the tethered
head in very close proximity to the next binding site, along the same protofilament (Yildiz
et al., 2004). A successful stepping cycle is considered complete when the tethered head
rebinds the MT at the next forward position, and the bound head disassociates from the
MT. This cycle then continues in an alternating fashion, until the kinesin molecule
completely disassociates from the MT.

Kinesin can advance through this stepping cycle many times before completely
dissociating from the MT. Kinein’s extraordinary processivity is still an area of active
study. Kinesin’s high processivity (ability to step multiple times in a row) arises from its
ability to carefully coordinate its two heads so that at least one head remains directly
attached to the MT during the stepping cycle (Toprak et al., 2009). Although kinesin can
walk for long distances without completely disassociating from the MT, with every step,
there is a ~ 1% chance that the stepping mechanism will fail. The failure seems to occur
at the stage when kinesin is in the one-head bound state (Milic et al., 2014). When kinesin
“falls off” the MT, this indicates that the bound motor domain detached from the MT lattice
before the tethered head was able to bind to the MTs. Since the kinesin can undergo ~100
steps before failure, and each step displaces the dimer’s center of mass by ~8nm, a single
kinesin can routinely walk for ~800nm before dissociating from the MT. Kinesin’s
incredible processivity arises from its ability to coordinate its two motor domains by
“gating,” a mechanism which is still hotly debated (Andreasson et al., 2015; Sindelar, 2011;

Yildiz et al., 2008).
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To provide a solid foundation on which to understand the intricacies of kinesin, and
its processivity, a key motor feature, | will discuss the structure and function of the motor

domain and neck linker.

1.3.1 Motor domain

Kinesin-1 binds the MT by its motor domain to translocate across the filament. The
motor domain contains an ATPase that drives conformational changes to provide both
force to step, and structural changes to modulate kinesin-MT affinity. Although the
stepping cycle mechanism has not been completely resolved, much is known about the
motor domain’s ability to: (1) bind and hydrolyze ATP, (2) bind MTs, (3) exert force, and
(4) coordinate heads, to perform processive transport. | will briefly discuss these single-
molecule aspects of kinesin-1.

1) Kinesin-1 is a NTPase, meaning it can bind nucleotides (generally ATP), and
hydrolyze them to peform work. Unlike other NTPases, like small g-proteins, kinesin
structure can amplify small structural changes in the motor domain that modulates the
motor domain’s MT-affinity, and gives rise to force exertion responsible for swinging the
tethered head forward to the next binding site. This is referred to as mechanochemical
coupling (Woehlke and Schliwa, 2000). Binding of ATP leads to a conformational change
in which two motor domain motifs, “switch 1” and “switch 2” close upon the ATP
molecule. This binding event and subsequent “clamshell” closure spur the formation of a
salt bridge between key residues Glu236 and Arg 203 which strengthens the “closed state”
(Shang et al., 2014). Switch closure facilitates ATP hydrolysis by coordinating the ATP’s

v-phosphate and a couple of water molecules to undergo a nucleophilic attack (Parke et al.,
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2010). Without the formation of this salt bride (Glu236 and Arg 203), ATP cannot be
hydrolyzed normally, and thus, the kinesin cannot step. As you will find in subsequent
chapters of this dissertation, we use this information to our advantage by mutating Glu236
(residue in switch 2), to an alanine to produce a nonmotile kinesin. We use this kinesin
mutant as an agent to ““glue” MTs to a solid support structure, in our case, a 2um silica
microsphere.

2) Kinesin-1 makes electrostatic interactions with the MT by docking on both a-
and B-tubulin monomers, although it may bind mainly to B-tubulin (Marx et al., 2006).
These interactions are mediated by a cluster of positively charged residues that reside on
Loop 12 and a-helix 5, structural motifs on the MT-facing portion of the motor domain
(Woehlke et al., 1997). These positively charged residues interact with multiple negatively
charged residues on the MT surface to garner an interaction which is capable of adopting
multiple high and low Kinesin-MT affinity states (Uchimura et al., 2006).

Affinity modulation is paramount, because in order to step, “hand over hand,” the
motor domain must be able to adopt a low MT-affinity state so that the trailing head may
dissociarte from the MT, propel forward via the bound head’s powerstroke, and then rebind
to the MT with high affinity. Kinesin-MT affinity modulation is enabled by
conformational changes in the motor domain structure that arise from the current
nucleotide-binding state of the motor domain; this affinity modulation mechanism
functions in tandem with the powerstroke mechanism to coordinate the heads to walk in a
hand-over-hand manner (discussed in next section). The motor domain maintains high
affinity for the MT in the nucleotide-free state and ATP-bound state. When ATP

hydrolysis occurs, and the inorganic phosphate is released, in the ADP state, the motor
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domain adopts a conformation which maintains a low MT-affinity state (Shang et al.,
2014).

3) Apart from driving variable MT-affinity states, kinesin’s different nucleotide
states also bring about conformational changes that generate the powerstroke to propel the
tethered head. To step, the tethered Kinesin head is propelled forward by the bound head’s
neck linker in what is called a “powerstroke.” The powerstroke force exertion is powered
by the neck linker, a structureless ~ 15 amino acid sequence at the carboxy-terminus of the
motor domain (Rice et al., 1999). In the APO state, the neck linker takes the form of a
disordered loop, but upon ATP binding and hydrolysis, the neck linker swings forward to
dock onto the head domain to form a [3-sheet with the N-terminal coverstrand (Khalil et al.,
2008) forming the, “cover neck bundle.” This neck linker displacement and subsequent
docking occurs because ATP binding and hydrolysis exposes a site on the motor domain’s
side where the disordered neck linker structure complements the coverstrand’s amino acid
sequence to form a B-sheet. Electrostatic interactions between the neck linker and
coverstrand are what drive this large conformational change known as the powerstroke
(Cross, 2016). This docking mechanism enables kinesin to exert up to ~ 5 pN of force
(Svoboda and Block, 1994). The neck linker’s transition from a disordered loop state, to a
forward docked “cover neck bundle” state, essentially pulls the trailing tethered head
forward to adopt a position close to the next binding site on the MT protofilament.
Kinesin’s neck linker is only long enough to reach the next binding site on the same
protofilament; accordingly, kinesin-1 only steps along a single protofilament (Fehr et al.,
2008; Schaap et al., 2011). Recent work suggests that the powerstroke actually happens in

two steps: a pre-docked transition state that coordinates with ATP binding, and the fully
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docked state that seems to be coordinated with ATP hydrolysis (Milic et al., 2014).

4) Perhaps the most extraordinary feature of kinesin is its ability to walk many steps
in a coordinated manner, before encountering a cycle failure. Details of kinesin’s
processivity have recently been subject to extensive scrutiny (Block, 2007; Thoresen and
Gelles, 2008). This topic has not reached consensus, but generally, Kinesin’s processivity
is attributed to coordination between the heads that is mediated through the neck linkers in
what is called intramolecular strain. Essentially, the strain is believed to regulate the motor
domain’s ability to bind ATP, or release inorganic phosphate. This mechanism is what

allows kinesin to coordinate its movements to retain high processivity.

1.4 Transport via multiple kinesin motors

Kinesin has been studied from a single-molecule perspective for decades. From
this vantage point, many exquisite details of its function have been discovered, as discussed
in previous sections. At the single-molecule level, there only remain a few more mysteries
regarding kinesin’s structure and function, the largest mystery being kinesin’s ability to
walk processively. Fortunately, for biophysicists in the motors field, there are still many
more decades of work to understand how kinesins function together at the multiple motor
level to transport cargos around the cell. Multiple motors of various types are used to
effectively distribute cargos in an ordered fashion (Levi et al., 2006). Our group and many
others are now attempting to discern the various mechanisms that underlie this feat.

Organized intracellular cargo distribution is undoubtedly made possible by various
layers of cellular regulation. | have mentioned in the microtubule section how the MT

structure, and its associated structural proteins can regulate motor transport by modulating
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motor-filament affinities, but we have not yet considered how the composition of a cargo’s
motor assembly can affect transport. This is an important topic to consider because in
cells, motor proteins are often found to function in cooperative teams comprised of various
motor types (Gross et al., 2007; Hendricks et al., 2012; Kural et al., 2005). It has also been
suggested that intracellular cargo transport is regulated by the coordination of motors in
various assemblies (Mallik et al., 2013).

Single-molecule investigations of motor proteins have informed our understanding
of how motors may function in ensembles, but these results cannot be used exclusively to
extrapolate how multiple motor cooperate; this is due to geometric complexity associated
with a multiple motor system. Contemplating the role of cargo shape and motor
distributions will help the reader appreciate why it is important to move past single-
molecule investigations of motors. The field has begun to conduct experiments that study
how multiple motor proteins work together to transport cargos through the MT network.

Studying how motors function together is very difficult due to many confounding
factors. Many of the difficulties arise from the intrinsic three dimensionalities of transport
systems. Cargos in cells are obviously not point objects, so one must consider the geometry
of the cargo, and the geometry of the motors distributed on the cargo’s surface. Although
a few works have published electron micrographs of intracellular cargos with what appears
to be native motors on the cargo (Ashkin et al., 1990; Hirokawa, 1996), we still do not have
a solid idea of how motors are truly distributed on cargos. Are motors on intracellular
cargos clustered? Are they evenly distributed? How close are they situated to each other?
All of these factors impact how a cargo would interact with MT filaments in its

environment.
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To address this, scientists began to purposefully incubate beads with higher
concentrations of motor protein to ensure that when beads bound to MTs, there was a high
probability of transport being mediated by multiple motors. Indeed, placing enough motors
on a cargo will allow multiple motors to work together as they progress along the MT.

Model cargos driven by multiple motors are able to travel for longer distances than
cargos driven by a single motor (Block et al., 1990; Vershinin et al., 2007). Vershinin et
al. (2007) proposed that multiple motors can transport a cargo much for much longer
distances because of the way cooperative motors compensate for each other’s failures (MT-
dissociation). In a tandem team, if one motor dissociates from the MT, the neighboring
kinesin-1 motor may continue to walk along the MT, which serves to tether the cargo to
the MT. This tethering effect would keep the bead in close proximity to the MT, which
would allow the detached kinesin to rebind. Thus, a cooperative team of multiple motors
can travel for extraordinarily long distances. The mean field model suggests the formula:
5N-1/N to predict run lengths for various numbers of motors involved, with N being the
maximal number of motors involved (Klumpp and Liposky, 2005). In reality, this model
does not reflect how motors truly cooperate to share load (Kunwar et al., 2008), but serves
a good first order approximation for how increased number of motors can quickly increase
run lengths.

To further investigate how multiple motors work together, various biophysical labs
developed various, yet similar methods, to precisely forge one-dimensional arrays of
various motor protein assemblies (Furuta et al., 2013; Goodman and Reck-Peterson, 2014;
Rogers et al., 2009). Currently, with standard bead-motor protein incubation techniques, it

is challenging to understand how many motors are on the bead, and how they are
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distributed. Groups concerned with single molecule experiments have in the past relied on
a bead binding fraction of 30% to confidently state that they were testing exclusively the
behavior of a single molecule. Currently, bead binding fractions are only a reliable way to
tell if only a single motor is bound to the motor. At higher binding fractions, i.e., 60%, it
is difficult to know how many motors can team-up walk along a MT simultaneously. This

problem has recently been examined (Li et al., 2016).

1.5 Commentaries on prior reports pertaining to cargo transport

through MT-MT intersections

The topic of the 3D MT network geometry, and its impact on cargo transport, is a
relatively new subject area. So far, only a few groups have conducted experiments to
investigate this problem. It is important to discuss the results and methods of these reports,
so that the reader of this dissertation will have a better understanding of the current state of
the field.

Out of the handful (~ 4) of papers that consider cargo transport through networks
of cytoskeletal filaments, I will discuss two papers which focused exclusively on motor
transport behaviors at MT-MT crossings: Ross et al. (2008), and Balint et al. (2013). These
two papers provide insight into this problem, but their approaches neglected key aspects of

the cell’s complexity

1.5.1 Commentary on Ross et al. (2008)
In this paper, the group created planar crisscross arrangements of MTs on glass

surface via biotin-streptavidin-biotin linkages to study how single motors, and model
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cargos (laden with multiple motors), navigate through MT-MT intersections. The
orientation of the MT-MT intersection (which MT is on top, which MT is on bottom) was
controlled by flowing MT filaments into the flow chamber in 2 different steps. MTs that
were flowed first aligned in one orientation, while a second wave of MT filaments were
flowed in so that they would adopt an arrangement perpendicular to the filaments that were
first introduced. In this way, Ross et al. (2008) could confidently state which MT served
as the “overpass” filament and which served as the “underpass” filament.

The group then recorded navigational outcomes of either, single K560 motors, or
ensembles of K560 motors (attached to polystyrene beads) with respect to the
overpass/underpass filament orientation. It is important to note that K560 motors do not
have a full length coiled-coil domain; this is an important geometric feature which most
likely impact cargo transport. Ross et al. (2008) also investigated single dynein-dynactin
motors and ensembles of dynein-dynactin, but I will just discuss their kinesin results,
because my work used kinesin-1 exclusively.

This group first set out to observe how single motors would navigate through a MT-
MT crossing. They found that single truncated kinesin-1 motors (K560), could display 4
different behaviors: pass, pause, switch, or disassociate. A transport event was scored a
“pass” if the motor moved at least 300nm beyond the intersection. A “pause” event was
recorded if the motor spent at least 1 sec at the intersection (did not move 300nm out of the
intersection zone). A “switch” was recorded if the motor moved out of the intersection
zone (300nm) on the transverse filament. And, a “disassociation” event was tallied if the
fluorescent signal vanished near the intersection. It is important to consider the transport

event scoring rules to highlight the uncertainty inherent within their system.
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The group observed that the two most prominent behaviors for single K560 motors
was passing, or disassociation. The incidence of these rates was significantly influenced
by the orientation of the intersection, i.e., whether the motor started on the overpass or
underpass MT. They found that passing was more prevalent when the motor started on the
overpass, and that disassociation was more common when the motor started on the
underpass. In their single motor analysis, pausing and switching were observed, but only
a fraction of the time (~7% for both overpass/underpass orientations).

Considering the geometry of the planar intersections, the geometry of K560, and
the processive characteristics of a single K560 motor, the high rates of passing and
disassociation they detected are expected. Also worth noting, K560 was much less likely
to switch to the transverse filament when compared to dynein-dynactin, which has a much
larger size, and larger stride. They state: “Kinesin, with its smaller stride length, and
straight path, is less likely to switch. It is more likely to remain on an individual
protofilament and pass the intersection without influence from the intersection
microtubule” (Ross et al., 2008b).

Based on kinesin’s single protofilament procession behavior (Shibata et al., 2012),
it is not surprising that passes were prevalent when the kinesin started on the overpass. In
this configuration, K560 is unlikely to interact with the crossing MT, resulting in a pass.
It takes a little imagination, but if one considers K560°’s small size, and the geometry of the
planar MT-MT crossing, one can easily envision how a single truncated motor protein
would be able to “pass” even if the motor starts on the underpass MT. Ross et al. (2008)
propose that the truncated motor protein (proceeding upon the underpass MT) could

completely avoid the overpass MT obstacle if it proceeds upon one of the MT’s ~13
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protofilaments which are not in contact with the overlying MT. Overall, the behaviors
observed for single kinesin motors are not surprising, and the mechanisms to describe the
observed results are logical.

Like the single K560 motor, ensembles of K560 motors on .8um polystyrene bead
scaffolds (used as artificial intracellular cargo models) also display the same types of
navigational outcomes, but with vastly different rates of prevalence. Inthe “multiple motor
bead assay” section of the article, Ross et al. (2008) vary the concentrations of motor
proteins on the bead to test how bead-motor concentration, impacts cargo transport at
planar MT-MT crossings. They observed that a bead traveling on the overpass MT displays
similar outcome rates when compared to the single motor assays, but the story changes
drastically when considering the K560 driven model cargos that proceed upon the
underpass MT.

Switch outcomes are much more prevalent when their model cargo travels upon the
underpass MT. In their experiments, this rate was largely independent of motor
concentration. Switching was far more prominent in the underpass geometry because
motors on the cargo surface are more likely to interact with the transverse MT; cargos
traveling along the overpass MT, are much less likely to interact the crossing MT due to
the system architechture. When the bead comes into proximity of the transverse MT, a
subset of the bead’s motors will have the opportunity to engage the transverse MT. When
motors engage the transverse MT, the cargo may switch from one filament to the other.
The authors propose two mechanisms for the “apparent cooperativity between kinesin
motors,” that lead to switching. One mechanism suggests that the kinesin motors walking

on the underpass MT would disassociate once they encountered the transverse MT, which
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would lead to a switch if a group of motors had already engaged the transverse MT. The
other mechanism suggests that the motors are coordinated through strain that is generated
by the two motor teams trying to proceed in two different directions. Overall, the authors
propose that the mechanisms are not mutually exclusive, and that switch rates are elevated
for motors walking on the underpass MT because, “the bead would interact with both MTs
easily in that situation.” This paper certainly offers insight into the mechanisms of filament
switching, but there are problems inherent in the traditional bead assay system they
employed.

The first problem to consider is the method in which the MT networks were
engendered. Like stated above, the MT filaments were deposited onto a glass surface.
Apart from sterically hindering the model cargo with a glass surface, another drawback of
this system is its inability to model MT intersections with separations greater than zero.
Although near-zero separation intersections are found in cells, MT filaments exist in many
different planes (Bo Huang et al., 2008). Hence, this method employed by Ross et al.
(2008) is only able to model this one specific scenario that occurs in the cellular
environment. To address this methodological pitfall, we developed a technique to conduct
similar experiments in a system that enables one to create MT-MT crossings with
customizable separation, and angle.

Another shortcoming of Ross et al. (2008) is that they relied on slow fluorescent
imaging techniques. For the single K560 experiments, they recorded 2 FPS, and for the
bead assay experiments, they recorded at 4 FPS. At such slow frame rates, the fast
dynamics of the transport events cannot be resolved, which reduces the experimental power

of the system. In our experiments, we chose to not rely on slow fluorescent imaging, and
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instead chose to record with standard brightfield imaging. This enabled us to record videos
at 20 FPS, and localize particle positions with sub-100nm precision. This imaging method
provided enough spatiotemporal resolution to observe intricate cargo dynamics associated
with MT intersection navigation.

Another experimental drawback of Ross et al. (2008) to highlight is their use of a
truncated kinesin-1 motor. K560 is a popular construct to employ in single molecule
studies due to ease of production, and inability to self-inhibit (due to lack of tail); but
K560’s geometry is inherently different than natural full length kinesin-1. K560 is much
shorter (Shishido et al., 2010) than full length kinesin, which would most likely how the
cargo navigates at intersections. To negate this concern, we employed full-length kinesin
constructs.

I deemed it necessary to write this commentary because it helps the reader
appreciate the reasons why we invested considerable resources and time to develop our

unique, “suspended MT” bead assay system.

1.5.2 Commentary on Balint et al. (2013)

This report originated from a group whose traditional focus is not intracellular
transport. Balint et al. (2013), showcased a new method the group had developed: a live
cell particle tracking system featuring post-hoc specimen fixation in conjunction with
correlative 3D super-resolution fluorescence microscopy.

Specifically, this group tracked the fluorescent signature of lysosomes in African
green monkey kidney cells via epifluorescent microscopy. As the lysosomes shuttled

around the cellular environment, their trajectory was recorded at a relatively slow temporal
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resolution (2 FPS), but since they resolved single lysosomes in a lysosome-sparse
environment, the group was able to precisely localize the particle in 2D space.

After tracking a few lysosome trajectories around the cell, the imaged cell was
immediately fixated via 3% volume/volume paraformaldehyde and 0.1% glutaraldehyde.
In this way, the group could preserve the underlying MT network in order to perform the
slow process of 3D stochastic optical reconstruction microscopy (3D STORM). The
authors claim their STORM system is capable of 20 nm resolution in the lateral plane, and
55 nm resolution in the axial plane. Thus, with this experimental approach, the group could
track the path of the lysosome cargos, and then place their trajectory ontop of a 3D map
of the MT network. This allowed the group to correlate lysosome navigational behaviors
with the underlying topology of the 3D MT network.

In their analysis, they found that intracellular cargo transport, displayed in their
cells, exhibited behaviors similar to those observed in in vitro experiments by Ross et al.
(2008). Lysosomes were seen passing, switching, pausing, and reversing at MT-MT
intersections. Pausing behaviors, which they defined as having “no net centroid position
displacement for 1 sec or longer,” correlated strongly with the smallest separation distances
they could resolve (<100 nm). From this correlation, the authors suggest that the near-zero
separation intersections give rise to “pauses” because the crossing MT will act as an
obstacle to the motor(s) moving along the primary MT. Usually, the paused cargos
eventually navigate through the intersection, either passing, switching, or dissasociating.

This paper serves as an excellent reference for our study, because it highlights the
importance of the MT network’s geometry in cargo transport. Due to the methods

employed, this report is unable to delve deep into the mechanisms underlying the
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navigational behaviors they observed. Although their system is novel, and advanced, it
cannot overcome the uncertainties associated with the highly complex cellular environment

First, even though their spatial resolution is relatively precise, it is unable to
perfectly resolve various important features associated with the MT network system. For
example, although their set up can resolve spacing (in the z-axis) between MTs with ~55nm
accuracy, they were unable to determine the polarity of the MTs, or the orientation of the
lysosome cargo, in relation to the MT-MT intersection. In other words: does the cargo
actually encounter the crossing MT? Is the cargo in question situated between the
intersecting MTs? For example, the lysosome could skirt the intersection by traveling in a
3D zone which does not impinge the crossing MT. This geometric information, which they
could not resolve, is critical when attempting to elucidate the mechanisms of transport
through a MT network. Also, due to their dependence on fluorescence, their acquisition
speeds were too slow to resolve fine cargo dynamics. Overall, although their data suggest
MT network geometry is paramount, they can only offer a very simplistic model for how
MT network geometry impacts cargo transport. This is because they cannot resolve high
levels of detail.

This analysis of Balint et al. (2013) was included to highlight the complexity of the
cellular environment, and to help the reader understand why we employed a controlled in
vitro approach to ask a similar question: how does MT network geometry impact cargo

transport?
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Published: 10 December 2015 Developing ahllm_es to ass?emble nanosc?le structures is a major _sclerlt_rﬁc anfi engineering challenge.
: We report a technique which allows precise positioning and manipulation of individual rigid filaments,
: enabling construction of custom-designed 3D filament networks. This approach uses holographic
: optical trapping (HOT) for nano-positioning and microtubules (MTs) as network building blocks. MTs
. are desirable engineering components due to their high aspect ratio, rigidity, and their ability to serve
. as substrate for directed nano-transport, reflecting their roles in the eukaryotic cytoskeleton. The
: 3D architecture of MT cytoskeleton is a significant component of its function, however experimental
i tools to study the roles of this geometric complexity in a controlled environment have been lacking.
: We demonstrate the broad capabilities of our system by building a self-supporting 3D MT-based
| nanostructure and by conducting a MT-based transport experiment on a dynamically adjustable 3D MT

intersection. Our methodclogy not enly will ad e studies of cytoskeletal networks (and associated
: processes such as MT-based transport) but will alse likely find use in engineering nanostructures and
. devices.

Precisely constructed networks of rigid filaments are of broad interest. M'Ts are intriguing building blocks for
. nanoscale construction and mechanical engineering due to their small diameter, high rigidity and ability to sustain
¢ directed transport. For example, biomimetic engineering applications are starting to adopt MT-based motility to
. route and deliver nanoscale cargo’~* but are severely limited by the lack of suitable nano-assembly techniques.
. Traditional in vifro approaches predominantly feature MTs fixed toa flat (typically coverslip) surface. Pillars and
¢ ridges on the coverslip surface have been used to produce suspended MTs that overhang freely or bridge several
: attachment points™, Such techniques are sufficient to sustain basic nano-transport but are neither flexible nor
. precise. Filaments cannot be positioned or re-positioned as needed, and 3D layouts are either impossible to achieve
 orhighly restricted. Thus, existing approaches do not allow one to construct custom designed networks (whether
¢ the design is biclogically inspired or technologically required).
: Interest in constructing MT networks is further motivated by their importance in biological research. MT
¢ cytoskeletal networks in living cells are critical for tasks such as cell organization, and cargo transport, Despite this,
i the complexity of the 3D network and its role in cargo routing remains poorly characterized. It is often necessary

to study cytoskeletal processes under controlled conditions” but current in vitro techniques are unable to model
¢ complex 3D networks®?, For example, cargo distribution within living cells cannot be fully understood without
: taking into account the cytoskeleton’s 3D nature e.g "™, In vivo research is advancing rapidly to accommodate
© this need. Live cell 3D particle tracking techniques are steadily growing in number and sophistication e.g. 11 A

live cell’s 3D MT network can now be visualized via super-resolution microscopy'™'%, yet it is currently impossible
tto replicate the observed arrangement in vitro. Therefore, it is impossible to decouple the effects of intracellular
¢ regulation from the role of cytoskeletal topological complexity in a parallel in vitro study.

Our approach directly addresses these concerns. First, we demonstrate how to manipulate individual MTs in
3D, Refractive microspheres cross-linked to MTs serve as 3D positioning nodes which can be held and moved
independently with HOTs. Key advantages of holography'” are scalability (hundreds of traps can be created and
manipulated independently), 31 capability (traps can be defined anywhere within the accessible flow cell volume)

¢ and compatibility (often, HOT can be added to a system without modifying the pre-existing optical setup'®). Prior
related HOT-based techniques e.g. " served as an inspiration for our work but cannot be directly applied to MTs.

¢ Department of Physics & Astronomy, Department of Biology, Center for Cell and Genome Science, University of Utah,
; B41125alt Lake City UT. Correspondence and requests for materials should be addressed to M. {email: vershinin@
physics utah.edu)
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Second, we show how to scale up our technique to assemble fully 3D MT networks, including efficient methodolo-
gies for assembling, storing, and integrating network building blocks. Finally, we demonstrate how our technique
can be utilized to model and direct molecular motor transport by assembling 3D MT-MT crossings with dynamic
control over filament angle and separation: features important for cargo routing'®.,

Results

In this work we manipulate MTs devoid of artificially induced chemical modifications, or MT-associated proteins,
to retain maximum flexibility in modeling MT-based transport and biomechanics (chemical complexity can be
introduced viaa straightforward alteration of our assay). We orient individual MTs by tethering refractive micro-
spheres (hereafter bead handles or BHs) along each filament (Fig. 1) which can then be manipulated in 3D via HOTs
to construct complex 3D MT networks (Figs 2 and 3). Model cargos with enzymatically active motors (hereafter
motorized cargos or MCs) and chemical factors regulating their activity may be incorporated to study transport
on these networks (Figs 1 and 4). This strategy presents several challenges: (1) BHs need to have robust affinity for
MTs so that adsorption onto MTs is efficient and stable; (2) BHs with many high affinity MT sites on their surfaces
may serve to cluster MTs, so special care must be taken to ensure MTs can be manipulated individually. Below we
describe how each challenge was addressed in detail.

(1) BH-MT affinity. Silica is our chosen BH material due to its high density (see below), We biotinylate the BHs"
surface (Biotin-PEG-Silane) and then attach biotin-tris-N'TA via a neutravidin bridge (Fig. 1b). Finally, we specif-
ically attach a full-length enzymatically dead kinesin-1 mutant (E237A in hKIF5A) with a C-terminus HIS6 tag
to confer BH-MT affinity (Fig. la-c). BH surfaces can be functionalized with various amounts of E237A kinesins
to tune the robustness of BH-MT attachment.

(2} BH-MT clustering. BH and MT concentrations can be tuned to prevent BHs and MTs from forming unin-
tended mesh-works (Supplementary Video 1) during mixing. Optionally, BHs and MTs can be co-incubated briefly
on a nutator to facilitate occasional BH-MT association (Figs 1d and 2a). Long term separation between these
components within the flow cell is achieved by using high density materials for BHs (e.g. silica). Upon admission
into the flow cell, BHs sink while MTs float, thus quickly and reliably separating these otherwise coalescing species.
Note: coverslip surface must be blocked well to prevent BH and MT coverslip adhesion (see Methods).

Ideally, a flow chamber will exhibit sparse MT coverage with about 2-3 BHs per field of view. As discussed above,
it is often easiest to start network construction by capturing a BH pre-attached toa MT (Fig. 2a) in one HOT. A
standalone BH may then be captured by an independent HOT and held near the MT at a desired displacement from
the already attached BH (Fig. 2b). Firm attachment is quickly observed for BHs functionalized with high amounts
of enzymatically dead kinesin, We refer to BH-MT-BH assemblies as "dumbbells” due to their shape. Dumbbells
are tested for structural integrity and are then moved by repositioning one or both of the BHs with a HOT (Fig. 2c).

It is often desirable to ascertain that two BHs are connected by a single MT rather thana MT bundle, however
doing so via direct imaging often proves difficult. A third “reporter” bead may then be attached to the dumbbell a
few microns away from the BHs (Supplementary Fig. 1) and its diffusion can be analyzed (Supplementary Fig. 2)
to evaluate the stiffness of the dumbbell’s backbone, similar to previous approaches™. This technique is convenient
enough in practice to be used i situ as a generic quality control step. Other optical trapping based techniques”
are also compatible with our setup.

Our assay also allows mechanical properties of filament networks to be varied. For example, BH-MT linkage
stiffness can be tuned by varying the number of motor cross-bridges and/or the nature of the cross-bridges (e.g.
using shorter motor constructs). Alternatively, mechanical and chemical pn:;peﬁies of MTs could be adjusted by
varying tubulin pelymerization conditions or adding MT-associated proteins™. Notably, mechanical properties of
individual MTs can be easily pre-screened (Supplementary Fig. 1,2), so that mechanically heterogeneous networks
can be easily designed and built with our approach.

To increase network construction efficiency, building blocks (free BHs, single beads with an attached MT,
or whole dumbbells) can be captured and/or fabricated anywhere within the flow cell and then stockpiled ina
designated location for subsequent use. An added benefit of silica beads is their propensity to remain relatively
stationary upon settling to the surface. This allows all building blocks to be stored in designated areas. A sample
stage equipped with absolute position gauge with micron-scale readout precision facilitates repeatedly accessing
the stockpile location.

To study transport across complex 3D MT networks, MCs can be added to the assay buffer (Fig. la,c,d) prior
to admission into the flow cell (here: silica beads with WT hKIFSA motors). Beads of significantly different
diameters are used to distinguish MCs from BHs. MT polarity for each dumbbell is readily determined i sitxe
by observing the motility direction of an MC driven by a known motor type, e.g kinesin-1 (Fig. 2d-g).

To demonstrate basic dynamic network construction, we depict assembly of a 3D MT-MT intersection - the
fundamental unit of network complexity. Two dumbbells are stretched taut. One MT (horizontal MT, Fig. 3aand
Supplementary Video 2) is raised high enough to move over the perpendicular MT without forming inadvertent
BH-MT attachments (Fig. 3b), since BHs bind M Ts nearly instantaneously on contact. After MT-MT cross for-
mation, filament separation and intersection angle can be freely adjusted (Fig. 3c.d). Z-axis positioning is easily
calibrated (Supplementary Fig. 3,4) and positioning precision of 50 nm is reliably achieved. This is comparable to
or better than the relevant in vive length scale'®.

Our approach also allows us to cross-link MT filaments into stable 3D arrangements, i.e. self-supporting 3D
networks. Figure 3e-1 demonstrates this capability. A MT cross (Fig. 3g) is initially deformed into a dome shape
by HOTs (Fig. 3i). Additional dumbbells are then used to cross-link the base of the dome structure (Fig, 3i, j).
resulting in a dome that maintains its shape without HOT support (Fig. 3k.1). This geometry was chosen for
demonstration purposes because it is visually simple, while displaying the key features: all MTs are substantially
bent so the integrity of the structure is immediately apparent upon inspection and the shape has significant extent
in all three dimensions (no single plane intersects all the beads in this network).
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Figure 1. Basic BH-MT tethering strategy and preparation of assay consti (a) Motorized cargos
are functionalized with WT hKIF5A while bead handles are functionalized with non-motile mutant hKIF5A
(E237A). Construct sequences for kinesin- 1 are otherwise identical, consisting of full length KHC and a

HIS6 tag at the C-terminus. (b) BHs are specifically bound to E237A hKIF5A via a biotin-neutravidin-biotin
sandwich (B-N-B in the figure) functionalized with a Nickel-activated tris-NTA molecule that binds with high
affinity to the HIS6 tag on the E237A hKIF5A construct. Protein structure shows kinesin-1 motor domain.
E237A mutation is highlighted in red and is in close proximity with a nucleotide (cyan). (c,d) BHs and MCs are
prepared separately (see Methods), then combined together with MTs in assay buffer and finally are introduced
into a flow chamber to allow filament network assembly.

‘The construction capabilities we show above are fully compatible with most established in vitro motility assay
types (we also envision construction of 3D filament structures as a scaffolding for cell culture experiments).
For example, kinesin-1 motors show robust motility when moving along a MT suspended above the surface
(Supplementary Fig. 5a). More complex experiments, e.g. studies of kinesin inhibitors are also easy to imple-
ment. Kinesin motility can be partially inhibited, for example by the addition of ATP~S (Supplementary Fig.
5b). The resultant magnitude of inhibition we observe is similar to what is expected from previous reports***.
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Figure 2. Dumbbell assembly and polarity characterization. (a) BH (highlighted by dotted black circle)
starts out pre-attached to a MT and resting on the surface with second stand-alone BH close-by (red bulls-eye
indicates it is being held in a HOT). (b) Trapped BH is maneuvered into close proximity to the “free” end of the
MT. (¢) MT attaches to trapped BH, and whole dumbbell assembly is moved by repositioning the HOT. Dotted
black circle highlights original bead position. (d) A dumbbell is held taut by 2 HOTs, with a trapped MC nearby.
(e) The MC is positioned to interact with the MT and is released upon binding, (e-g) The MC’s displacement
indicates the MT’s polarity (here: plus end on the left). Movie frames corresponding to MC motion are averaged
together to highlight that MC displacement is steady and continuous, rather than a result of detachment and
reattachment.

In fact, our approach is ad g over techniques using MT attachment to glass slides even for the simplest
motility assays because cargos (artificial or ex vive) can be positioned far away from the glass slide, eliminating
concerns regarding non-specific cargo-glass interactions, or variations in biophysical or chemical parameters
near the surface.

A model in vitro transport experiment (Fig. 4 and Supplementary Video 3) demonstrates the additional advan-
tages of our approach to enable more complex motility experiments. An MC is maneuvered (via an independent
HOT) to engage one of the MTs making up a pre-built 3D MT-MT intersection. The MC attaches to a MT far
from the crossing site and proceeds through the intersection with a clearly observable tug of war event (Fig, 4a—f),
Characterizing the forces involved in such low motor number tug-of-war events is straightforward in our suspended
MT system by examining BH displacement in their respective HOTs (Supplementary Fig. 6); this is essentially
impossible with prior technigues. In our system, we routinely observe teams of kinesin motors (on a single cargo)
engaging in a tug of war when interacting with transverse MT filaments at an intersection. These events are common
in vive and play a significant role in cargo transport at MT intersections®.

Such tug of war events affect cargo velocity and direction of motion, as well as the final outcome of the crossing
events in vitro® (e.g. whether the cargo proceeds along the original MT or switches to the intersecting filament).
‘The same dynamics is likely important in vive', Intracellular transport cannot be fully understood without first
quantitatively studying cargo routing in a baseline environment free of confounding cellular regulatory factors”.
Our ability to characterize forces associated with tug of war events in our system is therefore essential to accurately
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Figure 3. 3D network assemblies. Demonstration of dynamic control of a MT intersection (a-d). 2 dumbbells
are situated perpendicular to one another with the horizontal dumbbell raised relative to the vertical dumbbell
by approximately 5pm (a). The dumbbells are overlaid (b), then positioned at the same height

(¢}, then reoriented to make a 45" angle (d}, demonstrating the ability to adjust MT network geometry on
demand. Assembly of a static 3D network (e-1). Four dumbbells are assembled, with one dumbbell featuring a
BH attached in the middle (e). Two dumbbells are overlaid () and then bound together via the BH at the point
of intersection (g). The 3D schematic of the resulting arrangement is shown in (h). The MT cross is reoriented
and the outlying BHs are brought closer to the center until the central BH is displaced by ~3.5;um out of the base
plane (i). The apparent diameter of the central bead is larger due to the bead being displaced from plane of focus.
Additional dumbbells are then “wound” around the cross’s peripheral BHs (i,j). The 3D assembly is then let go by
the HOTs (k) and is able to maintain its own structure. 3D schematic for the final assembly is shown in (1).

model the general problem of cargo routing. A more detailed study is clearly desirable but is outside the scope of
this work,



Figure 4. Technique validation for motility assays. (a) A MT crossing with 500 nm vertical filament separation
is shown. An MC starts out progressing towards the intersection on the overlying MT. (b) MC reaches
intersection and a tug of war ensues. The MC which is engaged on both MTs, starts to migrate up the transverse
MT (c), but then after 0.6 seconds, disengages the transverse MT and snaps back (d) to once again solely
translocate along the original MT (e). (f) Trace of the MC’s progression (red) overlaid on the original frame of
the sequence shown in (a). This event is representative for assays with MC-MT binding fraction slightly below
saturation. White arrow in (f) indicates the BH whose position is tracked (Supplement Fig. 6). (g) Graphical
model (not to scale) depicting the key aspects of the set-up in (a-f) and tug of war scenario in frame (c).

Discussion

Our technique has two key features which set it apart from existing approaches: 1) the ability to control individual
filament positioning in 31 with high fidelity and 2} the ability to incorporate multiple filaments to create complex
3D MT networks. Our approach is not only useful for motility assays and biomechanics experiments but can also
be used to “wire up” nanodevices for molecular motor based transport e.g. *. For ple, some prop w
designs’ rely on molecular motors to transport targeted analytes throughout distinct mic mchlp compartments
in a bead assay configuration. This concept has been validated®, but an inability to design definitive MT networks
has hampered the technology’s progress. Our method finally enables the construction of arbitrary MT networks to
route cargo in a customized manner. Our approach can also be easily integrated with other experimental protocols,
which for example, may allow investigations of the effects of MT-associated proteins on motor-driven transport
in the context of complex 3D MT networks.

Holographic technology is limited by the rate at which trap positions can be updated. This precludes using
the HOT technology for experiments such as probing elastic moduli of networks over a wide frequency range®,
or as force clamps™, This shortcoming has been overcome in our system by adding a conventional trap with fast
repositioning capability to the optical train'®, but at the expense of increased setup complexity.

Another limitation of our system is that construction of structures takes many minutes. Therefore, once con-
structed, a given network is likely to be reused for many experiments (e.g. motility assays). This allows experiments
to be performed in a nearly identical environment which is usually advantageous for experimental design but also
places a premium on the ability to visualize MTs without relying on fluorophores that photobleach quickly under
intense illumination for a long duration. In addition, since MTs are likely to be arranged without alignment along
one direction, we found conventional DIC imaging to be suboptimal for visualization. We have found that direct
brightfield illumination imaging™ works best but our technique would benefit from ly photostable labeli
which could be demonstrated to not affect MT-based transport and elastic properties of the filaments. We stress
that better visualization could help speed up the workflow and help scale the system toward more complexity, but
this is not currently a critical limitation.

As we show above, our method is also well suited to create interconnected 3D MT geometries to construct
shapes and engineering components. Mechanical properties of the filament building blocks can be altered by
varying the number of motor cross-bridges, and/or the nature of the cross-bridges (e.g. using shorter motor con-
structs.) Mechanical properties of individual dumbbells can also be varied within the same assay™ and can then
be easily pre-screened (Supplementary Fig. 1,2) prior to assembly, so that mechanically heterogeneous networks
can be easily designed and built with our approach.

Our approach is highly scalable. A typical volume accessible in a single field of view is far larger than typical
cellular volume, This potentially allows intracellular MT networks to be replicated in vitro, even allowing substantial
homothetic magnification. Modern HOT control software (including our setup) allows for 100-200 traps to be
simultaneously created and controlled, which is sufficient to construct many MT networks of biological and tech-
nological interest. Of course, it is already conceivable that this number of traps will present a limitation if highly
complex networks become desirable. In addition, for high number of traps, network visualization will become
increasingly difficult and it is likely that highly complex filament structures, such as micron-scale scaffolding or
mechanical metamaterials, will require extensions of the technique to permit automated assembly.
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In summary, due to its high precision and extreme scalability, our approach enables a wide range of experiments,
from single molecule assays to large scale construction of rigid filament scaffolding or cellular scale transport net-
works. Similarly, many previously inaccessible biomimetic engineering designs become feasible with our system.

Methods

BH preparation. Monodisperse 2jum silica beads 1% (w/v) {(Microspheres-Nanospheres, Cold Spring, NY)
were diluted by 20x in EtOH and were reacted with Biotin-PEG-Silane (MW 3400, Laysan Bio, Arab, AL). Biotin-
PEG-Silane was added to a final concentration of 11.75 mg/ml per facturer rec dation. This amount
of Biotin-PEG-Silane ensured we had at least 100X molar excess relative to reactive sites on the 2 um silica beads
(assuming 4.9 OH groups / nm” for silica beads™). The beads were allowed to react for 1 hour at room temperature,
then were washed 3 times in ultrapure water and were re-suspended in ultrapure water to maintain a 1% (w/v)
bead concentration.

These biotinylated beads are incubated with an equal volume of 10 mg/ml of neutravidin (Thermo Fisher
Scientific, Waltham, MA). The high molar ratio of neutravidin:surface biotin groups (~10:1) ensures that biotin
groups are saturated with neutravidin. For daily use, an aliquot of the neutravidin-biotin-silica beads is incubated
with (.1 mg/ml of biotin-tris-NTA, a trivalent NTA derivative crosslinker (Biotechrabbit, Hennigsdorf, Germany)
for 15 minutes. Assuming that each neutravidin has three available binding sites after being attached to the bead
surface via a biotin ligand, the molar ratio of biotin-tris-WTA : neutravidin sites was at least 10:1. These beads,
referred to hereafter as tris-NTA beads, are then activated with a 3X molar amount of NiCl, or other metal salt
such as CoCl,. After a 5 minute incubation, the Ni-NTA beads are diluted 7.5x in BH buffer (35 mM PIPES, 5mM
MgSO4 pH 7.2, supplanted with 1 mM GTP 2.67 mM ATP, and optionally 40pM Taxol.) Immotile E237A hKIF5A
(full length HC construct, C-terminal HIS6 tag) is then added to a desired concentration (50-70 nM typically),
and incubated for 30 minutes. Tris-NTA to HIS6 binding is reversible via the addition of various metal chelators
or imidazale’, which is useful for control experiments.

In summary, our strategy is to saturate previously created surface functionalizing binding sites at every step, and
then use as little E237A hKIF5A as functionally necessary (a generally applicable consideration, considering that
E237A hKIF5A is effectively a custom made reagent). Our kinesin to glass surface attachment strategy is similar
to the one described by the Surrey lab™.

Motorized Cargo Preparation. Monodisperse 1jum silica beads 1% (w/v) (Microspheres-Nanospheres,
Cold Spring, NY) are diluted 20x in MC buffer {(35mM PIPES, 5 mM MgS04 pH 7.2, supplanted with 5mM ATP,
5mM DTT). The use of silica for MCs ensures that the model cargo will have a preferred dow nward orientation
when attached to a MT. Bead materials with density matched to our buffer result in more diffusive MC motion.
The desired concentration of wild-type hKIF5A (full length HC construct, C-terminal HIS6 tag) are then added
to the motorized cargo buffer, and incubated for 30 minutes, Casein (40 mg/mL stock; 100X final dilution; MP
Biomedicals) is added with the motors to block the surface and reduce clumping.

Assay Buffer Preparation. Duetosurface passivation, adding components sequentially will displace mate-
rials administered prior. Therefore, BHs and MTs are combined and incubated for 2 minutes. Thereafter MCs are
added to the solution. The volume ratio of BH:MC:MT components is 85:10:5. The resulting mix is then quickly
admitted into the flow cell.

Coverslip Silanization.  #1.5 Borosilicate coverslips (VWR, Radnor, PA) are subjected to a chemical etch in
Piranha solution for | hr. Coverslips are then washed 3 times in ultrapure water and then are dried in an oven for
1 hour at 100 degrees. The coverslips are then incubated in a beaker containing 10% Hexamethyldisilazane (HMDS)
{Gelest, Morrisville, PA) solution in toluene for at least | hour (overnight is better). These HMDS-treated coverslips
are then washed 3 times in EtOH, once in ultrapure water and are then cured in the oven at 100 degrees for 1 hour.

Flow Chamber Preparation. A flow chamber is constructed by attaching an HMDS-treated coversliptoa
coverslide via parallel strips of double-sided tape (3M, Saint Paul, MN). 1 flow chamber volume of 10% pluronic
F-127 (Sigma- Aldrich, $t. Louis, MO) in ultrapure water is admitted and allowed to incubate for 15 minutes. Then
2 flow chamber volumes of casein (40 mg/ml in PMEE) is administered and allowed to sit for 15 minutes.

Qurapproach is similar to the one described previously* however we find that additional blocking with casein
improves surface blocking performance. Many similar techniques have been developed e.g. ***'. They are likely to
provide similar or better performance. However, casein blocking alone, even using r-casein isoform exclusively,
does not provide acceptable blocking for our assays.

Optics and imaging. Imaging was performed using a Nikon Eclipse-Ti microscope equipped with a
high- magnification, high-NA objective (Nikon Plan Apo VC 100 oil, 1.40 NA). A high-resolution camera (iXXON
DU897; Andor Technology USA) and Nikon NIS elements AR software (Nikon Instruments USA, Melville, NY)
were used to record experiments. Typical field of view size for this work was ~55m ¢ 55um.

The holographic optical trap system was set up as previously described'?. Briefly, a spatial light modulator
(Boulder Nonlinear Systems, Lafayette, CO) was installed in an optical plane conjugate to the back focal plane
of the objective. BioRyx software (Haemonetics, Braintree, MA) was used to define and control holographic trap
arrangement.

Microtubule Preparation.  Porcine tubulin (Cytoskeleton, Denver, CO) was polymerized according to the
manufacturer’s protocol to produce MTs with a tubulin concentration of 140 pM. All MTs used in this work were
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taxol-stabilized. Polymerized MTs are then diluted 100x in MT buffer (35 mM PIPES, 5 mM MgSO4 pH 7.2, sup-
planted with 1 mM GTF, and 40 pM Taxol.)

Kinesin Purification. hKIF5A KHC dimers (wildtype sequence with HIS6 tag on C-terminus) were expressed
in an E. coli system as previously described™. Briefly, full length KHC with N-terminus MBP sclubility tag was
expressed and purified. The MBF tag was then proteclytically cleaved as a final purification step.
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Supplementary Figure 1: MT stiffness assay. MTs were held in the imaging plane via two BHs spaced
several microns apart and held in holographic optical traps at maximum displacement to assure no slack
in the MT. The free end of the MT was then allowed to move under the influence of Brownian
fluctuations. A BH acting as fiduciary marker was then placed on the MT to report MT displacements.
Bead displacements were predominantly in the transverse direction (blue). Scale bar: 10 um.
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Supplementary Figure 2: MT stiffness analysis. The data acquired as shown in Supplement Figure 1 was
analyzed similar to Pampaloni et al. (ref. 20, main text). Though MT lengths in our experiments were not
sufficient to accurately estimate saturation level for persistence length of MTs, our data fits well to eqn.
4 in Pampaloni et al. if this parameter value is set at 6.3 mm (red curve). The cross-over length for our
data (22.4 + 1.3 um) is close to the previously reported fit (green curve).



Supplementary Figure 3: Z-axis calibration. Unlike X and Y bead displacemenits (i.e. movement along

axes orthogonal to the microscope axis), the Z-axis displacement cannct be estimated directly from
video record. To calibrate Z-axis positioning, we have raised and lowered a NIST traceable silica bead
[Microspheres-Nanospheres, Cold Spring, NY} in a holographic optical trap until the bead touched the
beunding surface of the flow cell. In one method, the bead was limited by the upper and lower flow cell
walls separated by a known distance (left dashed lines and arrows). 10um polystyrene beads [Cv=5%)
(Polysciences, Warrington, PA) were typically used as spacers though other spacers (e.g. 5 um thick
double sided tape 68556, TESA, Charlotte, NC) produced nearly identical calibration values. We
calibrated the HOT software Z-axis positioning units (i.e. voxel height) by dividing the bead probe’s range
of motion by the corresponding number of voxels. In another method, we have used focused ion beam
to etch a flat bottom trench or a staircase (supplementary figure 4) into a coverslip. Etched trench
depths were measured with an atomic force microscope and used as reference distance for voxel height
calibration (right dashed lines and arrows). With either approach, when the focal plane of the objective
coincided with the bottom plane of the flow cell cur voxel height was 131 £ 2 nm (100X NA oil
objective). The calibrations for other focal planes of the objective were within 10% of this value.
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Supplementary Figure 4. Example of 3D coverslip steps used to calibrate voxel height. Focused ion beam
etching was used to create step structures which could then be used for Z-axis calibration {Supplement
Fig. 3). Steps of ~1um height were typically used.
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Supplementary Figure 5. Motility assays on suspended MTs. Healthy motor velocities (814445 nm//sec;
n=18; meantSEM) are seen for kinesin-1 driven MCs {A). However, adding ATPYS inhibitor (ATP: ATPYS

molar ratio 2.25:1) reduces the velocities significantly (233+117 nm/sec; n=23; meantSEM); t-test p<10

13
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Supplementary Figure 6. BH tracking and force readout. Tracking of the position of the upper right BH in
Fig. 4 and Supplementary Video 2 (bead is highlighted by arrow in Fig. 4f). The bead generally shows
limited diffusion around its median bead position (red line) and instantaneous bead position is typically
within 2 standard deviations of the median (green lines). However two sustained deviation outside of
these limits are observed. First occurs when an MC is placed on the MT connected to the BH being
tracked. The force is exerted on the BH because the MC is initially moved by the HOT resulting in a
perturbation when the MC engages on the MT. The second event occurs during MC navigation at the
intersection and provides direct readout of the tug of war forces involved in the process. Here the
maximum pulling force of 1.4 pN is observed (107 nm/px imaging; 0.95 pN/100 nm optical trap
stiffness).
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Supplementary Video 1: MT asters on BHs can be induced via prolonged BH co-
incubation on a nutator with an excess of MTs. Such asters are easy to discern during
an experiment. The video is included for contrast with the controlled assembly we
achieve when prolonged co-incubation is avoided.

Supplementary Video 2: Assembly and dynamic adjustment of MT cross arrangement
shown in Fig. 3.

Supplementary Video 3: Kinesin-1 driven bead traverses a MT crossing as shown in
Fig. 4.



Supplement Text 1: As discussed in the main text, it may be desirable to ascertain that dumbbells consist
of two beads connected by a singular MT rather than a MT bundle. In practice, a typical dumbbell we
construct is >10 pum in length. Most MTs we and others produce via polymerization under normal
conditions are much sharter than this . Therefore the probability of two extremely long MTs being
aligned between two beads is very low. A greater concern is that it is difficult to see if shorter MTs are
present near a long MT which is linking the dumbbell together. Shorter MTs will not cross-link the
dumbbell but may interfere with 3D structural assembly or motility experiments. To test for these
unwanted conditions, a third bead may be placed on the dumbbell as shown in Supplement Figure 1.
One can then track the displacement of the marker bead (lowest bead in Supplement Figure 1) while
holding the other two beads trapped. With this data, one may then conduct MT flexural rigidity analysis
as shown in Supplement Figure 2 and evaluate the hypothesis that the persistence length of the
dumbbell is on par with a single MT, or a bundle of MTs.

Note that most of the persistence lengths in Supplement Figure 2 are for contour lengths between 11
and 17 um and the standard deviation for this data is ~0.33 mm (if one subtracts the fitted trend then
the standard deviation becomes ~0.32 mm so that our estimate of overall noise is not notably skewed
by the slope in the trend). If two MTs were connecting the dumbbell (and therefore if two MTs were
diffusing together as one unit) then the second moment of MT cross-section would at least double
{greater increase is likely depending on the relative geometric arrangement of the two MTs) leading to a
commensurate increase in the observed persistence length. The data uncertainty is likely to add in
quadrature leading to a standard deviation estimate of ~0.47 mm. Therefore, we propose discarding all
dumbbells (for this range of contour lengths) with persistence length above 2¥6.3%(1+(22.4/L)42)-2%0.47
where L is contour length. In other words, we propose discarding all dumbbells whose persistence
lengths are higher than or within two standard deviations of double the fitted trend. More data for the
very longest dumbbells will be needed to establish that this criterion works in those cases. However in
practice, all dumbbells we have tested to date have passed such a test. As expected, the probability of
doubling up of MTs for dumbbells above 10 um in length is a very unlikely possibility and this likelihood
will only decrease as the dumbbell length increases (due to a decrease in number of very long MTs).
Thus, such occurrences appear to be of negligible likelihood for the longest dumbbells (>20 pm) and
may not be worth explicit testing.

Another consideration yields similar conclusions, though less directly. If we assume that doubling up of
MTs in a dumbbell occurs randomly, then half of such dumbbells would be cross-linked by oppositely
oriented MTs. In that case, kinesins on MCs would be free to engage on both MTs and such
engagements would produce observable tug of war events >, Therefore, the healthy unidirectional MC
motion routinely observed in our work further argues that dumbbells crosslinked by two or more MTs
are negligibly rare.
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Supplement Text 2: The development of this technique took several years and was interrupted several
times due to technical difficulties. We discuss some of these difficulties below in hopes it will help other
implementations of our approach. By far the biggest problem for us was our strict requirement that MTs
must remain unmodified except where BHs bind to them. For example, we avoided using biotinylated
MTs because we could not envision a way to ascertain that the MT-bound biotins would not interfere
with the binding of any MT-associated protein under any conditions or that they would not affect any
MT mechanical properties. This put 8 premium on finding a good agent to put on BHs to serve as “glue”.
Our trials of a vast number of antibodies have all been fruitless. All antibodies we tested would “slide”
along MTs under applied load. Incubating beads with extremely high amounts of antibodies would result
in bead clumping. Similarly many MAPs may slide along MTs under applied load and cannot be relied
upon to provide a robust fixed attachment point between a bead and a MT, consistent with recent

reports o

In addition, we desired a “glue” which would allow for nearly instantaneous binding as soon as bead and
MT were brought near each other because any significant delay could affect structure assembly rate and
binding reliability especially for larger structures. Therefore, our requirements placed a premium on
molecular solutions where the binding site was flexibly attached to the tag which we could use to
functionalize our BHs. The recombinant expression of enzymatically dead kinesin-1 HC dimers fulfilled all
our requirements, although efficient expression of full length kinesins without aggregation initially
proved very challenging.

The problem of separating BHs and MTs to prevent aster formation was comparatively easier. We
started with polystyrene bead BHs and used extremely high bead and MT dilutions so that it often took
us minutes of searching across the flow cell to find any MTs and beads. At such low dilutions, simplest
structural assemblies were possible so the proof of principle was obtained early. However, extremely
low dilutions and extremely long searches were not practical and moreover polystyrene beads were
hard to store for later use because they diffused too readily. We therefore switched to silica beads
which readily sunk to the bottom. However, casein-blocked surfaces were not blocked well-enough and
beads would bind to the surface after some time. We therefore developed better surface passivation
techniques which solved our issues with the storage of prebuilt components for later assembly. Through
routine use of such assays we discovered that silica beads sunk fast enough that they could be mixed
with MTs for a short time, then admitted into glass slides and they would efficiently spatially segregate
from the MTs if MTs were at a low enough concentration as described in the main text. This finally made

all the pieces we needed readily available for fast and efficient workflow.

The final challenge for us was finding a way to reliably attach enzymatically dead motors to beads. This is
essential because if the attachment is not robust then such dead motors may detach from BHs and
reattach along MTs. This was observed early on and efforts were made to improve bead to motor
attachments.

As the technique stands today, many MT crosses and similar simple 3D structure can be assembled and
used in one day by one operator. The typical assembly time for such simple structures is a few minutes
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for a trained experimentalist. The workflow is convenient and practical, especially since many
experimental designs allow complex 3D structures to be subjected to many repeated experiments.
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ABSTRACT

Cytoskeletal networks are 3D arrangements of filaments whose complex spatial structure contributes
significantly to their intracellular functions, e g biomechanics and cargo motility. Microtubule networks 1n cells are
a particular challenge for in vitre modeling because they are sparse and possess overall structure and so cannot be
approximated experimentally as a random hydrogel. We have used holographic optical trapping to precisely position
and hold multiple microtubule filaments in an & vitro assay, where chemical and environmental variables can be
carefully controlled. Below we describe the relevant practical details of the approach and demonstrate how our
approach can scale to accommodate modeling of molecular motor transport and biomechanics experiments.

KEYWORDS: biophysics, eytoskeleton, 3D, holographic optical trapping, microtubules, transport, biomechanics

INTRODUCTION: Traditional biology, in other words the art of reverse engineering living matter, increasingly
relies upon atomic- and molecular-scale forward engineering techniques to enable and accelerate progress.
Biological systems provide a seemingly endless stream of examples of practical working nanotechnology (1) but it
often takes rebuilding this technology from the ground up to understand how it really works. Despite many recent
developments, a quantitative description of biology extending from atomic to organismal level remains elusive, and
engineering systems which rival or exceed organismal complexity from the bottom up is not practical.

For decades, nanotechnology has been borderline science fiction. Now that it has arrived, a new challenge
has come to the fore: how to scale up. In the field of biclogy, deciphering how an individual nano-machine (for
example a cytoskeletal motor) works 1s not the end of the road but merely the beginning. But to move forward, we
need to deal with the sheer complexity of biological systems without sacrificing the control and precision achievable
at the single molecule level. Understanding how living matter functions across multiple length scales, time scales,
and complexity scale is a challenge whose scope and importance grows every year (2). For example, the eukaryotic
cytoskeleton as a whole is merely a collection of motors, cargos, filaments, and some associated chemicals but how
these elements all integrate together to yield functional intracellular logistics and organization remains unclear.

Further progress can and must be accelerated by developing techniques to experimentally and theoretically
address biological complexity. The challenge is to set up biologically relevant assays with high complexity and still
reproducibly probe how the system changes when just one component is altered or removed. Consider again the
cytoskeleton, and even more specifically the cytosolic actin and microtubule filaments (AF and MT respectively)
which support active transport. Biology, of course, presents us with a great variety of cytoskeletal arrangements so it
is often desirable to restrict consideration to some specific eytoskeleton archetype, e.g. to Go state of some non-polar
animal cell. One may then plausibly reduce the picture to a textbook scheme(3), whereby MTs form a nearly radial
array anchored at the MT organizing center (MTOC) and AFs form a more random hydrogel with some statistical
preference for angles between filaments interspersed with actin bundles. In this picture, AFs are far more numerous
and dense than MTs and are more prevalent towards the cell periphery. So, we would ideally want an experimental
capability to build an in vitre model which faithfully reproduces intracellular MT cytoskeleton with a well-defined
organizing center. Associated proteins and cargos could then be added under controlled conditions to study the true
dynamics of the subsystem. And furthermore, ideally one would then want to be able to move or remove one
filament, or one associated protein, or one cargo and rerun the experiments under otherwise identical conditions to
see the effect of small perturbations on the complex ensemble. After all, if we desire a quantitative description of
biology then by implication we desire to do away with the notion of a phenotype and instead to be able to capture
and analyze very small (nearly differential) changes.
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The above vision is still not achievable with today’s technology so let’s reduce complexity further. Let’s
neglect the fact that AFs and MT's are typically inter-independent on each other in cells and most of the regulation of
cytoskeletal dynamics. Suddenly we are dealing with two independent sub-systems which can be modeled
individually. It is quite informative to compare the types of questions we need to answer for these two subsystems
and the type of complexity which arises in each case. Below, we will specifically focus on two major roles of the AF
and MT cytoskeleton: both are venues for intracellular transport and both serve an important role in cell
biomechanics.

For either filament network we are in general faced with the need to model 3D geometric complexity (or 1f
we are thinking of the filaments as forming a network then one might also consider the topological complexity of
this network). However the nature of this complexity is different in each case. For example, AFs in lamellipodia are
typically shorter (length distribution on the order of a few microns), quite dense and cross-linked by factors which
cannot be neglected such as the Arp2/3 complex(4). Because of the sheer filament number and density, we may be
Justified in many cases to consider this system in an averaged sense. Indeed, the role of an individual AF is likely to
be small because as far as transport is concerned it forms only a short segment within a mesh and that single
filament will not contribute much to the overall mechanical response of the system, since the flexural rigidity of
actin is quite low (of order 1e-25 Nm? (5)). Hence, it is common and entirely reasonable (in some unsettlingly gross
approximation) to model actin subsystem as a hydrogel and control its properties via overall filament density and via
its cross-linkers (6-9). By contrast, MTs are not a hydrogel in a great number of cells no matter how much one
coarse-grains the deseription. MTs in many cells are sparse. MT-MT distances on the order of 100 nm are common
(10, 11). Reptation of MTs with a MT network is usually not biologically relevant but by contrast reptation of MT
filaments in actin gels has received attention (12). The number of MTs in cells is fairly small, to the point where
modern imaging and computing potentially allows for all filaments to potentially be tracked. For example fairly
large mammalian BSC-1 cells were reported to contain only ~700 MTs (13). Crucially, rigidity of a MT filament (5)
15 several orders of magnitude higher than that of an AF (of order 1¢-23 Nm?) and MT lengths can be sufficient to
span the cell or even extend from MTOC to cell periphery and bend backwards (14). It is not our intent to trivialize
the enormous variety of MT networks (e.g. (15)) even under our simplifying assumptions, but the net result of the
above considerations 1s that for a great number of cells the contribution of even a single MT filament to intracellular
transport and biomechanics can potentially be accounted for and should not be treated in an averaged sense. Hence,
it is often entirely unreasonable to generally model the MT subsystem in cells as a hydrogel (although this may be
applicable in some specific cases) and one cannot simply control its properties via filament density or cross-linkers
alone. Particularly for MT cytoskeleton, capturing the complexity of the network requires the ability to position
multiple filaments individually and precisely in 3D. The task is complicated by the fact that MTs are polar filaments,
s0 that one end is chemically different from the other. Therefore 3D MT assemblies must recapitulate not only the
desired filament geometry but also the desired polarity of each filament. Once this minimal set of requirements is
achieved, one of course further requires the potential to add associated proteins, cargos and other complexity ina
controlled manner.

The benefits associated with precisely modeling transport and mechanics at the level of a complex
cytoskeletal network (rather than at the scale of an individual filament) are numerous. When it comes to
biomechanics, several key questions become accessible to experimental probing. We know at the level of a single
filament that MT rigidity and persistence length depend on the filament contour length (16). This is a simple and
intuitive consequence of the fact that longitudinal bonds within each protofilament are mechanically different from
lateral tubulin-tubulin bonds. But it is unclear how this picture scales for larger MT assemblies. If individual MTs
have a characteristic length scale over which mechanical properties significantly change, then does this length scale
also govern the mechanics and spatial dynamics of MT filament networks? It is also unclear how MT-MT cross-
links (especially multi-motor cargos) affect network properties. First, rather obviously, cross-links themselves can
have vanable mechamcal properties. Less obvious 1s the fact that cross-linking of MTs by e.g. motors on cargos
oceurs via binding to individual tubulin binding sites. Therefore cross-links can potentially have differing effects on
network properties depending on how they mechanically couple to the intrinsic anisotropy of each filament. The
ability to build 3D MT structures would allow experimental access to all of the above issues. In addition, it would
help clarify things on a conceptual level. There is a long standing debate (partially reviewed in 17) as to how much
MT cytoskeleton can contribute to cell mechanical properties. The ability to construet inereasingly complex MT
networks and to study them as a function of their degree of crosslinking and spatial scale would finally establish
experimental limits for this broad class of problems.
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The ability to precisely model 3D MT networks would also be highly beneficial to studies of molecular
motor driven transport. While much experimental modeling to date has been done i vitre in bead assays or with ex
vivo cargo transport on single filaments, these assays only capture a subset of actual cargo navigation in cells, MTs
are certainly sparse in many types of eukaryotic cells so there are undoubtedly stretches of eytosolic space where a
single filament is all that is accessible to a given cargo. However, much of the recent super-resolution work (10, 11,
18) demonstrates that in many locations MTs are spaced close enough to each other that a single cargo’s motors
could geometrically reach two or more filaments (a locus which is natural to term MT intersection despite the fact
that the terminology is then cargo-specific). So the question of how cargos are routed on realistic MT arrangements
{or in physics terms, the problem of experimentally measuring the two point correlation function for active transport
on a complex network) cannot be answered without the ability to build these arrangements and to also introduce
known and well-characterized cargos into these networks. Ideally, one would start with experimentally modeling
traffic rules in the simplest case: a single MT-MT ecrossing. The resulting statistical picture could then be applied to
two or more MT-MT crossings. In principle, cargo behavior at each crossing should be governed by the same
overall traffic rules and the motility of a cargo along the clear filament stretches which connect the intersections is
already amenable to theoretical modeling, Therefore it should be possible to reduce the routing on a complex
network to a Markov chain of navigation traversal events. However, the extent to which rules at each intersections
scale for a chain of intersections needs to be experimentally constrained. In other words, if we desire to understand
cargo transport on complex cytoskeletal networks it 1s necessary but not sufficient to be able to expenimentally
model just one intersection in 3D. The ability to scale up network geometry and topology cleanly and reproducibly
is essential for the full benefit to accrue.

Finally, we must not overlook the fact that MTs are a fascinating materials system for nanoscale and
micron-scale engineering (19). As Howard lab pointed out, the Young's modulus of MTs is “similar to Plexiglas and
rigid plastics™ (3). However the aspect ratios of the tubular shapes are dramatic (of order 2000:1). These structures
are thus suitable for building i vifre scaffolds and (if the approach were sufficiently scalable) MT-based
metamaterials. In this respect, one complication 1s that MTs can be unstable at higher temperatures and can
depolymenize or change conformation due to the presence of additional chemical agents. Therefore, for engineering
purposes, it is important to be able to stabilize MT structures in sifu.

RESULTS: We have recently demonstrated an experimental approach to build 3D MT structures in vitro (200
Briefly, our system (21} 1s built around an inverted Nikon Ti-U microscope and has two optical trapping lines
admitted from the objective side via a dichroic beam combiner. One optical trapping line is driven by a 1W laser at
1064 nm and is spatially modulated by a holographic mirror to allow the creation of multiple holographic optical
traps (HOTs) in the field of view in 3D (i.e. not just in the focal plane of the objective). The other trapping line is
driven by a high power diode laser at 980 nm and can be quickly moved in the field of view via either a piezo driven
mirror (high trapping power and deflection range) or an acousto-optic deflector (maximum speed). The fast-moving
ordinary trap thus compensates for the one weakness of holography — slow spatial reconfiguration.

Given our microscopy capabilities, the fundamental idea is to attach refractive microspheres to MTs and to
then use these optically trappable nodes as bead handles (BHs). We assure bead affinity for MTs by decorating their
surface with enzymatically dead full-length kinesin-1. Precise MT manipulation requires at least two BHs attached
to it, preferably far away from each other (we usually refer to such an assembly as a dumbbell). Once such an
assembly is built, it in principle allows a MT to be positioned in 3D via HOT of the two BHs. Crucially, we have
shown that dumbbells can be built with high precision and high workflow throughput. In addition, we have
demonstrated that model cargos and regulatory chemical agents can be introduced into the system to gradually
expand experimental complexity. Our approach to constructing 3D cytoskeletal structures is optimized for MT
filaments although other high aspect ratio reasonably rigid building blocks may be used by extending our basic idea.

Previous relevant publications from our lab were aimed at descnibing the underlying technology and at
demonstrating that the approach 1s feasible and practical. Here, we will discuss how our approach works in practice
and how the workflow can be optimized and scaled up.

Storage Depot: If one desires to build a simple 3D MT-MT crossing arrangement (described before 20), then it is
often convenient to construct a dumbbell, release it from trapping so that it is allowed to settle to the coverslip
“floor” of the chamber. The glass BHs are sufficiently denser than the water-based buffer that they readily sink and
do not appreciably diffuse one on the coverslip, especially if both BHs are 0.5 pm in diameter or larger. The location
of the dumbbell can then be remembered via some local surface imperfection and 1t 1s then usually possible for us to
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Fig. 1. Four MT dumbbells are resting on the glass coverslip in a designated area. (A) Raw image shows
random impurity spots on the coverslip surface. Each bead is imaged with a streaking artefact due to camera
oversaturation under our lighting conditions. (B) Filtered frame image showing MT locations more clearly. Here
two nearby frames were high-pass fillered and then subtracted from each other to eliminate static background.
Scale bar: 5 pm.

build another dumbbell close enough to the first location that finding the first dumbbell is easy. However this
approach fails when the number of dumbbells grows. In such cases, we can build dumbbells one by one and drop
them off to the coverslip in a selected location (Fig. 1).

In this way. an entire depot of building blocks can be prefabricated and made available for future use.
Finding a depot routinely can be aided by adding micrometer scales to the sample stage. The scales need not be
extremely high resolution; 20 micron ticks are sufficient assuming that the depot storage covers most of the field of
view. Stages with built-in digital readout of global absolute pesition could offer even more convenience.

Although dumbbells do not diffuse much over experimental time scales when lying on the surface, they can
be inadvertently “bumped” by a trap manipulating another object within the depot. That could then lead to
undesirable BH-MT cross-linking. To avoid this. some minimal spacing between objects, typically on the scale of a
few microns, 1s practical,

Bead-MT arrangements: The strength of BH-MT affinity can be easily modulated by changing the density of
enzymatically dead kinesin-1 on bead surface. We have observed a continuum of assay conditions, from no BH to
MT binding to very robust attachment. In the intermediate case, attachment may form slowly or not at all in each
case. Testing for whether attachment occurs can be easily done by moving the BH relative to MT and observing
whether a MT deforms. We usually aim for our assays to have robust BH-MT attachment. Under those conditions
we can form dumbbells most efficiently as previously described (20) by finding a bead with one MT already
attached randomly (“mace™ arrangement). Another BH can then be placed on the MT at a desired displacement from
the first bead.
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The use of dumbbells is the most reliable way to assemble 3D shapes but in some cases maces can be the
more flexible building blocks. To give a simple example, we can use them to build V-shaped assemblies as shown in

Fig. 2. A dumbbell with a side MT can be a useful construction block. In addition they inform us about
the BH-MT attachment - no nodal point pivoting between a reference MT (fixed by the dumbbell) and the
MT with one free end is seen. Here pivoting in the range of ~10° to ~25° is seen but larger angles are not
attained even when the system is perturbed by the dumbbell moving through solution or the stage moving.
Scale bar: 5 pm. Filtering as in Fig. 1B.

Figure 2. These assernblies are useful if one wants to test whether BH-MT bond is via a single dead kinesin
homodimer. In particular, we expect to see nodal point pivoting (22, 23) for single kinesin-MT bonds because we
use full-length kinesin molecules with unaltered stalk. However, for strong bead-MT attachment assays, we never
see such pivoting, suggesting that the bonds are mediated by multiple motors which collectively constrain the angle
by which a MT can pivot. One can also build V shapes where all nodes are fixed via BHs but it is not clear at the
moment whether actively forcing the MTs to pivot would have the resolution to probe the exact number of BH-MT
attachment cross-bridges.

Building complexity: HOT-based construction has to work well in the face of multiple challenges. Among those is
the occasional difficulty of MT visualization and the fact that MT diffusion, if left unconstrained, can make it
challenging to space the BHs on MTs as desired. For example, we have found placing two beads simultaneously on
a completely unconstrained MT with any degree of precision difficult. Tt is far better to place one bead reliably and
then to place the second bead at a desired offset. Therefore, we do not advise building dumbbells and then
manipulating them n parallel to try to link them up via a free MT with no attached BHs. Atternpting to make
multiple BH-MT bonds simultaneously almost never works out well in our hands. Building MT structure one
building block at a time is far more prudent.

Populating the depot area with appropriate building blocks is therefore a good start for building 3D
filament shapes. Care must then be taken to assemble individual pieces into the final assembly to avoid inadvertent
crosslinks and to assure that cross-links are formed at desired locations. For example, consider the pentagonal shape
in Figure 3. An interesting challenge here is that this network, as shown, cannot be assembled from dumbbells
alone. Instead, maces are used to build a flexible skeleton and the shape is then linked up into the final form using
two dumbbells.

Manipulation of maces to allow their proper positioning can be more challenging than for dumbbells
because a MT is only controlled via one node. This of course is not sufficient for deterministic 3D manipulation.
Nevertheless mace-based construction, as in Fig. 3, is not too onerous. Several factors make assembly process more
reliable. First, a single mace can be oriented as desired by moving the bead in space fast enough to flow-align its
MT. Second, assembling “starter” shapes from maces can be performed near the surface which provides an effective
steric constraint for MT rotation. Finally, one usually does not need to manipulate a single mace beyond building the
key “starter” shapes. Once even just two maces are linked up, we have a dumbbell and a MT hanging off of it (a
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Fig. 3. Pentagonal shape is assembled out of five MTs and seven BHs. Once built (A), the shape can be
moved as a whole (B). The assembly process (shown as an Tkea diagram) helps avoid inadvertent cross-
links. Scale bar: 5 wm. Filtering as in Fig. 1B.

situation similar to Fig, 2). As discussed above, the MT with an unconstrained end will not diffuse around much thus
minirmzing the nsks of inadvertent crosslinks.

Let us now consider construction into the third dimension. For our current implementation, the requirement
for good visualization of MTs in 3D is somewhat limmting the complexaty of what can be bult with effieient
workflow, hence our preference for initially building key components in plane. Construction within onz 2D layer
can often be facilitated by bringing building blocks in first raising above or below the plane of construction and then
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lower or raising them into place. For 3D construction, building blocks can often still be built in a plane and then
rotated appropriately before the final assembly.

Fig. 4. Pentagonal and Y building blocks are combined to form a more complex arrangement which would
be challenging to achieve efficiently by other means of nano-assembly. Assembly time (from design to
completion) was ~2 hours. Scale bar: 5 pm. Filtering as in Fig. 1B.
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Increasing complexity: Building blocks are not necessarily limited to just maces and dumbbells. As mentioned
above, more complex building blocks can be manipulated as a whole and dropped into other shapes to combine into
the desired final product (Fig. 4). In the case shown, the Y building block was first assembled from two dumbbells
(not shown). The building block was then lifted above the pentagon and finally lowered into place. The Y shape was
slightly angled as it was lowered to make sure that one BH at a time made contact with the pentagon MTs. Building
blocks such as the ones shown here can in principle also be stored in designated depot areas.

Another barrier to increasing complexity that warrants discussion is available space. The exact dimensions of the
volume accessible to HOT vary with the choice of the objective: our typical choices are Nikon 60X water immersion
and 100X oil high NA objectives and of course the 60X allows for higher accessible volume, With 100X objective,
our volume is nearly cubic (~350 micron on the side) though working at high z depth requires additional care. Despite
this space limitation, the building capacity of the system is far greater. For example, we manipulated the pentagon
shape (Fig.3 and 4) for some duration of time via only some nodes while other nodes were moved off-screen. The
final assembly occurred fully within the field of view however it is now clear that stable shapes can be moved off
screen so long as they are structurally connected to the structure being trapped within the field of view. Therefore
MT structures can potentially be scaled from sub-micron scale to sub-millimeter scale or even larger.

Additional cytoskeletal structures: The structures considered so far have been chosen to illustrate building
techniques and practical assembly issues which we have dealt with to assure reliable, scalable, high throughput
construction. It is also worth highlighting how the current systemn can be used to build other types of biologically
relevant topologies. For example, a very exciting development in the field of MT networks has been the discovery
that in some cases MTs can nucleate along other MTs giving rise to internally branched MT asters (aka extended
star topology). These types of topologies are experimentally accessible via HOT construction (Fig. 5).

Fig. 5. An example of an extended star MT network (A) and a schematic of its topology (B) constructed iz
vitro. The network shown here is resting on the coverslip floor and its nodes are thus free to undergo
limited diffusion. Thus the shape changes over time but MT bending and rotation are not sufficient to
bring BHs next to nearby MTs and cross-link the structure. Scale bar: 5 um. Filtering as in Fig. 1B.

Likewise, we have previously shown that MT-MT crosses can be built in vitre and used to study transport at
filament intersections (20). However this demonstration focused on a single intersection. Yet, as discussed above, it
will soon be necessary to show that the rules which will be experimentally established for a single intersection can
scale to more complex case of multiple intersections. In this example, it is important that the MTs are held in place
by optical traps. The geometry can then be adjusted on the fly as desired (Fig. 6). Of course the other benefit is that
forces exerted by motors during tug-of-war events can be quantified (20).
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Remaining challenges and conclusions: Several improvements to the presented technique are clearly worth
pursuing in the future.

1. Itis increasingly clear that the efficiency of the assembly process depends heavily on our ability to analyze
the structure to be built and partition it into optimal building blocks. What constitutes optimal is a balance
of several factors. The blocks themselves need to be easy to build, and space-efficient to store in a depot.
Of course they should also allow for a straightforward assembly workflow which would minimize the risk
of inadvertent MT-BH crosslinking.

Fig. 6. Two MT-MT crosses are formed by three dumbbells. All dumbbells are held in independent traps,
s0 that the structures are not crosslinked and intersections angle can be adjusted from e.g. normal (A) to
45° (B) for one of the intersections. Scale bar: 5 pm. Filtering as in Fig. 1B.

2. Ttis important to improve MT imaging. So far, label-free imaging has proven adequate but it is clear that an
alternative is desirable, especially for maximizing the 3D potential of the technique. The problem is that
structural assembly and subsequent imaging can take hours of work with illumination conditions dictated
by the needs of the experiment. Therefore any signal type that can be readily bleached out via excessive
tllumination s likely not optimal. Techniques like iScat may be preferable in this case but have not yet
been explored.

3. As design and build rules become more set, it will clearly be desirable to automate the construction of MT-
based structures. This development would allow potentially much faster construction with higher
complexity.

The MT cytoskeleton modeling technique we have developed certainly can be improved upon but as is it

already holds much promise for biophysical studies, eg. in biomechanics, MT-based transport and

nanoengineering. We demonstrated here that the approach is highly scalable and extensible. Incorporating more

MTs into the structures and building larger structures is possible and in fact straightforward for many

biologically relevant designs.
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CHAPTER 4

CARGO NAVIGATION ACROSS 3D

MICROTUBULE INTERSECTIONS
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4.1 Abstract

The eukaryotic cell’s microtubule cytoskeleton is a complex 3D filament network.
Microtubules cross at a wide variety of separation distances and angles. Prior studies in
vivo and in vitro suggest that cargo transport is affected by intersection geometry. However,
geometric complexity is not yet widely appreciated as a regulatory factor in its own right,
and mechanisms that underlie this mode of regulation are not well understood. We have
used our recently reported 3D microtubule manipulation system to build filament crossings
de novo in a purified in vitro environment and used them to assay kinesin-1 driven model
cargo navigation. We find that 3D microtubule network geometry alone significantly
influences cargo routing, and, in particular, that it is possible to bias a cargo to pass or
switch just by changing either filament spacing or angle. Further, we capture our
experimental results in a model which accounts for the full 3D geometry, stochastic motion
of the cargo and associated motors, as well as motor force production and force-dependent
behavior. We use a combination of experimental and theoretical analysis to establish the

detailed mechanisms underlying cargo navigation at microtubule crossings.

4.2 Introduction

The microtubule (MT) network in eukaryotic cells is typically a dense, highly
variable, three-dimensional (3D) mesh (Figure 4.1A). MT network topologies are known
to vary widely between cells (Schnorrenberg et al., 2016) and even between cells of the
same type and lineage (Dong et al., 2015). Within a given network, MTs converge to form
crossings at a variety of filament separations, and angles of intersection. Often, the

crossings feature interfilament separations that are comparable to the scale of the cargos
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found within the cell (Figure 4.1A). At these “intersections,” a cargo, with multiple motors
on its surface, can potentially interact with several MTs simultaneously; a scenario known
as Tug-of-War (ToW) (Miiller et al., 2008; Osunbayo et al., 2015). The cargo can then
either pass along the original MT, switch to the intersecting filament, pause, or detach. The
probabilities of these outcomes are known to be sensitive to the 3D layout of the filaments
(Balint et al., 2013; Erickson et al., 2013; Ross et al., 2008b) but the mechanistic details of
this phenomenon are unclear. Given that the architecture/topology of the MT cytoskeleton
serves as a persistent and pervasive regulator of cargo transport, its role in cargo routing
warrants a thorough investigation.

The importance of MT cytoskeletal architecture is underscored by the fact that MT
network remodeling occurs often in various diseases and during normal cellular processes.
For example, neuritic de-arborization or restructuring is often encountered in
neurodegenerative diseases (Di Polo, 2015; Van Battum et al., 2015). Microtubule
remodeling is also observed in many neoplasias (Parker et al., 2014) and is associated with
pathways often disturbed in cancers (Galmarini et al., 2003) and formins (Chesarone et al.,
2010; Young et al., 2008). There is also evidence that suggests the geometry of the MT
network, itself, acts as a regulator to tune insulin granule secretion in mouse pancreatic 3-
cells (Zhu et al., 2015).

The cell can use multiple mechanisms to modulate its MT architecture. MTs can be
locked in parallel (Fink et al., 2009) or antiparallel (Subramanian et al., 2010) alignment
via cross-linking. Axonal branching generally shows a preference for normal angles (Kalil
and Dent, 2014); low branch angles can arise from MT nucleating factors (Petry et al.,

2013). The cell can set overall MT spacing by simply controlling the amount of
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polymerized tubulin, either via regulation of expression levels (Dumontet et al., 1996) or
filament stability (Desai and Mitchison, 1997).

Filament spacing can also be controlled via MAPs that cross-link microtubules
(Hirokawa et al., 1988). External factors which affect cell shape can also regulate MT
network topology (Gomez et al., 2016). Finally, MT crossings are known to be special loci
for intracellular regulation (Hamant, 2013). Currently, the implications of these topology
variations for cargo logistics and overall biomechanics are not quantitatively understood.

Decoupling the influence of the MT network’s 3D topology from regulatory protein
factors is challenging. The same pathways that drive network remodeling can also couple
to motor regulation. The result is that, to date, the impact of geometric changes in MT
networks on intracellular cargo transport has been difficult to isolate and quantitate. It is
common to think in terms of chemical regulation. However, to truly understand how
intracellular cargo transport functions, it is critical to gain a baseline understanding of how
the 3D MT geometry alone impacts cargo distribution, starting at the most fundamental
level of the MT network: individual MT-MT intersections.

Studying cargo navigational behavior as a function of 3D network geometry poses
considerable experimental challenges. In vivo investigations cannot easily decouple
chemical and topological regulation, as discussed above. Moreover, although theoretical
work highlights its importance (Erickson et al., 2013) in vitro bead assays that use
traditional MT-glass deposition techniques are also unable to model MT-MT crossings
with controlled filament separation (Ross et al., 2008b; Vershinin et al., 2007), though they

provide a useful starting point for any study in full 3D.
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To address this question, we developed an in vitro system to suspend and
dynamically manipulate multiple individual MT filaments in 3D. Each MT is manipulated
individually via holographic optical trapping (HOT) of two or more bead handles (BH), as
previously described (Bergman et al., 2015). We used this bottom-up approach to
systematically construct MT-MT intersections featuring various angles and separations.
We then measured the statistics of kinesin-1 driven model cargo (MC) transport on these
model MT geometries, and used this data to constrain 3D simulations. We show from
experimental data and theoretical analysis that navigational outcomes exhibit systematic
variation based on 3D MT intersection geometry. Further, we propose dynamic

mechanisms that explain the observed preferences.

4.3 Results

4.3.1 Experimental setup

The broad aim of this work is to understand the impact of cytoskeletal geometry on
intracellular transport. A comprehensive experimental model of all possible geometries
(e.g., Figure 1A) is well beyond the scope of any singular study, so we restricted our scope
to representative model scenarios. We focused on the simplest type of intracellular MT
intersections — where just two filaments cross (Figure 4.1A, inset). We used silica
microspheres, driven by full length KHC homodimers, as our MC. This is a common, albeit
simplified model for in vitro work. We chose to focus on assays outside the single-molecule
regime because there is substantial evidence that cargos in cells are often driven by multiple
motor ensembles, and indeed, multiple-motor ensembles are essential for a ToW to

develop.
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We used in vitro 3D MT manipulation via HOT (Bergman et al., 2015) to examine
three filament spacings: zero, radius, and diameter of the MC. Our MCs were 1 pm in
diameter, hence, we constructed and observed MC transport across model intersections
featuring 3 separation distances (Oum, 0.5um, and 1um). We decided to only parametrize
this geometric range because the probability of a cargo interacting with both MTs for
crossing separations greater than the cargo diameter quickly becomes negligible. For each
separation distance, we examined three different angles of intersection: acute (MT
polarities nearly counter aligned), normal (90°), obtuse (MT polarities nearly aligned), for
a total of nine geometric conditions.

We chose silica microspheres as our MCs because their density is ~ 2.2x that of
water. This biased the cargo to hang below the MT to which it was engaged, although
Brownian motion along all three axes was both expected and observed. Thus, in our setup,
we always deposited the MC (via HOT) onto the “overpass” MT, such that the hanging
cargo would be likely to encounter the lower, crossing MT (Figure 4.1B). With this setup,
our Opum separation experiments resemble the “underpass” MT geometry in prior crossing
experiments, in which MTs were attached to a glass substrate (Ross et al., 2008b; Vershinin
et al., 2007). However, our experimental model allows for MT bending, twisting, and
vibrations which cannot be recapitulated when MTs are firmly attached to a solid substrate.
The absence of the solid glass substrate in our work is a major difference since the cargo

can explore many more three-dimensional paths as it negotiates the intersection.
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4.3.2 Final navigational outcomes depend on 3D geometry

For each of the nine MT network arrangements in our assays, we quantified final
cargo routing outcomes strictly in terms of, “switching” or “passing,” because detachment
at intersections was negligible. In addition, we do not report pause events, because we can
characterize the entire navigational event, even in cases where the MC navigational choice
takes several seconds to make. Below, we report switching probability only, as passing
probability is complementary.

Our results suggest that 3D MT network topology alone can be an effective
regulator of cargo routing (Figure 4.1C). Geometries in the upper left corner of the table
promote switching while those in the lower right corner promote passing. Therefore,
routing outcomes are determined by multiple geometric factors interacting in nontrivial
ways. Disentangling these factors by intuition alone is challenging, therefore, we relied
upon in silico modeling. Helpfully, many fine mechanistic details are resolved by our

experimental approach (see section 4.3.3), constraining the in silico model.

4.3.3 Characterization of Tug-of-War events
A cargo that does not engage in a ToW, does not switch; hence, precisely
distinguishing between ToW and non-ToW events is critical to dissect the mechanisms that
lead to differential switching probabilities. Our spatiotemporal resolution is sufficient not
only to establish whether a ToW took place, but also to precisely determine ToW durations.
We can readily identify ToWw start and end by observing significant MC
displacements away from MT axes and associated MT deflections (Figure 4.2A). MC

tracks for representative pass (Figure 4.2B), and switch (Figure 4.2C) events are shown,
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along with their displacements projected along the axes of the intersecting MTs. A ToW
start can be identified with the beginning of a sustained displacement upon the crossing
MT’s axis. ToW end can then be identified when the cargo snaps back upon dissociation
from either the primary or crossing MT. BH displacements can also be used as an indicator
of a ToW because the MC motors engaged in a ToW will exert force on the MTs that
ultimately displaces the BHs (Figure 4.1B, 4.2A middle, D).

Although BH displacements can help confirm ToW presence and duration, their
greatest benefit is that they are an indicator of how many motors were exerting force on
the bead. We set the trap stiffness at ~1pN/100nm, so that a single kinesin motor could not
pull the BH out of the trap (escape event) but two or more motors working together could
do so readily (Figure 4.3). Quantifying collective activity of multiple motors via trap escape
forces is a well-established approach both in vivo (Ashkin et al., 1990; Gross et al., 2002)
and in vitro (McKenney et al., 2010) and has been validated in silico (McKenney et al.,
2010). This setup allowed us to control the surface density of motors on MCs by discarding
assays in which BH escape fraction exceeded 25% of total events. This provided refined
control on top of the more crude and variable approach of controlling motor concentration
at incubation time. It also provided confidence that ToWs in our assays were dominated by
forces from 1-2 kinesin motors; more motors are likely engaged on the MT but not all are

positioned to exert force during the ToW.

4.3.4 Mechanisms of cargo routing
The ability to sensitively detect ToW events allowed us to quantify their

probability. We could then also examine the probability for the cargo to pass or switch
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conditional on ToW occurrence. This analysis is informative because these probabilities
reveal different aspects of cargo dynamics (Figure 4.4). Our data indicate that ToW
probability is sensitive to 3D geometry: it is higher for narrower filament separations, and
for acute/obtuse angles (Figure 4.4A). For Oum separations, ToW probability is so high
that significant differences as a function of angle may not be practical to measure. A
different pattern of navigational outcomes emerged when trivial passes (no-ToW events)
were omitted (Figure 4.4B vs. Figure 4.1C). Four out of nine geometries show switch
probabilities close to 50%. We also record switch probabilities that are significantly
higher than 50% for the following geometries: 0 um normal, O um acute, and .5 pm acute
(p < .05 Barnard’s test). We conclude that geometric constraints can promote or inhibit

switching outcomes for ToW events.

4.3.5 A mathematical model of cargo transport reproduces observed
switch probabilities

As mentioned in the previous section, it is difficult to disentangle the mechanism
through which each factor acts to (in concert) determine ToW and switching probabilities.
Therefore, to gain further insight into the mechanism determining cargo routing, we
constructed an in silico model of cargo transport. This model allows us to examine
experimentally unobservable details, such as how motor locations, bound states, and force
states change with time.

The model incorporates relevant experimental details including: the well-
established properties of kinesin-1 motors, and cargo translational and rotational diffusion

(Figure 4.5A), however, simulated MTs do not move, twist, or bend. Five hundred cargo
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trajectories were simulated independently for each assay geometry, and probabilities of
ToW and switching were then determined analogously to the experimental data. For full
simulation details and parameter fitting procedure, see Appendix. Briefly, there were two
parameters that could not be established from current experiments or prior literature:
average motor number attached to MCs and each motor’s on-rate. These two parameters
were constrained by matching three experimental observations: ToW probability as a
function of geometry, fraction of BH escape events, and MC run lengths (See Appendix).
Thus, the model is fully constrained and therefore predictive.

We found good agreement between experimentally observed and theoretically
predicted probabilities of ToW’ing and switching (Figure 4.5B-D). We now turn to
investigate the quantitative details of ToW and switching (next two sections), and their

implications for the mechanisms of cargo navigation at MT intersections.

4.3.6 The influence of intersection geometry on ToW probability

The longer a cargo spends within reach of the primary and intersecting MTs
(henceforth, the ToW zone), the more chances unbound motors on the cargo have to engage
the intersecting MT. This phenomenon can be understood from a simple, heuristic model.
If we consider the cargo as having a single rate of binding to the crossing MT given by
ki, the probability the cargo binds to the crossing MT before leaving the ToW zone is
given by

macro
kOTl

Prow = T macro ’
kon + v/dToW

where v is the cargo velocity and dr,y is the length of the ToW zone. This simple model
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can accurately reproduce experimental ToW probabilities for both the 0.5 um and 1 pum
separation distance geometries (Figure 4.6), but not for the 0 um separation geometries.
This strongly suggests that there are mechanisms at play for 0 um separations which are
not present at other distances (see below).

On the other hand, our full model closely recapitulates all experimental ToW
probabilities, including 0 um separation data. It is encouraging that the model captures
several a priori intuitive features of the system. For 0 [Im geometries, if a cargo is driven
by multiple motors then there is guaranteed to be a pool of motors able to bind the crossing
MT (namely, the already engaged motors). Thus, we a priori expect the ToW probability
for all angles to be close to 1, which our model indeed reproduces. For 0.5 um and 1 [Jm
geometries, we expect higher ToW probability for longer ToW zones (acute and obtuse
angles). Indeed, simulated ToW probabilities were smallest for 90° intersections (Figure
4.5B). Also as expected, they were symmetric about the normal angle (since kinesin
binding is not affected by MT polarity). Simulated ToW probabilities also increased when
MT separation decreased from 1 um to 0.5 pum, as expected. When the intersecting MT
encounters the cargo midsection, at 0.5 um separations, it samples more of the bead’s

surface area. Hence, more motors are given a chance to engage on the crossing MT.

4.3.7 The influence of intersection geometry on navigational outcomes
given Tow

Experimentally, we observe a large range of geometries (most 0.5 um and 1 um
geometries) where the conditional probability to switch is ~50%. At first glance, this

appears to be a relatively intuitive result: if TOW lasts ~ 1 second or more (our experimental
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ToW durations average ~ 3 sec, Figure 4.7), then the motor team engaged on the crossing
MT should be able to reach steady state (Erickson et al., 2011), and become equal in
number to the primary motor team. With two equivalent ways to proceed, the probability
of either choice would indeed be ~50%. However, such a consideration is too simplistic as
we discuss directly below.

Experimental results allow for sensitive identification of ToW, so that ToW events
can be analyzed separately from trivial “no-ToW” intersection passages (Figure 4.4). The
same analysis can be performed for simulated events (Figure 4.5B-D) and the two sets of
results largely agree. A careful analysis of the simulations helps us shed light on the
mechanistic details of cargo navigation.

We first assessed whether the number of motors in the two ensembles is, in fact,
equal in our simulations. We find that contrary to naive expectation, the number of engaged
motors on the secondary MT is comparable but consistently lower than that on the primary
MT (ratio of ~0.7; Figure 4.8). The reason is that the motors already engaged on the
primary MT constrain the bead from full range of linear and rotational diffusion. Once a
ToW starts, the bead diffusion is even more constrained which then curtails the number of
motors that can reach the secondary MT. We therefore find that the numbers of motors in
the ToOW’ing teams are not equal: the team of motors pulling along the primary MT has a
consistent advantage. However, the two paths to proceed are not equivalent either. The
crossing MT itself can serve as an obstacle for bead progress and exert a force which
hinders the MC from passing (Figure 4.5G). The smooth decrease from passing to
switching prevalence across our experimental geometries (Figure 4.4B) therefore reflects

the balance between net motor activity (which is biased in favor of moving along the
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primary MT) and steric hindrance from the crossing MT.

4.3.8 The limits of geometric regulation

Our results establish that a single MT intersection can significantly bias cargo
routing towards more switching or more passing. Can a single MT intersection produce a
near 100% bias for switching or passing? What are the mechanisms which affect these
limits? It is easy to see that ~100% passing naturally occurs for intersections with
filament separation much greater than MC diameter. Is 100% switching attainable? To
address this, we consider two special cases which lead to elevated probability to switch,
and their broader implications for geometric regulation. For completeness, we also

discuss each experimental geometry individually in the appendix.

4.3.9 Low filament separations

A closer look at the geometric setup (Figure 4.5E) makes it clear that the 0 um
case is qualitatively distinct. At 0 um separation, the crossing MT sterically hinders the
motors engaged on the primary MT, but not for the MC itself. To pass, the cargo can
“hurdle” over the crossing MT due to Brownian motion but this is improbable for our
large silica MCs (density ~ 2.2x water). This would also be unlikely in the viscous
cytosolic environment (even for smaller cargos). The only other way to pass is by a
mechanism we refer to as “monkey-barring.” To pass via monkey-barring, the MC must
first diffuse underneath the crossing MT so that some of the unengaged motors on its
surface could bind to the distal side of the primary MT. The motors proximal to the

crossing MT must then gradually disengage.



83

The above suggests that passing at 0 [Im separation should have a sensitive
dependence on the diffusion properties of the medium. This is indeed seen in our
simulations (Figure 4.5F). In fact, for viscosities close to intracellular range, where cargo

diffusion is suppressed, the preference to switch approaches 100%.

4.3.10 Acute angles / intermediate separations

Why is switching more prevalent for 0.5 um acute geometry? Again, this must be
due to the crossing MT acting as a strong hindrance, but the mechanism cannot be the
same as in the previous section. Here, monkey-barring is not feasible but hurdling is.
Evidently, in this case, for switching probability to be elevated, hurdling must be
suppressed.

The vertical forces associated with the ToW for 0.5 um acute geometry pull the
MC between MTs. This effectively wedges the cargo between the two MTs, which indeed
prevents hurdling. We refer to this mode of steric hindrance as “chop-sticking.” Note that
in our simulations, MTs were not allowed to bend, which would likely be a factor under
experimental conditions. In reality, the two motor teams engaged in a ToW during chop-
sticking would be expected to pull the two MTs closer together, which would make the
crossing MT an even stronger obstacle to passing. This is likely the reason why
experimentally observed switching probability for 0.5 um acute geometry is somewhat

higher than theoretical prediction.
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4.4 Discussion

Cargos driven by multiple motors can exhibit incredibly complex behavior. Even
when one considers this for a single cargo moving along a single MT, the system
complexity is sufficient to lead to highly nontrivial emergent behaviors. The number of
motors in biologically relevant systems is typically small which necessitates highly detailed
experiments and modeling to account for not only averaged behavior but also the effect of
fluctuations. The addition of just one more filament adds such complexity that the
emergent behaviors can dramatically diverge to give rise to discrete outcomes: passing and
switching. It is therefore a fascinating model system for emergent behaviors in biology.

We have modeled this problem in a highly controlled experimental environment in
which we imposed very specific restrictions on cargo size and other experimental variables.
We then performed highly detailed modeling of our system in silico to generalize our
experimental results. We were thus able to infer the key processes which underlie our
observations. This enables us to extrapolate how cargo routing might function in cells (and
other environments).

Our analysis shows that the team of motors driving the cargo along the primary
MT is generally at an advantage, even when the ToW is prolonged. This implies that
there is an inherent bias to pass. However, our data show that for many geometric
conditions passing and switching is balanced, and in some cases, switching dominates.
The missing factor which shifts the balance between passing and switching is the extent
to which the crossing MT acts to sterically hinder the motors progressing along the
primary MT.

We show that the crossing MT can indeed be an effective obstacle, especially when
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it intersects at an acute angle with intermediate separation, or near-zero MT-MT separation.
Both types of geometries significantly inhibit passing but via different mechanisms:
intermediate separations with acute angles lead to chop-sticking, while near-zero filament
separations mean that passing is only accessible by means of monkey-barring (which is an
unlikely event).

Our simulations generally closely follow the experimental results but two important
deviations are seen: the conditional probability to switch given that ToW already started is
higher in experiments than in simulations. Also, the time a cargo spends at the intersection
is higher in the experiment than in simulation (Figure 4.7). In both cases, the discrepancy
is clearly linked to the fact that we model MTs as an infinitely rigid rod. To date, MT
rigidity has been mostly studied separately from MT-based transport. Our work suggests
that MT bending and more generally biomechanics of the MT cytoskeleton must be taken
into account in future studies of intracellular motility as they are a non-negligible
contributor to cargo routing.

A faithful and detailed in silico model of cargo motility and the ToW process
enables us to then speculate about cargo navigation patterns beyond our specific conditions.
First, we show that if viscosity increases, then switching would be further favored for near-
zero filament separations. In effect, our simulations lead us to speculate that not only MT
geometry but also local microrheology can be a regulator of cargo routing.

We also predict that extremely short motors should find reaching across the
crossing MT for near-zero separations particularly difficult, so cargos driven by very short
motors would preferentially switch at intersections. It is tempting to speculate that overall

kinesin length evolved to reduce the probability of cargos getting trapped in filament-
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filament switching loops.

On a more architectural level, our results suggest that for each cargo type and size
there is a critical MT density at which efficient transport can be inhibited by too much
switching at intersections. This prediction from the single molecule level dove-tails with
the more qualitative observations for the insulin secretion process (Zhu et al., 2015).

Our work opens many new directions for future work, including studies of more
complex intersections, more complex cargos and motor complexes. Together these
baseline studies can then serve as a basis for studying chemical regulation of motility in
the context of cytoskeletal network geometry. A gradual from-the-bottom-up increase in
complexity can then gradually lead to comprehensive quantitative understanding of

intracellular cargo fluxes, from a single-molecule mechanistic perspective.

4.5 Methods

Optical trapping and 3D motility experiments: our holographic optical trapping and
bead assays were performed as previously described (Bergman et al., 2015). However, in
present work, enzymatically dead KIF5A heavy chain dimers were adsorbed onto bead
handles nonspecifically. Switch/pass outcomes were assessed live during the experiments
from the video feed and recordings were conducted until definitive outcome was attained.
Video records of bead positions were tracked using custom software (MATLAB,
MathWorks, Natick, MA).

Statistical analysis: much of our data are in the form of contingency tables.
Barnard’s exact tests were used to assess significance of differences between outcomes.

Simulations: See Appendix for detailed discussion.
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Figure 4.1: Our in vitro system allows us to model transport through 3D MT crossings
(A) 3D STORM image of MT cytoskeleton from BSC-1 cell. Color coding indicates
relative depth in the cell. X-Y Scale bar is 4um. (Inset) Perspective image of the MT
crossing highlighted in dashed box. Fits to MT positions (light blue and orange) are
shown along with the registered photon originations (red and blue). MT separation at
point of closest approach (double arrow) and MT-MT angle (protractor, dashed lines) is
annotated for clarity.

(B) Hlustration of in vitro 3D MT crossing, constructed using our technique, depicting an
MC undergoing ToW. BHs (bigger beads) are permanently bound to MTs (blue and red
tinted filaments bands). BHs are held in 3D via HOTSs (red cones). Positive MT ends are
indicated by positive signs. For clarity, we only depict two motors on the MC (smaller
bead), engaged on different MTs. In our assays, cargos ultimately switch filaments, or
pass through the intersection (arrows).

(C) Table showing probabilities of switching as a function of 3D MT arrangement. Higher
switch rates are highlighted by darker background. Significant differences (p < 0.05,
Barnard’s test) are indicated by links with * symbols.
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Figure 4.2: Identification and quantification of ToW

(A) Three video frames: before, during, and after ToW (left to right). Circles show BH
positions in the left panel and are positioned identically in middle and right panels.
Displacement of the top BH relative to its fiducial circle indicates presence of ToW (middle
panel); its original position is restored once ToW has ended (right panel). White plus signs
indicate the MT plus ends. Blue and red color dashed lines represent positions of both the
over and underpass MTs, respectively. Frame timings shown in lower right corner.

(B) Analysis of the pass event shown in panel (A). Left panel: Trajectory of MC (red)
overlaid on one video frame. Right panel: MC displacements projected along the primary
(blue) and crossing (red) MT’s axes. Red arrowhead highlights the snapback event which
is typical of a ToW conclusion. Gray band: ToW temporal extent (~ 1.9 s).

(C) Analysis of a switch event. Left panel: Trajectory of MC (red) overlaid on one video
frame. Right panel: MC displacement projected along the primary (blue) and crossing
(red) MT’s axes. Blue arrowhead highlights when the MC undergoes a “snapback”, an
event which is typical of a ToW conclusion. Gray band: ToW temporal extent (~ 1.6 s).
(D) MC displacement along the crossing (red) MT axis shown in (B) overlaid onto trace
of BH’s displacement from trap center, due to ToW (for the top BH in (A). all scale bars
are 5um.
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Figure 4.3: Restoring force on BH

Restoring force on a glass bead (index of refraction 1.55, 1000nm radius) exerted by the
HOT for various displacements from trap center. Calculations were performed using
reviously published software.



Figure 4.4: Cargo navigation flow chart, with associated probabilities
(A) Probabilities of ToW, as a function of 3D MT network geometry.
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(B) Probabilities of primary MT disengagement, for ToW events only, as a function of 3D
MT network geometry. ** indicate probability is significantly higher than 50% (p<0.05s,

Barnard’s test).
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Figure 4.5: Mathematical modeling demonstrates mechanisms of variable switch
probabilities

(A) Time series of simulation snapshots. Snapshots demonstrate behavior of simulated
cargos. Motors walk stochastically, pulling the cargo along with them (left). Motors bound
to the primary MT are shown in cyan. Unbound motors are shown in green; sphere radius
represents motor’s reach. Teams of motors bound to opposite MTs pull against each other,
demonstrating a ToW (center). Motors bound to the crossing MT are shown in magenta. If
all motors in the primary MT team detach, the cargo continues along the crossing MT,
undergoing a switch (right). Bead’s “prime meridian” demarcated to emphasize rotational
movement.

(B) Simulated probabilities to engage in ToW. Simulated ToW probabilities decrease as
separation between filaments increase, and are lowest at normal geometries. For each
experimental separation distance, many cargo runs were simulated for MT angles ranging
from near-antiparallel (O degrees) to near parallel (180 degrees). Probability of undergoing
ToW for each is shown, with thin bars representing standard error. Curves represent
quadratic fits. Experimental data are shown as crosses overlaid on simulated, with thick
bars representing mean, and +/- 95% confidence interval. Experimental data points for
.5um geometries shifted slightly to aid the eye.

(C) Simulated probability to switch, given the cargo engaged in ToW. Transport outcomes
for simulated cargo runs that engaged in ToW are plotted. Simulated and experimental
data represented as in (B).

(D) Simulated probability to switch, overall. Nonintuitive trends found in overall
switching behavior are explained by multiplying probability to ToW (B), by probability to
switch, given ToW (C). Simulated and experimental data represented as in (B).

(E) Snapshot of a 0 um ToW, normal geometry. 3D visualization reveals primary MT
motors are blocked from passing the intersection by the crossing MT at O um. Bound and
unbound motors represented as in (A).

(F) Probability to switch increases with increasing simulated fluid viscosity. Sweeping
over viscosity demonstrates that passing in Oum geometries relies upon diffusive
assistance. Error bars represent standard error.

(G) Mean force exerted by the crossing MT on the cargo (.5 um normal geometry). The
crossing MT exerts significant force on the cargo at acute angles, leading to enhanced
switching. Data represented as mean +/- standard error of the mean.
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Figure 4.6: Solutions to the heuristic model for ToW probability

A heuristic model poses the probability of undergoing ToW as the the probabilityof the
cargo binding (with constant binding rate) to the crossing MT before leaving the TowW
zone. Solutions shown as solid curves. Bars represent 95% confidence intervals for
corresponding experimental data. Bars for data at 0.5 pum shifted slightly to aid the eye.
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Figure 4.7: Empirical cumulative probability distributions for ToW times

The time for which cargos underwent ToW in 90 degree (normal) geometries was measured
in experiments and simulations. Cumulative distributions are shown for each geometry. To
aid interpretation, medians are highlighted with dotted lines.
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Figure 4.8: Simulated average number of motors engaged
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APPENDIX

3D COMPUTER SIMULATION

SUPPLEMENT

Unpublished Data. M. Bovyn. Mathematical model of cargo Dynamics. With permission

from Matthew Bovyn.



Mathematical model of cargo dynamics

1 Model description

We present a three dimensional mesoscale model for the dynamics of the cargo, which takes into account
rotational and translational diffusion, as well as stochastic stepping and binding of the motors. The locations
of the cargo bead and motors attached to it are governed by a set of stochastic ordinary differential equations.
Binding state and location of the motor head along the microtubule (MT) are considered discrete states and
transitions between them occur stochastically, modeled as Poisson processes. We construct a Monte Carlo
numerical simulator, based on a hybrid Euler-Maruyama-Gillespie scheme, and simulate an ensemble of
stochastic trajectories, from which we derive probabilities for tug of war and switching.
Motors in the model have two states:

Bound: A motor i is defined by two points: one represents the the motor domains, which we call the
head hY; the other represents the location at which the motor is bound to the bead, which we call the
anchor @. The motor has a rate of stepping along the MT kj,,, and a rate of unbinding from the MT

o

Unbound: A motor i is defined by one point, the anchor location @*. The motor has a rate of binding to

MT 4, kf,‘:{, that depends on its location relative to the MT as described below.

We track the anchor locations, head loecations of bound motors, the location of the cargo center & and the
cargo orientation f.

1.1 Stochastic ordinary differential equations for cargo motion

We first impose force-balance on the cargo. The motion of the cargo is the inertialess regime (Reynolds
number ~ 107%), so we omit the inertia term. A free body diagram showing the deterministic forces acting
on model cargo iz shown in figure 34B. All forces must balance, so

MFE= NF, +YFH + F + K+ F =0 1)
i i force of gravity ~ brownian force  viscous force
motor forces  steric forces
Similarly, we can write the balance of torques on the model cargo
= =i = =
T= T T T, =0 2
z 2 ™ G- T * @)

e ap— browsian torque  viscous torque
torque from motor forces

By specifying the forms of each of these forces below, we construct the equations of motion of the cargo
center & and cargo orientation .
Motor forces

We model the force that the motor exerts on the cargo as originating from the stretch in spring-like motor
stalks, based on experimental measurements [S10, 88, 83] and in line with previous models [34, 811, 813].
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Figure S4: Diagrams of cargo dynamics

A} Schematic of a model cargo in motion. Kinesin motors are shown in green, primary MT in red, crossing
MT in blue, and bead in white.
B} Free body diagram of the cargo corresponding to the cartoon in A. Anchor loeations @ and head locations
B are shown with green dots. Cargo center location & is shown with a white dot with black outline. Forces
are shown with solid arrows. Dashed arrows show the lever arm through which the motor forces exert torque.
C) Diagram showing the possible state changes corresponding to the cartoon in A. Unbound motors have
om rates greater than 0 if their anchor is less than 1 motor length from a MT. Bound motors have rates of
stepping and unbinding.

The form of this force is that of a one-way (tension-ouly) spring with rest length equal to the length of the

motor. The force F¥ exerted by motor i on the cargo bead is given by

g ) - { o (7)) (i) -

0 otherwise

e —

> L .
. (3)

This force also exerts a torque on the cargn bead, given by the cross product of the lever arm and force
vector )
1), ( B () {rf - f.") x 1, (ri'__h.“) B (4)

Steric forces

The cargo bead and M'Ts are prevented from overlapping in space by a steric force with the form of a one-way
[compression-only) spring, given for MT j by

o, B (R—Ir‘((’.j)D (ﬁ—:q) |r‘{c:_,=')| <n -
0 otherwise

where (., 7] is a vector from point § to the nearest point on the MT. This is found by computing the
perpendicular distance from g to the M'T surface, given by

Sy Ryr o B, , ) ’
(7 7) 1 = Mt (.1.";’,1. p) ((”’l‘il'l‘ p) -(R”.) :1_“_7\_1.1‘ ]

= P') = ((-":‘f\rr - I;) . ”[';rr) "9?\1'1‘




Force of gravity

The experimental system uses = silica bead with density greater than water as the cargo. Therefore the
madel cargo experiences a small but significant force due to gravity given by the buoyancy of the bead,

4 -
Fy = 3R py — pu)d, (7)
where g and py, are the mass densities of the silica bead and water, respectively.

Brownian force

The Brownian force F} is a random variable with mean 0 and varizance 2kpT€, where £ is the drag coefficient
and kgT is the thermal energy unit. Specifically,

(F;,) 0 (8)
(Fo(t)- Fi(s) ) = 2(kgT)(6mnR)S(t - 5) ©)

where we have inserted the translational drag coefficient of a sphere at low Reynold’s number and 4(z) is
the Dirac delta function.
Similarly, the brownian torque on the bead iz a random variable characterized by

() =0 (10)
(Ro(t) - Fals)) = 2(kpT) BrnRY)3(t - 5). (11)
Viscous force

In the low Reynolds limit, linear drag dominates. The drag on the cargo is thus given by Stokes’ Law,
i3
F, = -smﬁda) (12)
The viscous torque is given by the rotational analogue to Stokes’ Law,

5dd(y)

Ty = —BrnpR*——= T

(13)

Construction and discretization of the stochastic ordinary differential equations

With the forms of forces known, we rewrite equations 1 and 2 as a pair of coupled ordinary stochastic
differential equations

B (z{;m (0. 0) + T F@o) + Pg) ) (14)

and

% - ésm+33 (Z ) (E‘(:),Ef(g),a(t))) + 8”;33 (D), (15)

Equation 14 is & specific implementation of the overdamped Langevin equation, used in Brownian dynamics.
Equation 15 is its rotational counterpart.

We discretize these equations according to the Euler-Maruyama method. For an update from the nth
timestep at time t, to the next time t,4; with At = t,4; — ¢, the discretization is

Atnir) = ) + o (ZF" (@ Rt ) + ZF;(a(s»)HFg) Mt o250 A G (16)
i
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where @;’ and (.?3 are two mutually uncorrelated vectors of three independently and identically distributed
gaussian random variables with mean 0 and variance 1.

Update of anchor locations
Since the motors are statically bound to the bead, the change in their locations is fully defined by the
change in the location of the center of the bead &(t,,1) — &(t,,) and the change in the orientation of the bead
Fltns1) — O(tn)-

The change in the bead orientation §(t,11) — 8(t,) corresponds to a vector pointed along the axis of
rotation of the bead with a length corresponding to the magnitude of the rotation in radians. This vector
can be converted into a rotation matrix Mg(t,). The next location of anchor ¢ is then caleulated by finding

@ (tngr) = @ (tn) + (@tnsr) — &tn)) + (Mp(tn) (@ (tn) — &lta)) + &ltn)) - (18)

1.2 Poisson processes

We model all state transitions in the system as Poisson processes, disgrammed in figure S4C. Experiments
have reported exponential distributions of times between steps [82] and times before unbinding [$14]. This
iz also the most basic assumption we can make for times before binding.

Stepping

Kinesin motors step processively along MT tracks in 2 hand-over-hand fashion, with each motor domain
taking 16 nm steps [523] that move the center of mass of the motor forward by 8nm [$21]. The rate at which
the motor steps, and thus the motor velocity, depends on the load the motor is stepping against in a way

well modeled as
; *(1-Fi/F.)* Fi<F,
Lo =Jd ( m m . 19
- {0 Fa>F, 9

as described in [512].
When a motor steps, it is moved forward along the direction of the MT j to which it is bound by the
step distance d. This translates to an update of the head position

B (tns1) = hi(tn) +d (CPMT) . (20)

Unbinding

Kinesin unbinds from the MT with a rate dependent on the force experienced by the motor. Measurements
have shown that unbinding rate increases exponentizlly below stall [817]. Above stall, measurements have
shown that unbinding rate increases only slowly with increasing force [S14]. Therefore, we state the unbinding

rate as
% {EOG:KP(F;)’Fd) F:‘ <F,

= ) 21
a+bFi, Fi > F, (1)

offt —
When a motor unbinds, it is simply put into the unbound state as defined at the beginning of this section.
Binding

The conditions which govern the rate of binding to the MT are not well known. In the absence of detailed
experimental elucidation, we make only the most basic assumptions possible: the motor domains must be
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able to reach the MT to bind, and, if this condition is met, the motor binds with & constant rate. This
translates to an on rate for motor i to MT j given by

micro Flat | < ¥
i = 478 |F(ahi)| < o
o {0 otherwise 22)

where 7 (a, j) is given by equation 6.
When & motor ¢ binds to MT j, the head location is placed at the location on the MT nearest the anchor
location a*, given by

Bi(tns1) = @ (bn) + 7 (@ (ta), 5) - (23)

2 Numerical simulation of the model

Section 1 outlines & numerical scheme for updating for the model’s dynamic variables in equations 16, 17
and 18 over a timestep Af. We simulate the model forward in time using these equations. Time steps are
chosen dynamically. The largest stable time step for the Euler-Maruyama scheme is given by £/x, where £ is
the drag coefficient and & is the spring constant of the stiffest operating spring. The maximum time step is
chosen based on the springs active during that step. The equivalent stiffness of multiple active motor springs
is taken into account, but the steric spring in equation 5 remains by far stiffest in the system if it is active.

For each timestep, we generate exponential random variables from distributions with means set by each
Poisson rate, given in equations 19, 21, and 22, as in the Gillespie (next-event) algorithm. If any of these
times are smaller than the maximum stable time step, the smallest generated time is chosen. If the smallest
generated time came from an unbinding rate, a state change is implemented at the end of the update step by
setting the motor to the unbound state. If this time came from a stepping rate or binding rate, the update
occurs by equation 20 or 23, respectively. If no generated time is shorter than the maximum stable time
step, the update is done with the maximum stable time step and there is no state change. The memoryless
property of the exponential distributions which underlie the Poisson processes ensure that these substeps do
not change the overall dynamics.

The numerical simulation is written in C. It takes approximately 0.5s to simulate 1s of cargo motion
with a 3.3GHz Intel Core i5 processor (single thread).

2.1 Model parameters

The kif5A motors used in experiments are members of the well studied kinesin-1 family. As such, many of
the model parameters have been estimated in previous experiments. The parameters used to simulate the
maodel are given in table 81. There are two parameters in the model not well constrained by experiments in
the literature: the number of motors on & cargo, N, and the on rate of & motor given that it is close enough
to the MT to bind, i<,

2.2 Initial conditions

Beads are incubated with motors in solution to produce experimental cargos. We assume this process
produces beads with motors uniformly distributed on their surface as supported by experimental evidence
in [S16]. Therefore, we generate random positions for motor anchors uniformly distributed on the surface of
the bead.

Simulated cargos are initially placed just below the primary MT and far enough from the intersection
that the cargo can not reach both MTs simultaneously (section 3.3 and figure 89). This distance is a function
of the MT geometry and is given by equation 24. All cargos begin the simulation with one motor attached
to the MT. This motor is selected at random and the cargo is rotated so its anchor is next to the MT.

2.3 Special case of 0 pm geometries

As discussed in the main text, in 0 pm geometries the crossing MT presents a steric barrier to the progress of
the primary MT motor team. To modify the simulation to incorporate these effects, motors walking along the
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Parameter Deseription Value Notes
N Number of motors on the bead 30 Determined by fit to experi-
ments in this paper
Km Kinesin stalk spring constant 320pN pm—* Measured in [S10, S8, S3]
L Kinesin length 80nm Measured in [S7, S19]
wplere Base binding rate (microscopic) 10s~? Determined by fit to experi-
ments in this paper. Lower
bound estimated in [$15, 89|
€ Base unbinding rate 07871 Estimated from run lengths [S1,
817, S16)
a Superstall unbinding rate inter- 1.07s! Measured in [S14]
cept parameter
b Superstall unbinding rate slope 01865 1pN—1  Measured in [S14]
parameter
F, Stall force 5pN Messured in [$3, 822, S14, 817
Fy Critical detachment force 4pN Messured in (818, S14, S17]
v Unloaded mator velocity 1ums~! From model cargo velocities
measured here
d Step size 8nm Measured in [S21]
w Curvature index g Measured in [S22, S5
"y Steric spring constant 40000pN pm~T  Set high enough to ensure the
cargo spends no more than 5
time steps in a row intersecting
a MT
R Cargo bead radius 0.5 pm Provided by manufacturer
o Cargo bead density 2.0g/em? Provided by manufacturer
P Density of experimental medium  1.0g/cm® Estimated as density of water
i Vector for gravitational acceler- (0,0,-9.8) m/s®
ation
n Viscosity of fluid 8.5 107*Pas  Estimated as viscosity of water
T Temperature of the Auid 203K Experiments performed at room
temperature
Rur MT radius 12 nm Measured in |SE|
Fypp Defining point for primary MT  (0,0,0)
J}{,:T Defining direction vector for pri-  (1,0,0)
mary MT
ep Defining point for erossing MT Varied in simulations
CPMT Defining direction veetor for Varied in simulations

Table S1: List of parameters. Values listed are used for all simulations unless explicitly stated.

croasing MT
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primary MT were prevented from stepping into the volume occupied by the erossing MT. Unbound motors
were also prevented from binding if their head would be placed in the volume occupied by the crossing MT.
These restrictions were lifted if the cargo was above the plane of the MTs.

2.4 Fitting unknown parameters to data

While the behavior of bound kinesins under load has been intensely investigated, the binding rate of kinesin
to the MT is less understood. A binding rate of 5s5~! has been estimated based fits to other models [S15,
89], but these estimates include diffusion processes and do not directly translate to the microscopic binding
rate we use here. We define the microscopic binding rate as the rate at which a motor binds the MT given
it is possible for the motor heads to reach the MT, thus 55! represents a lower bound.

It was unfeasible to directly determine the total number of motors bound to experimental beads. Modeling
binding of motors to beads in solution using Poisson statistics has enabled estimation of motor number when
there are few motors (binding fraction < .9)[S16], but the experiments in this work are done in the many
motors regime (binding fraction indistinguishable from 1) so motor number cannot be determined from
binding fraction. Simple binding of motors to cargo beads in solution predicts a total numbers of motors
which is Poisson distributed [$20]. We simulate with only a single number of total motors, which we identify
with the mean of the experimental Poisson distribution. We do not expect this model simplification to
impact the results due to the peaked nature of the Poisson distribution.

Fit to tug of war probability

To determine values for the unknown parameters (total number of motors N and microscopic on rate mf¥'<™®),
we fit to the probability of cargos to undergo ToW.

Ensembles of cargo trajectories were simulated for combinations of total number of motors and off rate
and assayed for ToW as outlined in section 3.1. We survey the fit to ToW probability for experimental
conditions and compare the simulated probability with the experimentally measured one. We exclude 0 ym
separation geometries, as prominent steric effects which might obscure the fit are present (see figure 89).
Furthermore, ToW probability is symmetric about the normal (see figures 38A and 89), so angled geometries
were grouped to increase statistical power. This leaves us with four experimental conditions to fit, as shown
in figure S5.

The experimental geometries provide redundant information about best fit parameters, with many pa-
rameter combinations fitting all four. Therefore we examine other experimental observations to select a set
of parameters.

Robust transport constraint

Experimental cargos are often observed to travel along the entire length of microtubules (10 ym or greater).
Because single motor off rates are constrained by single molecule run length experiments [S1, 817, 516,
we can constrain acceptable combinations of motor number and on rate by looking at simulated cargo run
length. An ensemble of cargos were simulated without the crossing MT and allowed to walk until either all
motors detached from the MT or & motor head passed 2 point 10 um from where the cargo started. Results
are shown in figure 6. In experiments, roughly half of cargos were observed to travel the entire length of

the MT.

Force constraint

In experiments, force production of cargos was limited by the strength of the optical traps securing the bead
handles. If generated forces were large enough, the forward bead handle was pulled out of its optical trap.
Data. for these cargos was discarded. The maximum force the bead handles could withstand was about 7pN,
greater than the single motor stall force but less than the maximal stall force of two motors™B!. Because
experimental cargos often do not stall and geometric effects tend to keep all motors from exerting their
maximal force on the bead handle at once, we expect there to be 2-3 motors exerting force on the bead
handle.
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Figure 55: ToW probabilities for varying combinations of the unknown parameters

ToW probabilities are shown as grey scale heat maps for a range of parameter combinations. Those which
vielded ToW probabilities within the experimental 95% confidence interval are highlighted in color. Red
highlighting indicates a probability above the experimental mean, blue highlighting below. All probabilities
gathered from 300 cargos. For angled geometries, 150 acute runs were grouped with 150 obtuse runs.
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Figure 56: Experimental observations inform selection of unknown parameters

Left: Fraction of cargos that travelled more than 10 microns are shown as a heat map for a range of parameter
combinations. Fractions determined by simulation of 300 cargos.

Right: Mean number of motors engaged on the MT at steady state is shown as a heat map for a range
of parameter combinations. Values represent mean over 200 cargos. The number of motors engaged was
assessed 1.5s after the run began for each cargo. This time was long enough for cargos of all parameter
combinations to reach steady state.

Because simulated MTs are not dynamie, average or maximal simulated forces do not necessarily cor-
respond to those one would expect to see experimentally. Therefore we investigate the number of motors
simultaneously engaged on the MT at steady state, which estimates an upper limit for the number of motors
simultaneously producing force.

To find the number of motors engaged on the MT, we simulate cargos walking along the primary MT
without interference from a crossing MT. First, we simulate an ensemble of cargos and examine the average
number of motors engaged over the ble as time progresses. After an initial transient, there is a period
of time where neither the number of engaged motors nor the standard deviation thereof changes much. We
call the average number of engaged motors during this time the steady state number. A survey of parameter
combinations revealed that 1.5s was long enough for cargos to come to steady state. Then, we check the
average number of engaged motors at steady state for many parameter combinations. The results are shown
in figure S6.

Parameter selection

A survey of figures S5 and S6 reveals that only parameter combinations with high numbers of total motors
and low on rate fit the ToW probability and also match estimated run length and number of engaged motors.
A manual search of parameter combinations in this region yielded N = 30, &5 = 10 57! as the best fit.

3 Model Results

Cargo trajectories were simulated forward in time as described in sections 1 and 2. Simulations were per-
formed using the parameter values listed in table S1. All parameter values used except microscopic on rate
and total number of motors on the cargo are established in the literature or set by the experiment. Section
2.4 details how values for the unknown parameters were fit.

An ensemble of trajectories was simulated for a given geometry. Trajectories were categorized as described
below, and probabilities of ToW and switching were derived. As shown in figure S7, the general behavior of
simulated cargos was the same as experimental ones.
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Figure S7: Snapshots [rom simulated cargo trajectories

During a simulation run, cargos begin outside the ToW zone with a single motor attached to the MT. Motors
step stochastically, moving the cargo along the MT (left). The cargo diffuses translationally as well as
rotationally. When the eargo encounters the crossing MT', motors may bind and induce a ToW with p(ToW)
(center,top) or the cargo may go by the MT without any motors binding(eenier,botiom). Cargos which do
not ToW always pass. ToWs may end in the primary MT motor team becoming detached, resulting in a
switch, with probability p(switch| ToW) (raght,top). Otherwise, the motor team on the crossing MT detaches,
resulting in a pass (right,bottom). To switch, a cargo must undergo ToW, then the crossing MT team must
win the ToW. Therefore, the overall probability of switching p(switch) in given by p(ToW) x p(switch|ToW).

3.1 Categorization of trajectories

Simulated trajectories were categorized using rules intended to cimulate experimentally observed markers.
Simulations began with the cargo outside of the ToW zone {section 3.3 and figure 89) and ended one of three
ways: by the cargo delaching [rom the MT, by the cargo leaving the ToW zone on the primary MT, or by
the cargo leaving the ToW zone on the crossing MT. The latter two cases were categorized as passes and
switches, vespectively, If the cargo detached from the primary MT before going by the intersection point,
the run was discarded. If the cargo passed the intersection on the primary MT, but detached before leaving
the ToW zone, the run was commed as a pass. Similarly, if the cargo was walking on the crossing MT but
detached before leaving the ToW zone, the run was counted as a switch. Experimental runs were categorized
using the same criteria.

Sirmlated cargos were marked as undergoing ToW whoen motors were attached to hoth M'Ts simultanc-
ously for more than 0.25s. This time was sclected as the minimum time in which a ToW would be detectable
experimentally, given the camera frame rate. ToW time was measured as the total time during which motors
were attached to both MTs and average values during ToW were accumulated during this period.

3.2 Encounter outcome dependance on MT geometry

Ensembles of trajectories were simulated for varying separations and angles between the MTs. MT separa-
tions wore varied from Opm to 1pm, corresponding to 0 to 1 times the cargo diamoter. Angles between the
M'I's were varied from nearly parallel to nearly anti-parallel. Figure S8 shows the vesulting ToW and switch
probabilities, along with the conditional probability of switching, given the cargo underwent ToW.
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Figure 58: Probabilities of ToW and switching given ToW combine to explain switch probability

A: ToW probability as a function of the angle between the MTs is shown for separation distances correspond-
ing to 0, 1/4, 1/2, 3/4 and 1 times the cargo diameter. Simulated data shown with thin bars representing
standard error. Curves represent quadratic fits to simulated data for all but 0.25 pm separation distance,
which is fit to a quadratic with an overlaid gaussian. Experimental data shown with think bars representing

95% confidence interval.

B: Conditional probability of switching, given the cargo undergoes ToW. Data represented as in A.

MT angle (degrees)

C: Overall switeh probability. Data represented as in A
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Figure 59: A heuristic model matches qualitative features of ToW probability

Left: Diagram of the ToW zone. The ToW zone is defined as the distance along the primary MT in which
the cargo can reach the crossing MT. Its length was calculated geometrically and is given by equation 24.
Primary MT is shown in blue, crossing MT in red, motors in green and cargo in white.

Right: Solutions to the heuristic model for ToW probability. The heuristic model poses the probability of
undergoing ToW as the the probability of the cargo binding (with constant binding rate) to the crossing MT
before leaving the ToW zone and is given in equation 25. Experimental probabilities are shown with error
bars representing 95% confidence interval. Bars for data at 0.5 ym shifted slightly to aid the eye. Solutions
plotted with k2% set to 1571,

3.3 Explanation of ToW probability

In agreement with intuition, ToW probability increases with the distance the cargo must travel while able
to reach both MTs simultanecusly, which we call the ToW zone, denoted xyp,w. The extent of the ToW zone
was calculated from geometry diagrammed in figure 59, and is given by

. \/4(.[; + R+ Ryr)? — ((Fler — 33er) - 2)* R \/4([; + R+ Ryer)? — (separation distance)®
TTow = = Hd_liwr - ka” sin(MT angle) )
(24)

The probability a cargo will undergo ToW can then be understood as a competition between the rate at
which the cargo binds to the crossing MT, which happens at a rate which we denote kJ*™, and the rate
it leaves the ToW zone, which happens at a rate given by the cargo velocity {(equal to the maximum single
motor velocity v) divided by the ToW zone length. Thus,

=2

Macro
kon

IMACTo ¥
kgere + LW

p(ToW) = (25)

The rate at which the cargo attaches to the crossing MT, kJ;*°™, is in general a complex function of geometry
as well as motor and cargo parameters. However, for this heuristic analysis we assume it is constant across
different geometries. If we fit the macro on rate to the experimental data on ToW probability, we recover
the qualitative features of the full simulation result as shown in figure 89.

Steric effects strongly influence ToW probabilities in 0 pm and 0.25 pm geometries

A comparison of figures S9 and S8A reveals that the heuristic model captures the features of ToW probability
for MT separations 0.5 pm and greater very well. However, it fails to reproduce features of the simulated
data at 0.25 pm and Opm. This failure shows that the peak in ToW probability near the normal for 0.25 pm
separation and the overall high ToW probability at Opm must result from effects not considered in the
heuristic model. As discussed in the main text, steric interactions play a large role.
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3.4 Explanation of conditional probability of switching given ToW

The complex dependence of conditional probability of switching on geometry is not intuitive and warrants
further investigation. To this end, we show the mean number of motors engaged on each MT during ToW,
the mean forces exerted on the motor teams during ToW, the ToW time, and how each of these depends on
the MT geometry in figure S10. Below we explain the behavior of the simulated conditional probability of
switching on geometry using these results.

1 pm near-normal geometries

At 1 pm separation distance, the cargo can not sterically interact with both MTs at once. Since forces
exerted by the MTs are minimal (figure 810C), motor teams in these ToWs pull directly on each other, as
evidenced by high forces on the motor teams and a ratio near 1, shown in figure S10B. Furthermore, ToW
times are short (figure S10D), meaning the crossing MT team often only gets one chance to cause a switch.
One might expect, then, that since the ratio of crossing MT to primary MT motor number is = .7 (fgure
S10A), switches would happen about 30% of the time. However, 2 ToW between motor teams of different
numbers is not directly determined by motor numbers. The slow increase of unbinding rate above stall gives
the smaller team a significant chance to win the ToW, leading to an overall probability of switching higher
than 30%, but still below 50%.

1 pm acute geometries

Conditional probabilities of switching at 1 pm are slightly higher for acute geometries than they are near the
normal. As in the latter, motors pull directly on each other during ToWs, evidenced by high forces in figure
510B. However, an asymmetry exists between a ToW won by the crossing MT motor team and the primary
MT moter team in acute geometries, When the primary MT motor team wins a ToW, the cargo continues
on through the ToW zone (which is longer for more acute geometries, see equation 24). During this time
motors may again bind to the crossing MT, giving another chance for a switch. Evidence of this effect can
be seen in the longer ToW times shown in figure 310D, However, when the crossing MT team wins a ToW,
the cargo is likely to diffuse down and away from the primary MT and avoid rebinding. This effect drives
switching up slightly for acute geometries compared to near-normal.

1 pm obtuse

Unlike in near-normal and acute geometries at 1 pm, motors in obtuse geometries feel low average forces,
as shown in figure S10B. ToW times are long, as seen in figure 510D, because MT alignment is close to
parallel and motors walk in nearly the same direction. Motors do not feel significant load until the cargo has
moved far enough from the intersection that the distance from MT to MT is greater than twice the bead
diameter. These long periods of walking under low force turn the ToW into a competition of processivity as
much as force. While a smaller motor team can compete against a larger motor team in a force competition,
processivity grows quickly with motor number, so larger motor teams are more likely to win a processivity
competition. Because there are on average more motors on the primary MT team, the probability of switching
goes down as the distance walked goes up with more obtuse angles.

0.5 pm near-normal geometries

In 0.5 pm geometries, the cargo must hurdle up and over the crossing MT to pass. If the cargo is underneath
the primary MT, the primary MT motors are loaded as they pull the cargo into the crossing MT, but
the cargo cannot pass the intersection until it is out from underneath the primary MT. In near-normal
geometries, the crossing MT team assists this process by pulling the cargo out toward the plus end of the
crossing MT. While this is taking place, the primary MT motors continue to be loaded. This load sometimes
causes primary MT motors to unbind, leading to & weaker team on average. As crossing MT motors walk,
the force from the primary MT motors is shifted from the crossing MT to the crossing MT motor team.
In the end, this interaction has similar dynamics to the ones described in the 1 pm near-normal geometries,
albeit with a primary MT motor team that is now weaker on average. This slightly biases the ToW toward
the crossing MT team relative to 1 um near-normal geometries, resulting in 2 ToW probability near 50%,.
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Figure 810: Numbers engaged, forces and ToW times explain conditional probability of switching

A: Mean number of motors engaged during ToW for primary and crossing MT teams. The numbers are
shown as a function of MT angle. Below, the ratio of mean motors engaged on the crossing MT to the
primary MT is shown. Separation distances are colored as described in the legend in the top panel of A.
Error bars represent standard error of the mean.

B: Mean force experienced by the motor teams on the primary and crossing MTs during ToW. Forces are
shown as a function of angle. Below, the ratio of the forces on the crossing MT team to the forces on the
primary MT team is displayed. Data represented as in A.

C: Mean steric force exerted by the primary and crossing MTs during ToW. Forces shown as a function of
angle and represented as in A. D: Mean ToW time as a function of angle between the MTs. ToW time is
the total time motors are engaged on both MTs. Data represented as in A.
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0.5 pm acute geometries

Unlike in near-normal geometries at 0.5 um, the crossing MT motors do not aid hurdling behavior in acute
geometries. In fact, they impede hurdling; when the crossing MT motors engage, they act to wedge the cargo
between the MTs, described as "chop-sticking” in the main text. This effect can be seen in the high forces
exerted by the MTs at these geometries shown in figure 310C. Because crossing MT motors impede hurdling
and the cargo must travel beyond the intersection to pass, crossing MT motors often get multiple chances
to cause a switch, indicated by long ToW times in figure S10D. This leads to the conditional probability of
switching rising 50%.

0.5 pm obtuse geometries

As in 0.5 pm near-normal geometries, crossing MT motors aid hurdling in 0.5 pm obtuse geometries, Addi-
tionally, like obtuse geometries at 1 pm separation distance, ToW times are long (figure S10D) and forces
are low (figure S10B). As described, this biases the ToW toward the larger motor team on the primary MT
and results in less switching.

0.25 pm and 0.75 pm geometries

The conditional probability of switching in 0.25 pm and 0.75 pm geometries is similar to that of 0.5 pm
geometries, indicating the same mechanisms are at play. There is a significant deviation at angles near the
normal in 0.25 pm geometries. At these angles, the crossing MT becomes a very effective barrier to progress
of the cargo. Because the crossing MT is above the cargo equator, steric forces from the crossing MT tend
to push the cargo back down, causing it to get stuck below the intersection. This effect can be seen in the
high MT forces near normal in figure $10C. Stuck cargos are more likely to switch, leading to an overall high
switching probability.

0pm near-normal geometries

As explained in the main text, cargos may only pass two ways in 0 pm geometries: by the cargo hurdling
up and over the crossing MT, or by monkey-barring. Since cargos experience a gravitational force, they are
likely to encounter the intersection below the crossing MT and not be able to hurdle. Because successful
monkey-barring is a process which requires two rare events, this leads to a high probability of switching.

0pm acute geometries

Because the ToW zone is longer in acute geometries than near-normal, cargos are more likely to undergo
several ToW events. This is reflected in the long ToW times at acute geometries shown in figure S10D. In
the opposite effect of that in 0.5 pm geometries, these longer ToWs lead to less switching in 0 pm geometries.
This is because these longer ToWs give the cargo more chances to monkey-bar and pass the intersection.

0pm obtuse geometries

Conditional probability of switching falls as angles become closer to parallel for 0pm separation distance,
and approaches 50%. The forces on the cargo in these geometries are such that motors on the crossing MT
tend to pull the cargo up and over the top of the intersection. This leads to greater ease of passing because
the crossing MT no longer blocks progress of the primary MT motor team when the cargo is above the plane.
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