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Figure 1.1: Schematic of PRC1 microtubule organization during mitosis. (A) Metaphase.
Phosphorylated PRC1 (light green) dispersed within the cytoplasm and weakly
interacting with microtubules (red) of a eukaryotic cell (blue outline) as chromosomes
(Grey) are being aligned along the metaphase. (B) Anaphase A. PRCL1 crosslinking
interpolar microtubules in an antiparallel orientation within the central spindle and
condensing as chromosomes are segregated and pulled towards opposite spindle poles.
(C) Anaphase B. PRCL tightly condensed within the central spindle as spindle poles
elongate. (D) Telophase. Cleavage furrow ingression proceeds at the PRC1 condensed
(dark green) central SPINAIE. ........o.oiniir i 4

Figure 1.2: Total internal reflection fluorescence microscopy illustration. Incident laser light
(yellow arrow) striking the glass coverslip (black) at the critical angle (ec)
generating an evanescent wave (red) which decays exponentially into the aqueous
solution exciting fluorophores (green ovals) approximately 100nm from the glass-
aqueous solution interface and does not excite fluorophores farther in solution (black
[0} 721 ) ISP 7

Figure 1.3: Optical tweezers illustration. (A) Forces experienced by a stable “trapped”
polystyrene bead. The scattering force (Fscattering) €xerts a pushing force on the bead
generated along its path of propagation. The gradient force (Fgradient) exerts a pulling
force generated by the lasers electric field towards the center of the beam at its most
focused point (well). (B) Bead displaced from the center of the optical trap. When the
bead is displaced from the center of the trap the laser beam is tilted from its original
path. The tilt of the beam (Ax) is measured by a quadrant photodetector. Due to the
law of conservation of momentum a tilt in the beams path corresponds to a change in
momentum (Ap). This change in momentum corresponds to a restoring force (Frestoring)
acting on the bead whose magnitude is linearly proportional to the displacement of the
bead from the center of the trap....... ..o e 9

Figure 2.1: (A) Schematic of the assay. A surface-immobilized microtubule (labeled with
HiLyte-647 tubulin and biotinylated-tubulin, purple) is crosslinked via GFP-PRC1
molecules to a second microtubule (labeled with rhodamine-tubulin, red) which is
held via a kinesin-coated bead in an optical trap. (B) Time series of fluorescent
images acquired via TIRF microscopy during a microtubule sliding event with
velocity 50 nm/s. GFP-PRC1 and individual microtubule channels are shown along
with composite image. Scale bar = 4 microns. Individual frames taken every 1.75
seconds. (C) Representative force time series data (raw, gray; averaged, red) during
microtubule sliding at 50 nm/s. Initiation of pull at 10s and disruption event at ~63s
are labeled (D) Linescan analysis from GFP channel. GFP intensities at select time
points are plotted against length, with corresponding time points noted on kymograph
inset (blue = 5s, green = 15s, yellow = 25s, orange = 35s, red = 45s). Kymograph
scale bars: vertical = 10s, horizontal =2 MiCroNs.............ccoviiiiiiiiiiii e 14



Figure 2.2: Assay setup similar to description in Figure 1 without kinesin coated bead or
stage motion. (A) Time series of fluorescent images acquired via TIRF microscopy.
GFP-PRC1 and individual microtubule channels are shown along with composite
image showing every 3" frame (~5.25 second interval). Scale bar = 2 microns. (B)
Linescan analysis from GFP channel. GFP intensities at select time points are plotted
against length, with corresponding time points noted on kymograph inset (blue = 0s,
green = 26s, yellow = 50s, orange =74s, red = 98s). Kymograph scale bars: vertical =
17s, horizontal = 0.5 microns. (C) GFP signals within overlap regions were integrated
and normalized to their initial values and are binned at 10 second intervals. Data from
9 individual measurements were averaged. Errorbars =SE..................oooiiiienn, 15

Figure 2.3: (A) Time series of composite fluorescent images acquired via TIRF microscopy
during microtubule sliding events at three different velocities: 50 nm/s, 100 nm/s,
and 200 nm/s. Purple = surface-immobilized microtubule, red = bead-bound
microtubule, green = GFP-PRC1. Scale bars = 4 microns. (B) Representative
averaged force time series at four velocities (black = 25, red = 50, blue = 100,
green = 200 nm/s). Disruption events are marked with vertical arrows. (C)
Representative force trajectories plotted against measured bundle overlap length at
four different velocities, (black = 25, red = 50, blue = 100, green = 200 nm/s).
Shaded yellow region highlights bundle overlap lengths of 0-0.5 microns.

Dashed gray lines = linear fits for duration of entire bundle pull event. Solid gray

lines = linear fits for bundle overlap lengths of 0-0.5 microns. (D)Box plots (red)

of mean force values during individual sliding events (blue points) plotted for each
velocity. (E) Box plots of slopes calculated from force versus total overlap length.

(F) Box plots of slopes calculated from force versus overlap lengths for data selected
between 0-0.5 microns of overlap length. (For D-F: red = box plots with median and
inner quartiles as center and edges of rectangle, 95% confidence intervals, and
maximum/minimum values shown; blue points = individual results. N=(10, 12, 8, 7)

for velocities of (25, 50, 100, 200) NM/S).....orinei e, 17

Figure 2.4: (A) Representative force time series for bead sliding along microtubule
assay. Red arrow indicates kinesin coated bead detachment from rhodamine
microtubule. Green arrow indicates kinesin coated bead re-attachment to rhodamine
microtubule.(B) Kymographs of corresponding force time series from top to bottom:
free rhodamine microtubule, GFP-PRC1, surface-immobilized Hilyte-647
microtubule, and composite of all three channels: rhodamine (red), GFP-PRC1
(green), and Hilyte-647 (purple). Red arrow indicates kinesin coated bead
detachment from rhodamine microtubule. Green arrow indicates kinesin coated
bead re-attachment to rhodamine microtubule. Kymograph scale bars:
vertical = 19s, horizontal = 2 um. (C) Representative force time series for bead
sliding along microtubule assay. Green arrow indicates start of bundle pull and
red arrow indicates bundle separation. (D) Kymographs of corresponding force
time series from top to bottom: free rhodamine microtubule, GFP-PRC1,
surface-immobilized Hilyte-647 microtubule, and composite of all three channels:
rhodamine (red), GFP-PRC1(green), and Hilyte-647 (purple). Green arrow
indicates start of bundle pull and red arrow ............cocooiiiiiiii 19
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Figure 2.5: Force data for individual traces was normalized by dividing by the mean value
during the pulling event. Integrated GFP intensity traces are divided by the maximum
value from each pull. GFP density values are normalized against the initial density
calculated from the first image frame of the pull. Individual traces are plotted as lines,
while data binned for each 0.25-micron increment of overlap are averaged and plotted
as points (mean values) plus error bars (S.D.). All data from (A) 25 nm/s (black, N=10
traces), (B) 50 nm/s (red, N=12 traces) (C) 100 nm/s (blue, N=8 traces), and (D) 200
nm/s (green, N=7 traces) are
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Figure 2.6: (A) Integrated GFP intensity values within overlaps and the corresponding
average force during image acquisition period. Data from overlaps between 0.5 and
1.5 microns from all traces are plotted (Points: black = 25 nm/s, red = 50 nm/s,
blue = 100 nm/s, green = 200 nm/s. Solid lines = linear fits to each data set;
R?=0.315, 0.563, 0.462, 0.431 respectively). (B) Mean slope values and errors of
linear fits from (A) and conversion to force per PRC1 molecule number (right axis).
(C) Same averaged force data points from (A), plotted against corresponding overlap
length (Points: black = 25 nm/s, red = 50 nm/s, blue = 100 nm/s, green = 200 nm/s.
Solid lines = linear fits to each data set; R? = 0.080, 0.018, 0.007, 0.035 respectively).
(D) Mean slope values and errors of linear fits from (C).N= (10, 12, 8, 7) for
velocities of (25, 50, 100, 200) NMM/S).......irit i e 23

Figure 2.7: Example force traces at pulling rates of 50 nm/s recorded with sample buffer
supplemented with (A) 50mM KCI (blue) or (B) 70mM KCI (gray). Example
subsets of force data taken during the final ten seconds, equivalent to the final 0.5
microns, of overlap reduction, prior to bundle disruption with (C) 50mM KCI (blue)
or (D) 70mM KCI. Yellow dashed lines depict linear fits to the force versus overlap
relationship. (E) Mean slope magnitudes and standard deviation for the final 0.5
microns (N=7, 50mM KCI; N=12, 70mM KCI). p<0.0001 by student’s t test. (F)
Force values plotted against corresponding GFP integrated intensity values for
50mM KCI (blue points) and 70mM KCI (grey points) conditions. Lines depict
linear fits (blue, 50mM KCI; grey, 70mM KCI; R? = 0.226, 0.246
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Figure 2.8: (A) Representative force time series for double-pull assay. Shown are force
and microtubule positions during initial pull (red shading), 20 second pause (green
shading), and second pull (blue shading). (B) Kymograph of GFP fluorescence signal
during double pull experiment (vertical scale bar = 10 seconds; horizontal scale
bar = 2 micron). (C) Linescan analysis for selected timepoints from kymograph in
(B). Time = 0s is the first frame during the pausing event....................cooviiiinnn. 26

Figure 2.9: (A) Example initial and second pull force time series for three different bundles.

Red = initial pull, Blue = second pull. (B) Individual force time series during pause.
Absolute force data are shown (N = 9 independent bundles). (C) Normalized force
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time series during pause. Red line = exponential decay best fit to all data.
Characteristic decay time = 7.5 +/- 0.2 S€CONAS. ........coviiiiii e 28

Figure 2.10: (A) Box plots of forces calculated during initial and second sliding events.
p = 0.016 by student’s t test. (B) Box plots of rate of force increase calculated from
linear fit of force versus time during first 5 seconds of pull for initial and second
pulling event. p = 0.034 by student’s t test. (C) Box plots of Ratio of values
calculated in (A) and (B) for initial and second pulling event. N=9 pull/pause/pull
events; box plots show median and inner quartiles as center and edges of rectangle,
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Figure 2.11: Schematic depicting parameters used in computational simulations. PRC1
molecules (Green) bind to the microtubule lattice (Red) on sites with 8 nm
periodicity, and can diffuse with rate kaituse(F), detach from the microtubule with
rate Kdetach(F), and diffuse off of microtubule ends with rate kend. Force across each
PRC1 molecule is calculated by F = Kstiffness * AX....ueuiniinininiiiiniiiieeeiieee

Figure 2.12: (A) Effect of varying kend relative to kaifruse. FOr each parameter set, 20
simulations were run, and values were averaged. Force versus overlap length are
shown for a range of kend values. (B) Force data from (A) plotted as a function of
engaged PRC1 crosslinking molecules. (C) Effect of varying Kaitfuse While setting
Kdetach = 0.002 s°X. Force versus overlap length are shown for a range of Kaitfuse Values
(20,000 nm?/s, 40,000 nm?/s, 100,000 nm?/s). (D) Effect of varying Kdetach While
setting kaiffuse = 40,000 nm?/s. Force versus overlap length are shown for a range of
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Figure 2.13: (A) Numerical simulations were performed using parameter values Kdetach =
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ABSTRACT

The eukaryotic mitotic spindle is a highly dynamic structure composed primarily of microtubules
organized by motor and non-motor microtubule associated proteins (MAP’s). These protein-
microtubule ensembles produce various pull-push forces at different rates as the spindle
undergoes the multiple stages of mitosis. Strikingly, the spindle manages to maintain a steady-
state throughout the entire mitotic process despite the various forces generated at multiple rates
by microtubule-MAP interactions. The MAP PRC1 is one such protein which crosslinks
microtubules in an antiparallel orientation within the central spindle and has been hypothesized
to generate a resistive force to active motor protein microtubule sliding. The research presented
within this document sought to recapitulate the activity of PRC1 and to quantify the
hypothesized resistive forces. This was accomplished by reconstituting PRC1 crosslinked
microtubule bundles and applying the techniques Total Internal Reflection Fluorescence
Microscopy (TIRF) microscopy and optical trapping to measure the resistive forces using
multiple parameters. The results indicated that the resistive forces generated by PRC1
crosslinked microtubule bundles scale with sliding velocity and the number of PRC1 within the
bundle. Interestingly, the resistive forces measured were independent of microtubule bundle
overlap length or PRC1 density within the bundle overlaps. From the data | argue that PRC1 acts
as a mechanical dashpot indicating that the resistive forces generated by PRC1 ensembles scale
proportionately to the velocity at which the bundle is being pulled apart. This behavior would
generate higher resistance to fast acting motor proteins such as dynein while producing minimal
resistance to slower acting motors such as kinesin-5 or kinesin-14 thereby playing an important

role in the maintenance of a steady-state mitotic spindle.
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1. INTRODUCTION

1.1 Eukaryotic Cell Division

Eukaryotic cell division is an integral part of the cell live cycle involving the complex processes
of organelle and genetic material duplication followed by accurate segregation into two new
daughter cells'8.Errors in the proper segregation of genetic material may result in aneuploidy
which is a characteristic hallmark of various cancers’°. During eukaryotic cell division, genetic
material is duplicated and condensed into chromosomes which are two sister chromatids joined
together at the centromere during prophase, aligned at the cell equatorial plate during metaphase
and separate sister chromatids during anaphase into two new daughter cells after
cytokinesist't!2, As the chromosomes are aligned and segregated, they are attached to a dynamic

and complex structure known as the mitotic spindle®*-1°,

1.2 The Role of the Mitotic Spindle in Cell Division

The mitotic spindle is a highly dynamic bi-polar structure which is essential for the accurate
separation of chromosomal material during mitosis®6-*”. The spindle itself is comprised of
multiple subsets of microtubule arrays which are organized via interactions with active motor
and non-motor proteins. These proteins are commonly designated as microtubule associated
proteins (MAP’s). During mitosis, chromatin is condensed into chromosomes during prophase
and prometaphase as the nuclear envelope breaks down and the bi-polar spindle array starts to
form®. Chromosomes then attach to the spindle apparatus and are organized along an equatorial
plane during metaphase and are subsequently separated during Anaphase A followed by the
lengthening of the spindle itself as their respective poles separate during Anaphase B8, While

all of the aforementioned processes are occurring, the individual components of the spindle itself



are constantly undergoing turnover3*°. Furthermore, the mitotic spindle itself is experiencing
simultaneous pulling and pushing forces while still maintaining a force balance throughout the
cell division process'®29-22, The fidelity of this process is significantly dependent on the role of
the aforementioned microtubule array interactions with various MAP’s and their ability to

organize, stabilize, and shape the mitotic spindle throughout the various stages of mitosis.

1.3 The Mitotic Spindle and Microtubule Associated Proteins (MAP’s)

As previously discussed in section 1.2, the mitotic spindle is organized and maintained via the
interaction of microtubules with various MAP’s. From the very onset microtubule interactions
with MAP’s such as XMAP215 and End Binding protein (EB1) allows for the polymerization
and stabilization of the microtubules themselves which are the building blocks of the mitotic
spindle itself23-26. Higher order structures require interactions with various unique MAP’s to
maintain the integrity of the spindle along with allowing the highly dynamic structure to
reorganize during the stages of mitosis. Such interactions include, but are not limited to, active
force generation, spindle anchoring, and microtubule crosslinking. Active motor proteins such as
kinesin-5 crosslink interpolar microtubules in an anti-parallel orientation and generate sliding
forces during anaphase?’-2°. Dynein interaction with astral microtubules helps to anchor the
mitotic spindle to the cell cortex during mitosis3'-33.Non-motor microtubule crosslinking MAP’s
have not been as intensely studied, but their underlying mechanics in crosslinking microtubules
into higher order structures within the mitotic spindle to resist microtubule sliding have only
begun to be investigated. One such family of antiparallel microtubule crosslinking proteins are
MAPG65 which contain the yeast antiparallel microtubule crosslinking protein Asel and its

human homolog PRCL.



1.4 The MAPG65 Family Role in the Mitotic Spindle

Previous work in yeast have identified that Asel crosslinks microtubules in an antiparallel
configuration®* and is required for proper spindle formation and cytokinesis®. Knockdown of
Asel has been shown to result in failure or a substantial reduction in the formation of a proper
mitotic spindle3® and can instead result in the formation of a monopolar spindle which will fail to
fully elongate during anaphase®. Initial research into understanding Asel’s mechanistic role
within the spindle involving an in vitro assay were conducted where two microtubules were
crosslinked via Asel in conjunction with motor protein Ncd®. The active motor minus end
directed protein Ncd is a kinesin-14 Drosophila homolog which crosslinks microtubules in
antiparallel orientation and generates a sliding force®®-41. Braun et al 2011 demonstrated that
Asel crosslinking slows down motor driven microtubule sliding by Ncd without displacing the
motors themselves from the bundle. The data further indicated that Asel acts in a molecular-
brake like fashion to microtubule sliding. Research into characterizing and quantifying the brake
like behavior by Lansky et al 2015 revealed that Asel resistance to microtubule sliding generated
an entropic expansion force in a flow cell which increased exponentially as the number of
crosslinkers increased within the bundle itself. Such behavior has been theorized to be a result of
the high affinity of Asel within bundle overlaps and to a low rate of Asel diffusion within the
overlap. The same researchers used optical trapping to demonstrate that the resistive brake like
force increased with decreasing bundle overlap length and that the resistance force increased
linearly with Asel density within the overlap. While experiments quantifying the brake like
resistance force of Asel have been carried out, similar force measurements regarding the human

homolog PRC1 are lacking.



Figure 1.1: Schematic of PRC1 microtubule organization during mitosis. (A) Metaphase.
Phosphorylated PRCL1 (light green) dispersed within the cytoplasm and weakly interacting with
microtubules (red) of a eukaryotic cell (blue outline) as chromosomes (grey) are being aligned along
the metaphase. (B) Anaphase A. PRCL1 crosslinking interpolar microtubules in an antiparallel
orientation within the central spindle and condensing as chromosomes are segregated and pulled
towards opposite spindle poles. (C) Anaphase B. PRCL1 tightly condensed within the central spindle as
spindle poles elongate. (D) Telophase. Cleavage furrow ingression proceeds at the PRC1 condensed
(dark areen) central spindle.

1.5 Mechanics of PRC1 in the Mitotic Spindle

PRC1 is approximately 620 amino acids long and functionally a homo-dimer containing a N-
terminal coiled coil domain, a central spectrin rich microtubule binding rod domain, and an
arginine/lysine unstructured C-terminal tail and was initially discovered to localize in a narrow
area within the mitotic spindle from mid-anaphase to late telophase and cytokinesis as shown in
Figure 1.142%4, The unstructured C-terminus contains multiple phosphorylation sites which have
been implicated in regulating the interaction of PRC1 with microtubules, specifically by
preventing the premature formation of microtubule bundles during metaphase®. Initial research

indicated that PRC1 localized to the spindle midzone at anaphase A and plays an essential role in



the formation of the central spindle midzone via crosslinking microtubules in an antiparallel
orientation and has been hypothesized to generate a resistance force to microtubule sliding*64’.
Recent research has also indicated that PRC1 plays a vital role in building bridging fibers
between sister kinetochore fibers and that sliding between microtubules within the bridging
fibers at the onset of anaphase pushes kinetochore fibers apart thereby promoting chromosomal
segregation“®-%9, Knockdown of PRC1 in early anaphase results in a splayed spindle formation
and failure of cytokinesis as the central spindle midzone is not properly formed thereby
preventing the formation of a proper myosin 1l contractile ring**5%. Knockdown of PRC1 during
metaphase results in several mitotic defects such as the reduction of the number of bridging
fibers, a decrease in interkinetochore distance, and widening of the metaphase plate*®-%°, With its
role as a vital microtubule crosslinker well established, research into the mechanics and force
quantifications regarding its hypothesized resistance to microtubule sliding have not been
significantly explored. Preliminary single molecule assays using a truncated PRC1 construct
containing just the microtubule-binding domain have measured sub-piconewton frictional
forces®2. However, similar studies involving the quantification of resistive forces using the full-

length protein or across microtubule bundles have not been carried out.

1.6 Motivating Questions

The research presented within this document is motivated towards understanding the mechanistic
role of full length PRC1within the eukaryotic mitotic spindle and how hypothesized resistive
force to sliding may be dependent on factors such as protein number, microtubule bundle overlap
length, and rate of microtubule bundle sliding. Through the use of controlled single molecule in
vitro assays the researched aimed to elucidate and quantify the hypothesized resistive force under

various conditions in order to better understand the role of PRC1 within the mitotic spindle.



Furthermore, quantifying the force parameters of PRC1 and comparing the data with existing
research will facilitate a better understanding of the complexities involved with the mitotic

spindle during eukaryotic cell division.
1.7 Techniques

1.7.1 Biochemical Reconstitution

The research presented within this document was carried out in vitro using purified components
in order to biochemically reconstitute PRC1 crosslinked anti-parallel microtubule bundles.
Transformation of a full length PRC1 isoform 2 plasmid containing a GFP fluorescence tag into
a competent bacterial cell line was followed by growth, induction, and purification of the
resulting protein. Purification of homodimeric GFP-tagged PRC1 was performed using size
exclusion via Superose-6 column and high-pressure liquid chromatography. In order to visualize
the proper formation of microtubule bundles and to accurately gather and analyze sliding events,
two different fluorescently marked microtubules were used. Four separate types of labeled
tubulin were acquired: unlabeled tubulin, biotinylated tubulin, Rhodamine 561 fluorescent
tubulin, and Alexa-647 fluorescent tubulin. Using these components two distinct sets of
microtubules were formed. The first involved the combination of rhodamine 561 tubulin and
unlabeled tubulin and the other consisted of unlabeled tubulin, biotinylated tubulin, and Alexa-
647 fluorescent tubulin. Both sets of microtubules were polymerized using GMPCPP, a non-
hydrolysable form of GTP, followed by clarification via ultracentrifugation and resuspension in
taxol. Construction of stable PRC1 crosslinked microtubule bundles were performed on glass
coverslips located on a piezo stage and said coverslips were coated with base a mixture of non-
biotinylated and biotinylated polyethylene glycol (PEG) to whom neutravidin was attached. This
base structure allowed for the robust attachment of the Alexa-647 biotinylated microtubules to
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the glass coverslip. The next steps involved the introduction of PRC1 followed by the
rhodamine-561 labeled microtubules to complete the bundle. The rhodamine-561 microtubules
were then attached to micron sized polystyrene beads which was coated with a truncated kinesin
1 construct K439. The plasmid for K439 was generously donated by the Dr. Susan Gilbert lab
and was transformed, induced, and purified in a similar manner as the previously described
PRC1. The kinesin-1 constructs were mixed with the micron sized beads which came pre-coated

with streptavidin. The kinesin-1 construct contained a histidine-tag which bound robustly to the
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Figure 1.2: Total internal reflection fluorescence microscopy illustration. Incident laser light (yellow arrow)
striking the glass coverslip (black) at the critical angle (ec) generating an evanescent wave (red) which decays
exponentially into the aqueous solution exciting fluorophores (green ovals) approximately 100nm from the
glass-aqueous solution interface and does not excite fluorophores farther in solution (black ovals).

streptavidin. After successful coating of the bead it was attached to the rhodamine-561
microtubule via the interaction of the kinesins motor heads and the microtubule lattice. Since
there was no ATP present within the system the motor heads were bound in a rigor like state to

the microtubule.



1.7.2 Total Internal Reflective Fluorescence Microscopy

Total internal reflective fluorescence microscopy (TIRF) is based on the principle of Snell’s Law
where a collimated beam of light traveling from a medium of high refractive index encounters a
barrier containing a medium of lower refractive index at a critical angle (ec) where the light is
propagated parallel to the barrier interface thereby creating an electromagnetic field adjacent to
the lower refractive index Figure 1.2%. This electromagnetic field decays exponentially as you
move away from the barrier interface into the lower refractive index medium thereby only
allowing the excitation of fluorophores within a range of 100nm producing a high signal-to-noise
ratio and a much clearer image with less background. Initially TIRF microscopy was used to
study the surface interactions of various macromolecules and molecular systems®+-%6, The advent
of a prism-based configuration paved the way for using TIRF in cellular microscopy® and
objective configuration microscopy®’ promoted early single molecule assays via super resolution
imaging®>° and further increased its use with the advent of a commercially available objective-
based configuration. A limitation for cellular microscopy involving the prism system involves
the requirement for the biological sample to be placed between the prism, which is used to attain
the critical angle, and the glass coverslip thereby significantly limiting the ability to manipulate
said sample via processes such as optical tweezers. Furthermore, the high signal to noise ratio
generated via TIRF microscopy itself has a limiting imaging depth due to only exciting
fluorophore approximately 100nm into the media thereby reducing the efficacy of imaging larger

cellular organisms. Despite these limitations, the use of TIRF microscopy is the most
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Figure 1.3: Optical tweezers illustration. (A) Forces experienced by a stable “trapped” polystyrene bead.
The scattering force (Fscarering) €xerts a pushing force on the bead generated along its path of propagation.
The gradient force (Fgradient) €Xerts a pulling force generated by the lasers electric field towards the center of
the beam at its most focused point (well). (B) Bead displaced from the center of the optical trap. When the
bead is displaced from the center of the trap the laser beam is tilted from its original path. The tilt of the
beam (Ax) is measured by a quadrant photodetector. Due to the law of conservation of momentum a tilt in
the beams path corresponds to a change in momentum (Ap). This change in momentum corresponds to a
restoring force (Frestoring) acting on the bead whose magnitude is linearly proportional to the displacement of
the bead from the center of the trap.

advantageous technique for gathering fluorescence data within the single molecule assays
described in this document.

1.7.3 Optical Tweezers

The technique of optical tweezers was invented by Dr. Arthur Ashkin over 30 years ago®and has
been applied to elucidating the mechanics of various biological systems ranging from proteins to
DNAG®L, Optical tweezers are based on the fundamental principle that a collimated beam of
propagating light carries momentum. When the beam of light comes into contact with an object
and is refracted or reflected it experiences a momentum change. The object that reflected or
refracted the incoming beam of light experiences an equal, but opposite change in momentum due

to the law of conservation of momentum therefore the change in the momentum of the object struck
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by the incoming beam of light is directly proportional to the force acting on it. For a single beam
optical tweezer system, a micron size bead is “trapped” within an optical well by a tightly focused
monochromatic near infrared laser as shown in Figure 1.3 A. The near infrared spectrum is chosen
due to its low absorption by biological components such as proteins®?. The bead is positioned
roughly within the center of the well by the combination of a scattering “pushing” force and a
gradient “pulling” force. A scattering pushing force is exerted on the bead by the laser along the
laser path. The gradient pulling force is exerted on the bead by an electric field generated by the
laser, which is strongest at its most focused point, in this case being the beam center. When the
gradient force is greater than the scattering force the bead is trapped just below the beam waist and
the laser beam experiences a continual straight path. When the bead is displaced from the center
of the trap, the laser beam experiences a tilt in its path (Ax) resulting in a change in momentum of
the beam which is measured via quadrant photodetector which registers forces within the pico-
and sub-pico Newtown ranges as shown in?7-28:3%41.63 Dye to the law of conservation of momentum
the bead experiences a linear restoring force equal to the displacement of the bead from the center
of the trap based on Hooke’s Law, F=-k (X), where k represents the stiffness of the optical trap and
x representing the displacement of the center of the bead from the center of the beam Figure 1.3
B. Modern optical tweezer have also improved upon the issues of stage noise, which can create
fluctuations within the force readings, and mechanical drift by implementing position feedback
systems into ultrafine control piezo stage set ups®+%5.This system can control and correct the
position of the sample at nano-scale increments to ensure the fidelity of the recorded
measurements. When combined with fluorescence imaging techniques and nanometric controls,
optical trapping can measure the relationships between force dependence and velocity, molecule

number, and molecule density.
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2. THE MITOTIC CROSSLINKING PROTEIN PRC1 ACTS LIKE
A MECHANICAL DASHPOT TO RESIST MICROTUBULE
SLIDING

2.1 Abstract

Cell division in eukaryotes requires the regulated assembly of the spindle apparatus. The proper
organization of microtubules within the spindle is driven by motor proteins that exert forces to
slide filaments, while non-motor proteins crosslink filaments into higher order motifs such as
overlapping bundles. It is not clear how active and passive forces are integrated to produce
regulated mechanical outputs within spindles. Here we employ simultaneous optical trapping and
TIRF microscopy to directly measure the frictional forces produced by the mitotic crosslinking
protein PRCL1 that resist microtubule sliding. These forces scale with microtubule sliding
velocity and the number of PRCL1 crosslinks, but do not depend on overlap length or PRC1
density within overlaps. Our results suggest that PRC1 ensembles act similar to a mechanical
dashpot, producing significant resistance against fast motions, but minimal resistance against
slow motions, allowing for the integration of diverse motor activities into a single mechanical

outcome.

This chapter has previously appeared as: Gaska, I.; Armstrong, M. E.; Alfieri, A.; Forth, S. The
Mitotic Crosslinking Protein PRC1 Acts Like a Mechanical Dashpot to Resist Microtubule
Sliding. Dev. Cell 2020, 54 (3), 367-378.€5. https://doi.org/10.1016/j.devcel.2020.06.017.
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2.2 Introduction

Within the eukaryotic mitotic spindle there are subsets of microtubules which are organized into
specialized arrays whose filaments can undergo relative sliding®. Microtubule sliding is driven

in part by motor proteins that either crosslink filaments or cluster at microtubule ends to exert
active sliding or pulling forces along the filament®’. Single molecule analyses of diverse motor
proteins found within spindles indicate that velocities can vary over several orders of magnitude,
from dynein at nearly ~1 micron/sec-° to various mitotic kinesins that range from 25-300
nm/sec3%40.71-74 Spindle microtubules can also be bundled into higher-order arrays by non-motor
proteins that can sort filaments by polarity and regulate the relative motions of sliding
microtubules’®. It has been proposed that crosslinking by such proteins may produce a ‘brake-
like’ resistance to filament sliding that acts to balance motor-driven forces®, leading to an
integration of active and passive forces that sets parameters such as spindle length and filament
sliding velocity

One such passive microtubule crosslinking protein hypothesized to produce resistance to
microtubule sliding is PRC1. Evidence suggests that microtubule arrays crosslinked by PRC1 act
as mechanical linkage between segregating chromosomes and separating spindle halves in
anaphase. First, knockdown of PRC1 in human cell lines reveals that microtubule density is
reduced within spindle midzones in anaphase and the two spindle halves appear to be fully
detached from one another#35..76and segregation rates and separation distance both increase’”.
Furthermore, single molecule studies revealed that monomeric PRC1 constructs containing just
the microtubule-binding domain of the protein generate frictional resistance when moved along
the microtubule lattice when under tension®2. However, it is currently unclear how ensembles of

full-length human PRC1 molecules crosslinking microtubules in micron-scale overlaps produce
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resistive forces. Specifically, it is unknown how resistive forces might be regulated within sliding
bundles by parameters such as PRC1 density, microtubule overlap length, or relative sliding speed.
Here, using simultaneous TIRF microscopy and optical trapping methods, we directly measure
the resistive forces generated by ensembles of PRC1 molecules crosslinking microtubule pairs.
We find that the magnitude of resistive forces linearly scales both with the velocity at which
microtubules slide apart and with the total number of engaged crosslinkers in overlap region, but
not the length of the overlap or the density of crosslinks. Surprisingly, we observe that pausing
during sliding allows the system to relieve tension and reinitiating sliding results in increased
resistive forces, suggesting that upon cessation of relative sliding, PRC1 molecules can rearrange
within the overlap to form a higher-order configuration that more strongly resists microtubule
separation. Finally, using computational modeling, we describe how PRC1 can be condensed
into shrinking overlaps by microtubule ends that act as ‘leaky’ reflective barriers to diffusion.
Together, these results suggest that PRC1-crosslinked microtubule pairs generate viscous

resistance to act similar to a mechanical dashpot during filament sliding.
2.3 Results

2.3.1 Relative Sliding of Microtubules Crosslinked by PRC1 Generates Resistive Forces

To characterize the mechanical properties of PRC1-mediated microtubule bundles, we established
an assay that allowed us to control microtubule sliding motions while simultaneously measuring
the forces between two crosslinked microtubules and observing the distribution of GFP-PRC1
molecules within microtubule overlap regions. To achieve this, we employed a strategy similar to
one previously used to measure pushing forces by kinesin-5 ensembles?®. Briefly, microtubules
containing HiLyte-647 and biotinylated tubulin were immobilized on a passivated coverslip via
Neutravidin linkages. GFP-PRC1 and rhodamine-labelled microtubules were then sequentially
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introduced into the sample chamber, generating microtubule bundles with varying overlap lengths
and amounts of PRC1 molecules in overlaps. Finally, polystyrene beads coated with truncated

kinesin-1 construct were introduced, allowing for long-lived attachments to microtubules. These
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Figure 2.1: (A) Schematic of the assay. A surface-immobilized microtubule (labeled with HiLyte-647 tubulin
and biotinylated-tubulin, purple) is crosslinked via GFP-PRC1 molecules to a second microtubule (labeled
with rhodamine-tubulin, red) which is held via a kinesin-coated bead in an optical trap. (B) Time series of
fluorescent images acquired via TIRF microscopy during a microtubule sliding event with velocity 50 nm/s.
GFP-PRC1 and individual microtubule channels are shown along with composite image. Scale bar = 4
microns. Individual frames taken every 1.75 seconds. (C) Representative force time series data (raw, grey;
averaged, red) during microtubule sliding at 50 nm/s. Initiation of pull at 10s and disruption event at ~63s are
labeled. (D) Linescan analysis from GFP channel. GFP intensities at select time points are plotted against
length, with corresponding time points noted on kymograph inset (blue = 5s, green = 15s, yellow = 25s, orange
= 35s, red = 45s). Kymograph scale bars: vertical = 10s, horizontal = 2 microns.
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beads were then held in an optical trap and used to both apply and measure force along the length

of the microtubule bundle (Figure 2.1 A). Moving the sample stage at a fixed velocity parallel to
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Figure 2.2: Assay setup similar to description in Figure 1 without Kinesin coated bead or stage motion. (A) Time
series of fluorescent images acquired via TIRF microscopy. GFP-PRC1 and individual microtubule channels
are shown along with composite image showing every 3rd frame (~5.25 second interval). Scale bar = 2 microns.
(B) Linescan analysis from GFP channel. GFP intensities at select time points are plotted against length, with
corresponding time points noted on kymograph inset (blue = 0s, green = 26s, yellow = 50s, orange =74s, red =
98s). Kymograph scale bars: vertical = 17s, horizontal = 0.5 microns. (C) GFP signals within overlap regions
were integrated and normalized to their initial values and are binned at 10 second intervals. Data from 9
individual measurements were averaged. Error bars = SE.

o

the microtubule bundle axis allowed for controlled separation of filaments. Images of each of the
two microtubules and the GFP-PRC1 molecules were acquired using total internal reflection
fluorescence (TIRF) microscopy. The data from this example show the surface-immobilized
microtubule moving at a constant velocity of 50 nm/s, the free microtubule held in place via the
optically trapped bead, and the GFP-PRC1 molecules clustering into the region of decreasing

overlap (Figure 2.1 B). Upon complete separation of a microtubule pair, the free microtubule
15



became detached from the bundle and freely swiveled, while a small number of remaining GFP-
PRC1 molecules bound to the surface microtubule began to

diffuse away from the microtubule end. Simultaneously with the acquisition of the fluorescence
imaging data, we recorded the force exerted on the bead using a custom-built force-calibrated
optical tweezers instrument (Figure 2.1 C). Before separating the microtubule pair, the measured
force was approximately O pN. After a 10-second delay to confirm bead attachment and record the
initial distribution of microtubules and PRC1 molecules, the surface microtubule was moved at a
constant velocity and the magnitude of the force increased rapidly and then reached a relatively
stable value. Over the course of the pulling event, the force remained nearly constant, with small
and stochastic deviations around an average value. Upon bundle separation, the force value sharply
dropped to O pN, consistent with the microtubules no longer being mechanically crosslinked.
Together, these data demonstrate that our instrument is capable of simultaneous force and
fluorescence measurement of sliding microtubule bundles moving at controllable velocities, and
that crosslinked microtubule pairs generate resistive forces when sliding.

We next examined the time-dependent distribution of GFP-PRC1 molecules within the overlap
region throughout the experiment. Line scans of the GFP signal intensity were generated for each
time point and plotted against distance along the microtubule positions (Figure 2.1 D and
kymograph inset). We observed that at earlier time points, when the overlap region is several
microns in length, the GFP intensity is relatively evenly distributed within the overlap and has a
mean value of ~10 a.u. (blue line). As the overlap decreased in length, the mean value of the
intensity increased while the length distribution became narrower, indicating that PRC1 molecules
track the shrinking overlap region. Once the overlap had reached a value close to 0 microns, the

GFP intensity signal reached a maximum value of ~40 a.u. (red line).
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In order to accurately compare the relationship between the number of PRC1 molecules within the
bundle and the corresponding resistive forces generated, control non sliding bundles were made
and photobleaching experiments were carried out. The experiments involving non-moving
microtubule pairs revealed that loss of GFP fluorescence signal due to photobleaching occurs at a
rate of only ~4% per minute, suggesting that time-dependent changes in signal are due to changes
in PRC1 concentration, and not photobleaching (Figure 2.2). These data suggest that the PRC1

molecules are moving closer together within the overlap, increasing in density as the overlap length

decreases.

50 nm/s 100 nm/s 200 nm/s B) 30

Figure 2.3: (A) Time series of composite fluorescent images acquired via TIRF microscopy during microtubule
sliding events at three different velocities: 50 nm/s, 100 nm/s, and 200 nm/s. Purple = surface-immobilized
microtubule, red = bead-bound microtubule, green = GFP-PRCL. Scale bars = 4 microns. (B) Representative
averaged force time series at four velocities (black = 25, red = 50, blue = 100, green = 200 nm/s). Disruption events
are marked with vertical arrows. (C) Representative force trajectories plotted against measured bundle overlap
length at four different velocities, (black = 25, red = 50, blue = 100, green = 200 nm/s). Shaded yellow region
highlights bundle overlap lengths of 0-0.5 microns. Dashed grey lines = linear fits for duration of entire bundle
pull event. Solid grey lines = linear fits for bundle overlap lengths of 0-0.5 microns. (D) Box plots (red) of mean
force values during individual sliding events (blue points) plotted for each velocity. (E) Box plots of slopes
calculated from force versus total overlap length. (F) Box plots of slopes calculated from force versus overlap
lengths for data selected between 0-0.5 microns of overlap length. (For D-F: red = box plots with median and inner

quartiles as center and edges of rectangle, 95% confidence intervals, and maximum/minimum values shown; blue
points = individual results. N=(10, 12, 8, 7) for velocities of (25, 50, 100, 200) nm/s).
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2.3.2 The Magnitude of Resistive Forces Increases With Increasing Relative Microtubule
Velocity

We next applied our experimental assay to determine how resistive forces generated during bundle
disruption would depend on sliding velocity. We therefore disrupted microtubule bundles at four
different velocities that are similar to reported velocities for various mitotic kinesins: 25 nm/s, 50
nm/s, 100 nm/s, and 200 nm/s. Inspection of the fluorescence data revealed that at each velocity,
bundle overlap decreased uniformly at the rate of microtubule sliding, and PRC1 molecules
consistently tracked and concentrated within the shrinking overlap (Figure 2.3 A). Forces
measured during bundle disruption events appeared to be generally larger in magnitude at higher
sliding velocities (Figure 2.3 B). We confirmed that the bead-microtubule attachments persisted
throughout all pulls by noting that the overlap length reduction was continuous and no sudden
large force reductions were observed, as we saw in occasional cases where bead-microtubule
attachment was transiently lost (Figure 2.4 A&B). We also confirmed that the microtubule-surface
attachments remained robust throughout our experiments by measuring the velocity of the surface-

immobilized microtubule and finding it to consistently match that of the controlled stage velocity
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Figure 2.4 :(A) Representative force time series for bead sliding along microtubule assay. Red arrow
indicates kinesin coated bead detachment from rhodamine microtubule. Green arrow indicates kinesin
coated bead re-attachment to rhodamine microtubule. (B) Kymographs of corresponding force time series
from top to bottom: free rhodamine microtubule, GFP-PRC1, surface-immobilized Hilyte-647 microtubule,
and composite of all three channels: rhodamine (red), GFP-PRC1 (green), and Hilyte-647 (purple). Red
arrow indicates kinesin coated bead detachment from rhodamine microtubule. Green Arrow indicates
kinesin coated bead re-attachment to rhodamine microtubule. Kymograph scale bars: vertical = 19s,
horizontal = 2 um. (C) Representative force time series for bead sliding along microtubule assay. Green
arrow indicates start of bundle pull and red arrow indicates bundle separation. (D) Kymographs of
corresponding force time series from top to bottom: free rhodamine microtubule, GFP-PRC1, surface-
immobilized Hilyte-647 microtubule, and composite of all three channels: rhodamine (red), GFP-PRC1
(green), and Hilyte-647 (purple). Green arrow indicates start of bundle pull and red arrow indicates bundle
separation. Yellow line highlights trajectory of surface bound HiLyte647 microtubule and corresponds to a
measured velocity of 50nm/s. Kymograph scale bars: vertical = 19s, horizontal = 2 pm.

(Figure 2.4 C &D). We repeated these experiments multiple times for each condition and

calculated the average force during sliding events at each velocity (Figure 2.3 D), revealing a
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positive correlation between faster sliding velocity and increasing force. We next considered the
relationship between force and overlap length for the same data sets. These data reveal that the
force trend throughout the entire sliding event remains relatively constant, suggesting minimal
correlation between force and overlap length (Figure 2.3 C). After calculating the slopes of these
data (Figure 2.3 C, dashed gray lines) and averaging multiple traces, we confirmed that the change
in force with overlap length is close to 0 pN/micron, but with a slightly negative trend (Figure 2.3
E). This indicates that there may be a small increase in force as the bundle approaches separation,
but that the force is relatively constant within a given pulling event and is largely independent of
overlap length. Previous analyses of microtubule bundles crosslinked by Asel molecules
suggested that as the density of crosslinkers increased, entropic forces that resisted bundle
separation rapidly grew in magnitude (42). However, analysis of the change in force values relative
to change in overlap lengths for data subsets selected between 0 and 0.5 microns (Figure 2.3 C,

solid grey lines) do not reveal a sharp increase as overlap lengths approach 0 microns (Figure 2.3
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Figure 2.5: Force data for individual traces was normalized by dividing by the mean value during the pulling
event. Integrated GFP intensity traces are divided by the maximum value from each pull. GFP density values
are normalized against the initial density calculated from the first image frame of the pull. Individual traces
are plotted as lines, while data binned for each 0.25-micron increment of overlap are averaged and plotted as
points (mean values) plus error bars (S.D.). All data from (A) 25 nm/s (black, N=10 traces), (B) 50 nm/s (red,
N=12 traces) (C) 100 nm/s (blue, N=8 traces), and (D) 200 nm/s (green, N=7 traces) are included.
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F), suggesting that the resistance to microtubule pair separation produced by Asel and PRC1
operate by different mechanisms.

2.3.3 Resistive Forces Scale With Number of PRC1 Molecules but not Overlap Length
While we observed a general trend of force values that increase with faster pulling velocities, we
noted that there were individual instances where the force recorded during pulls at our slowest rate
(25 nm/s) exhibited higher average values than those measured during our fastest pulls (200 nm/s)
(Figure 2.3 D). This led us to examine additional parameters that may contribute to the production
of resistive forces. The formation of bundles occurs spontaneously within the sample chamber,
and bundles can have both variable initial overlap lengths and different concentrations of GFP-
PRC1. We therefore focused on determining how the force and GFP fluorescence signals evolved

during individual pulls to look for characteristic behaviors across many traces. We first normalized
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the force signal against the mean value during each pull and plotted this as a function of measured
overlap length for each of the four velocities examined (Figure 2.4 A-D). We also calculated the
integrated GFP intensity and density for each of the traces, normalizing against their peak and
initial value, respectively, during the pull (Figures 2.4 A-D). This allowed us to collapse all traces,
regardless of their magnitude, onto a similar scale, permitting us to bin the data and calculate the
average value and standard deviation for every 0.25 microns of overlap length. We observed that
for all velocities, the force signal remains relatively flat throughout the duration of the pull,
suggesting the frictional force does not depend on overlap length. We also observed that the GFP
integrated intensity decreases only slightly until approximately the last 500 nm, where the signal
decreased more; this is likely due to loss of PRC1 crosslinks from the shrinking overlap region. In
contrast, the density of PRC1 molecules exhibited a consistent rise that is particularly prominent

as the overlap length approaches zero. We conclude from these analyses that the force is
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Figure 2.6 (A) Integrated GFP intensity values within overlaps and the corresponding average force during
image acquisition period. Data from overlaps between 0.5 and 1.5 microns from all traces are plotted (Points:
black = 25 nm/s, red = 50 nm/s, blue = 100 nm/s, green = 200 nm/s. Solid lines = linear fits to each data set; R?
=0.315, 0.563, 0.462, 0.431 respectively). (B) Mean slope values and errors of linear fits from (A) and
conversion to force per PRC1 molecule number (right axis). (C) Same averaged force data points from (A),
plotted against corresponding overlap length (Points: black = 25 nm/s, red = 50 nm/s, blue = 100 nm/s, green =
200 nm/s. Solid lines = linear fits to each data set; R? = 0.080, 0.018, 0.007, 0.035 respectively). (D) Mean slope
values and errors of linear fits from (C). N= (10, 12, 8, 7) for velocities of (25, 50, 100, 200) nm/s).

independent of overlap length and does not scale with PRC1 density, but most closely trends with
the number of PRC1 molecules within the overlap.

To allow for more direct comparisons across different pulling rates, we selected subsets from our
data to perform analyses within a small range of overlap values (0.5-1.5 microns). We next plotted
individual force and GFP integrated intensity data points from within this range for each velocity
and found that forces increased with increasing integrated GFP intensity (Figure 2.6 A). Under our
imaging conditions, we determined that each PRC1 dimer generated 4.8 units of intensity, as

measured by two-step photobleaching indicating that the majority of bundles examined in this
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range had 20-100 PRC1 crosslinking molecules. We next calculated the slopes of each constant
sliding velocity data set and observed that the average slope value increased nearly linearly with
increasing velocity (Figure 2.6 B). We observed the same linear force-velocity relationship when
performing these bundle disruptions with a velocity ramp, wherein the microtubule filaments were
accelerating throughout the duration of the pull. Plotting the same force values against overlap
length did not show a significant correlation (Figure 2.6 C), and the slopes of the force-overlap
relationships within this subset of data did not show a clear dependence on overlap length (Figure
2.6 D). These results indicate that the resistive forces generated by PRC1 ensembles are viscous,
defined as being linearly proportional to velocity. One important feature of viscous devices, such
as mechanical dashpots or dampers, is that the resistive force is also independent of direction of
application. We confirmed this is also true for PRC1-crosslinked microtubules by first pulling and
then pushing the filament pairs, observing that the magnitude of viscous force was the same, but

with the opposite sign. Together, these data reveal that the magnitude of resistive force scales both
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Figure 2.7: Example force traces at pulling rates of 50 nm/s recorded with sample buffer supplemented with
(A) 50mM KCI (blue) or (B) 70mM KCI (gray). Example subsets of force data taken during the final ten
seconds, equivalent to the final 0.5 microns, of overlap reduction, prior to bundle disruption with (C) 50mM
KCI (blue) or (D) 70mM KCI. Yellow dashed lines depict linear fits to the force versus overlap relationship. (E)
Mean slope magnitudes and standard deviation for the final 0.5 microns (n=7, 50mM KCI; n=12, 70mM KClI).
p<0.0001 by student’s t test. (F) Force values plotted against corresponding GFP integrated intensity values for
50mM KCI (blue points) and 70mM KCI (grey points) conditions. Lines depict linear fits (blue, 50mM KClI;
grey, 70mM KCI; R? = 0.226, 0.246 respectively).

with GFP integrated intensity, which is proportional to the total number of PRC1 molecules in the

overlap, as well as sliding velocity, but does not depend on the overlap geometry of the system.

2.3.4 Decreasing the lonic Strength Results in Increased Frictional Forces Particularly in
Short Overlaps

As the affinity of many microtubule-associated proteins for microtubules depends on the ionic
strength of the buffer, we reasoned that changing the concentration of KCI in our sample solution
would result in changes in the mechanical behavior of PRC1 crosslinkers. We reasoned that
lowering the ionic strength would likely reduce the diffusion of these molecules along the
microtubule lattice, as well as increase their lifetime within overlaps. We therefore repeated our
pulling experiments at 50 nm/s in a buffer containing 50mM KCI, reduced from the 70mM KClI
for the studies above. Individual force traces at 50mM (Figure 2.7 A) and 70mM (Figure 2.7 B)

reveal slightly larger forces during sliding events at lower ionic strength. In particular, we found
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that as the overlap length decreased below 0.5 microns in the final 10 seconds of the pull, the
bundles formed in 50mM KCI exhibited a sharper increase in force as the overlap approached 0
microns (Figure 2.7 C) than did the 70mM KCI samples (Figure 2.7 D). We calculated the force
versus overlap slope values for these regions to confirm this relationship (Figure 2.7 E). Finally,
we plotted all correlated force and GFP integrated intensity data points taken from these pulls and
found that the average force per PRC1 molecule is indeed larger for lower ionic strength, as
exhibited by the increased slopes from linear fits to these relationships (Figure 2.7 F). Together,
these data confirm that the magnitude of the frictional force and dependence on the crosslinker

affinity under load can be tuned by alterations to the local buffer environment.
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Figure 2.8: (A) Representative force time series for double-pull assay. Shown are force and microtubule
positions during initial pull (red shading), 20 second pause (green shading), and second pull (blue shading). (B)
Kymograph of GFP fluorescence signal during double pull experiment (vertical scale bar = 10 seconds;
horizontal scale bar = 2 micron). (C) Linescan analysis for selected timepoints from kymograph in (B). Time =
Os is the first frame during the pausing event.



2.3.5 Pausing of Sliding Results in Force Relaxation, While Resumption of Sliding Produces
Increased Resistive Forces

We occasionally encountered situations where attempts to slide bundles apart failed, due to
insufficient force production from our trapping laser or bead detachment from the microtubule due
to high loads generated despite no observable filament sliding. These events became more frequent
the longer the sample was on the microscope, leading us to hypothesize that PRC1 molecules
within overlaps were undergoing a time-dependent rearrangement that was more resistant to
microtubule sliding. To test this idea, we repeated our sliding experiments but introduced a short
(20 second) pause in the microtubule motion before resuming the sliding event. Measured forces
revealed three distinct regimes: an initial sliding event similar to what we had previously observed,
a relaxation event during the pause, and a second sliding event in which the force magnitude and
rate of force increase were larger than for the initial pull (Figure 2.8 A). Fluorescence images
reveal that the overlap region did not appreciably change in length, nor did the integrated GFP
signal decrease during the pause (Figure 2.8 B). However, we did observe that the distribution of
GFP signal changed during the pause. For the example trace in Figure 2.8 B, we plotted the
intensity distribution at multiple time points and observed that the initial distribution featured

enhanced signal near the overlap edges that, after approximately 8 seconds, became more
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Figure 2.9: (A) Example initial and second pull force time series for three different bundles. Red = initial pull,
Blue = second pull. (B) Individual force time series during pause. Absolute force data are shown (N =9
independent bundles). (C) Normalized force time series during pause. Red line = exponential decay best fit to all
data. Characteristic decay time = 7.5 +/- 0.2 seconds.

uniformly distributed and flattened, likely due to diffusion of the PRC1 crosslinkers (Figure 2.8
C).

The distinct behaviors between the first and second pull were consistent across all bundles tested
(Figure 2.9 A). During the pause, we observed a reduction in force that decayed to nearly 0 pN
after ~20 seconds (Figure 2.9 B). Normalizing the force values relative to the initial value at the
pause onset revealed a characteristic exponential decay whose time constant was similar (7.5 +/-
0.2 seconds) for all bundles examined, regardless of the magnitude of the initial force (Figure 2.9
C). Finally, we quantified the mean force measured with each of the constant sliding regimes
(Figure 2.10 A) and the rate of force increase as measured by the slope of the force signal prior to

reaching a plateau value (Figure 2.10 B). For each of these parameters, the values measured during
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the second pull were consistently higher relative to the first pull. Calculating the ratio of these
values revealed that the mean force and force increase rate were nearly twice as large during the
second pull relative to the first (Figure 2.10 C). Together these data suggest that allowing tension
within the system to relax after sliding leads to a rearrangement of PRC1 molecules that is capable

of producing increased resistive forces upon re-initiation of constant-velocity sliding.
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Figure 2.10: (A) Box plots of forces calculated during initial and second sliding events. p = 0.016 by student’s
t test. (B) Box plots of rate of force increase calculated from linear fit of force versus time during first 5
seconds of pull for initial and second pulling event. p = 0.034 by student’s t test. (C) Box plots of ratio of
values calculated in (A) and (B) for initial and second pulling event. n=9 pull/pause/pull events; box plots
show median and inner quartiles as center and edges of rectangle, 95% confidence intervals, and
maximum/minimum values.

2.3.6 Computational Modeling Suggests That a Partially Reflective End Barrier Against
PRC1 Diffusion Allows for Sustained Resistive Forces

In order to gain insight into the mechanism by which PRC1 molecules produce resistive forces
that scale with velocity and PRC1 concentration but not overlap length, as well as gain insights
into the mechanism of increased force after pausing, we turned to computational modeling. We
expanded upon a previously reported simulation method?® that models two microtubules bundled
by individual crosslinkers whose load-dependent behavior on the microtubule lattice can be
defined by four parameters. First, an individual crosslinking molecule has two domains which are

linked by a linear ‘spring’ whose stiffness is described by Kstiffness and which, when separated by
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a distance Ax, can produce a force F = Kastitfness*AX. Second, each of these domains can bind to and
diffuse along the microtubule surface with a force-dependent rate Kaiffuse(F). Third, each
microtubule-binding domain can detach from the microtubule lattice it contacts with a force-
dependent rate constant described by Kdetach(F). Fourth, we introduced a parameter Kend Which
describes the rate at which the molecule can diffuse off of the microtubule end once it reaches the
last available lattice site on the microtubule (Figure 2.11). Finally, we introduced the constraint
that a molecule cannot move into a site that is already occupied by another crosslinking molecule.
The simulation could then be run with a variable number of initial crosslinking molecules, overlap

length, and rate of relative microtubule sliding.

—Pp Force

kdetach(F)

/'

11
< 0 Fo =k AX

microtubule motion Ax  PRCT  Tstiffness

Figure 2.11: Schematic depicting parameters used in computational simulations. PRC1 molecules (green)
bind to the microtubule lattice (red) on sites with 8 nm periodicity, and can diffuse with rate Kgiffuse(F),
detach from the microtubule with rate Kgetacn(F), and diffuse off of microtubule ends with rate keng. Force
across each PRC1 molecule is calculated by F = Kaitfness * AX.

We first sought to explore the model’s parameter space to determine which properties of PRC1
best describe our data. We first modulated the end-diffusion parameter kend Over several orders of
magnitude and express this variation as the ratio between Kend and Kaitfuse. For small values of Kend

(e.9. kend = Kaiffuse/500), molecules of PRC1 remained highly clustered and localized near
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microtubule tips, which acted as reflective barriers against diffusion, producing extremely large
forces as overlap length decreased to zero. In contrast, larger values of Kend (€.9. Kend = Kaiffuse/10)
resulted in molecules rapidly diffusing off microtubule ends into solution, producing resistive
forces that decreased to 0 pN with decreasing overlap. (Figure 2.12 A). An intermediate value of
~50-100 allowed us to reproduce the relatively flat force versus overlap relationship (Figure 2.12
B). We next varied both the diffusion and detachment rates, Kaitfuse(F) and Keetacn(F) respectively.
Reported values in the literature for such parameters vary, and include diffusion rates on single
microtubules for Asel and PRC1 that range from 0.5 x 10* nm?/s to 4 x 10* nm?/s 2°42 and values
of residence lifetimes on single microtubules and exchange rates within central spindles in dividing
cells range from 10s of seconds to nearly 8 minutes 42467779 \We therefore considered a wide range
of reasonable diffusion and detachment parameters for analysis via simulation. For fast diffusion
and detachment, we observed that the forces generated were low and decreased towards 0 pN
(Figure 2.12 C). As the diffusion rate and detachment rate values were decreased, we found that
resistive forces increased and the slope of the force relative to overlap length became shallower
(Figure 2.12 D). From these simulations, we conclude that the magnitude of resistive force and

dependence on parameters such as number of crosslinking molecules and overlap length is highly
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Figure 2.12: (A) Effect of varying kenq relative to Kaitruse. FOr each parameter set, 20 simulations were run, and
values were averaged. Force versus overlap length are shown for a range of keng Values. (B) Force data from
(A) plotted as a function of engaged PRC1 crosslinking molecules. (C) Effect of varying Kaitruse While setting
Keetach = 0.002 s, Force versus overlap length are shown for a range of Kaifruse Values (20,000 nm?/s, 40,000
nm2/s, 100,000 nm?/s). (D) Effect of varying Kaetach While setting Kairuse = 40,000 nm?/s. Force versus overlap
length are shown for a range of Keetach Values (0.002 s, 0.005 s%, 0.01 s%, and 0.05 s1).

sensitive to the rate at which molecules will diffuse both within the overlap and off of the
microtubule ends, as well as how likely they are to detach from the lattice under load.

Once an optimal range of parameters had been identified, we next sought to determine whether
this simple set of conditions was sufficient to recapitulate the velocity- and crosslinker number-
dependent resistive force generation behavior that we had observed experimentally. We performed
simulations over a range of relative microtubule sliding velocities and determined the magnitude
of force as a function of engaged crosslinkers. We found a strong linear relationship between these
parameters at all velocities measured (Figure 2.13 A). Slopes from linear regressions on these

relationships revealed that the magnitude of resistive force per PRC1 molecule increased linearly
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with the applied sliding rate (Figure 2.13 B). Together, these results reveal that a simple set of
rates that include diffusion on the microtubule lattice, detachment, and diffusion off of microtubule
ends are sufficient to describe how resistive forces within sliding bundles crosslinked by PRC1 are
generated and depend on sliding velocity and total PRC1 concentration, and correlate well with
our experimental measurements.

We next sought to employ our modeling framework to explain how the rearrangement of PRC1
molecules during a cessation of sliding could lead to higher resistive forces during a subsequent
pulling event. We hypothesized that during the pause, when mechanical strain across the PRC1
molecules is reduced due to cessation of sliding, diffusive molecules might locally interact and
become mechanically coupled upon contact. Therefore, we introduced a probability term that

allows multiple molecules whose microtubule binding domains occupy adjacent sites on the lattice
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Figure 2.13: (A) Numerical simulations were performed using parameter values Kgetach = 0.002 s-1, Kaituse =
40,000 nm2/s, and keng = 75. Averaged force values from N=20 independent simulations were calculated and
plotted as a function of PRC1 crosslinking molecules. (B) Slopes of data and fitting errors (bars) from (A)
are plotted as a function of sliding velocity.

to ‘fuse’, generating a new complex whose spring stiffness increases, but whose diffusion and

detachment rates decrease (Figure 2.14 A). Running our simulations for different probabilities of
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interaction rates reveals that when there is no coupling between crosslinkers, the average force
during the second pull is smaller than the initial pull. However, as the probability of interaction
and complex formation increases, the resistive forces during the second pull increase significantly
(Figure 2.14 B). Comparing the ratio of average sliding forces from the second pull to those of the
first reveals a consistent increase with increasing likelihood of PRC1 complex formation (Figure
2.14 C). These results suggest that diffusion and interaction between individual PRC1 molecules
to form multimeric structures during relative microtubule pausing is a reasonable interpretation of

the experimental data presented above.

2.3.7 Discussion

Our data reveal that ensembles of PRC1 molecules can produce resistive forces against relative
microtubule sliding. The magnitude of these forces scales with both the rate of sliding and the total
number of engaged crosslinks, but not crosslinker density or overlap length. The linearly
proportional dependence of resistive forces on the sliding velocity suggests that PRC1 ensembles
behave as viscous crosslinkers. Upon cessation of sliding the resistive force relaxes, while
resumption of sliding results in resistive forces whose magnitude is higher than during the initial
sliding event. Finally, we present a simple quantitative model that recapitulates key features of our
data by introducing parameters that allow for microtubule ends to act as partially reflective barriers

against PRCL1 diffusion and consider molecular interactions between adjacent crosslinkers.
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Based on our results, we suggest that PRC1 ensembles resist microtubule separation in a manner
analogous to a dashpot. Dashpots are mechanical devices that generate viscous resistance to
motions and whose force magnitude is proportional to velocity. We propose that this property may
allow sliding microtubules within the spindle midzone to differentially resist motor proteins whose

natural velocities can span a wide range. For example, recent evidence suggests that microtubule
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Figure 2.14: (A) Schematic depicting criteria for PRC1-PRC1 interactions during pausing event and effects
on crosslinker stiffness, diffusion rate, and detachment rate. (B) Averaged results from 10 simulations run
with different probabilities of forming clusters during pausing events. (C) Ratio of simulated force during
second pull sliding event versus initial pull sliding event for five values of clustering probability.

minus-ends can recruit dynein motor proteins via the non-motor MAP NuMAZ®-8, Dynein has
been shown to move at rates ~1 micron/second in vitro; if it were to step at this rate while pulling
on microtubule minus-ends, the resistive forces experienced by the motors from the PRC1-

mediated overlap would be large. In contrast, motor proteins that localize within overlapping
35



bundles within the spindle midzone, such as kinesin-5 or kinesin-4, move at rates of 25-300 nm/s.
At these velocities, PRC1 ensembles would produce a lower resistance, such as has been reported
from experiments performed with mixtures of PRC1 and kinesin-5 that reveal that relative filament
sliding is not substantially slowed*2. Measurements of relative microtubule sliding within spindle
microtubule networks in cells have revealed that filament motions are often substantially slower
than the fast rates that individual motor proteins can move. Experiments using U20S cells
expressing photoactivatable GFP-a-tubulin have reported microtubule poleward flux rates of ~9
nm/s and chromosome separation velocities of ~25 nm/s 8. More recent work using similar
photoactivation techniques revealed that microtubule sliding within anaphase bridging fibers
occurs at ~35 nm/s*°. Another study employed photoactivated mEOS3.2-labeled tubulin to
determine a rate of microtubule sliding within central spindle microtubules of ~47 nm/s 8.
Together, these data support the idea that PRC1 is generating frictional resistance to regulate
microtubule motions during anaphase.

Recent reports suggest that the yeast MAP65, Asel, is capable of generating significant forces via
an entropic mechanism as molecules are condensed into small overlaps*'. We find that PRC1 does
not exhibit this behavior. What might account for the difference between these two similar types
of crosslinking molecule? First, the lifetime of Asel within overlaps is nearly at least 10-fold
longer than PRC1 molecules’’84. Second, our computational models recapitulate observed sliding
mechanics when the end-diffusion parameter is 50-100 times smaller in magnitude than the lattice
diffusion parameter. Decreasing the end-diffusion constant shifts simulated crosslinker behavior
to a pattern more similar to Asel, where crosslinkers can elastically return a partially slid bundle
back to its original position via entropic pressure. This suggests that the end-diffusion parameter

is the basis of the mechanistic difference between PRC1 and Asel bundles. While the authors
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analogize Asel’s behavior within overlaps to that of a one-dimensional gas compressed via a
piston-like mechanism*!, we propose that PRC1 behaves as if it were compressed by a ‘leaky’
piston, where molecules can be scooped by the reflective barrier of microtubule plus-ends within
the shrinking overlap to generate higher packing densities, but a significant fraction of PRC1
molecules do diffuse off the microtubule ends, thereby reducing the contribution from entropic
pressure.

We observe that pausing relative microtubule sliding results in a reduction of resistive forces. Upon
resumption of sliding, the rate at which force builds up as well as the magnitude of resistive force
during the sliding event both increase. We suggest that the dissipation of force during the pause is
due to the PRC1 molecules undergoing diffusion within the overlap to relieve the tension built up
across individual molecules. These molecules diffuse towards microtubule crosslinking
configurations wherein the relative distance between binding sites is minimized, thus minimizing
the force contribution. Why might resumption of sliding after this molecular rearrangement result
in higher forces? Our modeling suggests that within the overlaps and given sufficient time, a subset
of PRC1 molecules might diffuse into adjacent sites and form higher order complexes. Evidence
for multimerization of crosslinkers has been shown for Asel diffusing within microtubule
overlaps®. In these experiments, diffusive Asel molecules will undergo a random walk within
overlaps until colliding with nearby Asel molecules, at which point a brighter cluster with a slower
diffusion rate is observed, suggesting two or more molecules have interacted to form a type of
complex. We propose that a similar mechanism might be at play in our assays, where multiple
PRC1 molecules within non-moving bundles could interact to form higher order assemblies which
would likely contribute to the observed higher resistive forces upon resumption of sliding. Recent

high-resolution analyses of midzone formation reveal that shrinking microtubule overlaps appear
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to slow down throughout anaphase, nearly stopping their motion even while spindle poles still
separate’’. We hypothesize that were higher-order PRC1 clusters to form during this slow-down
or pausing phase, it would lead to an increased resistive load against further microtubule sliding,
thereby contributing to the stabilization and maintenance of a robust spindle midzone bundle.

Together our results elucidate mechanisms by which ensembles of PRC1 molecules can regulate
the speed of microtubule motions within dividing cells. It will be interesting to see if other non-
motor proteins that have been shown to bundle and cluster spindle or kinetochore microtubules,
such as NuMA or HURP, produce similar viscous forces against microtubule sliding, or whether
an alternate mechanism is employed. It will similarly be interesting to determine whether similar
mechanical dashpots are utilized within other cellular processes, such as during remodeling of the

actin cytoskeleton.

2.4 Methods
2.4.1 Protein Expression and Purification

24.1.1PRC1

We first generated a GFP-tagged PRC1 isoform 2 (aa:1-606) construct by deleting 14aa from near
the C-terminus of previously published GFP-tagged PRCL1 isoform 1 construct kindly gifted from
the Dr. Tarun Kapoor lab*. Quikchange lightning (Agilent) mutagenesis was performed to remove
the 14 aa residues. The resulting construct was then in a pET-DUET plasmid containing an N-
terminal histidine tag followed by a Tobacco Etch Virus (TEV) cleavage site and an EGFP
sequence inserted in between the TEV cleavage site and the N-terminus of PRC1 isoform 2 with
a ‘AAA’ linker sequence just after the eGFP 2, GFP-PRC1 isoform 2 proteins were expressed via
BL21(DE3) Rosetta Escherichia coli cells (Novagen). Full length PRC1 was expressed for 4 hours

at 18°C after induction with 0.5mM IPTG. Cells were lysed via sonication in lysis buffer (1 mg/mL
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lysozyme, 50 mM phosphate (pH 8.0), 10 mM imidazole, and 1% lgepal and HALT protease
inhibitor (Pierce), 2 mM TCEP Bond Breaker, 2 mM Benz-HCI, 1 mM PMSF). The lysate was
clarified by ultracentrifugation and the supernatant was incubated with Ni-NTA for 1 hour at 4°C
(G Biosciences). The resin was then washed with Wash Buffer (50 mM phosphate, (pH 8), 500
mM KCI, 10 mM imidazole, 0.1 % tween, 0.5 mM TCEP, 1 mM PMSF) and the protein was then
eluted using Elution Buffer (50 mM phosphate (pH 7.0), 250 mM imidazole, 150 mM KCI, 0.5
mM TCEP). Elute was pooled and concentrated to volume of approximately 1 mL. Next, 1/30 w/w
Pro TEV protease (PROMEGA), 1 mM DTT, and 50 uL of Pro TEV 20X buffer were added and
the sample incubated in a 30°C water bath for 15 mins before overnight dialysis at 4°C in Gel
Filtration Buffer (1X BRB80 (pH 6.8), 150 mM KCI, 10 mM BME). Size exclusion
chromatography (Superose-6 increase 10/300 column, GE Healthcare) was then performed in Gel
Filtration Buffer with a Shimadzu High Performance Liquid Chromatograph. After collecting peak
fractions and concentrating to ~0.5 mg/mL, sucrose was added to 35% w/v before flash freezing
in liquid nitrogen.

2.4.1.2 Kinesin-1 K439

Plasmid encoding truncated KIF5A kinesin-1 construct (aa:1-439) with a C-terminally fused EB1
sequence to create stable dimers and a Hiss tag® was generously donated by the Dr. Susan Gilbert
lab. The protein expression protocol was identical to PRC1, except induction occurred overnight
for 18 hours at 16°C. The pellet was resuspended in lysis buffer (10 mM NaPO4 (pH 7.2), 300 mM
NaCl,2 mM MgClz, 0.1 mM EGTA, 10 mM PMSF, 1 mM DTT, 0.2 mM ATP, 1 mg/mL
lysozyme, 30 mM imidazole, 3 uL benzonase (Novagen) and sonicated. The lysate was clarified
by ultracentrifugation and the supernatant incubated with Ni-NTA for 1 hour at 4°C (G

Biosciences). The resin was then washed with Wash Buffer (20 mM NaPO4 (pH 7.2), 300 mM
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NaCl, 2 mM MgClz, 0.1 mM EGTA, 0.02 mM ATP, 50 mM Imidazole) and the protein was then
eluted using Elution Buffer (20 mM NaPO4 (pH 7.2), 300 mM NaCl, 2 mM MgCL2, 0.1 mM
EGTA,1mM DTT, 0.02 mM ATP, 400 mM imidazole). Elute was pooled, concentrated to volume
of approximately 1 mL. The protein was then dialyzed overnight at 4°C in Dialysis Buffer (20 mM
HEPES (pH 7.2), 300 mM NaCl, 0.1 mM EGTA, 0.1 mM EDTA, 5 mM MgAc, 50 mM KAc, 1
mM DTT. The next day the protein was dialyzed for 1 hour at 4°C in Buffer 1 (20 mM HEPES
(pH 7.2), 200 mM NaCl, 0.1 mM EGTA, 0.1 mM EDTA, 5 mM MgAc, 50 mM KAc,1 mM DTT)
followed by dialysis for 1 hour at 4°C in Buffer 2 (20 mM HEPES (pH 7.2), 150 mM NacCl, 0.1
mM EGTA, 0.1 mM EDTA, 5 mM MgAc, 50 mM KAc,1 mM DTT) Further purification was
performed using size exclusion chromatography (Superose-6 increase, GE Healthcare) using
Shimadzu High Performance Liquid Chromatograph. Peak fractions were pooled and dialyze for
3 hours at 4°C of Buffer 3 (20 mM HEPES (pH 7.2), 100 mM NaCl, 0.1 mM EGTA, 0.1 mM
EDTA, 5 mM MgAc, 50 mM KAc,1 mM DTT, 5% Sucrose). Protein was flash frozen in liquid
nitrogen.

2.4.2 Microtubule Preparation

Microtubule tubulin reagents were purchased from Cytoskeleton, Inc. Microtubules for surface-
immobilization were generated via mixture of HiLyte 647 tubulin (TL670M), biotinylated tubulin
(T333P), and unmodified tubulin (T240) at a ratio of 1:1:20 along with 1mM GMPCPP.
Microtubules were polymerized at 37°C for 1 hour before clarification and stabilization in 30uM
Taxol following published protocols®. ‘Free’ microtubules for attachment to optically trapped
beads were generated via mixture of rhodamine tubulin (TL590M) and unmodified tubulin at a
ratio of 1:20 along with ImM GMPCPP, and were polymerized, clarified, and stabilized in 30uM

Taxol following similar protocols.
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2.4.3 Coating Beads With K439

One-micron diameter streptavidin-coated polystyrene beads (Polysciences Inc., #24162-1) were
coated with biotin-conjugated Hiss antibody (Invitrogen) followed by washing and storage in
2mg/mL alpha-Casein solution made in BRB80 (80 mM K-PIPES, 1mM MgClz, 1ImM EGTA,
2mM DTT (pH 6.8)). K439 samples were diluted into BRB80 mixed at 1:1 ratio with coated
polystyrene beads. Samples were placed on a rotor for 30 minutes at 4°C followed by sonication

for 10 minutes.

2.4.4 Flow Chamber Construction

The flow chamber design and assay preparation were modified from a previously described
protocol®®. Anti-parallel microtubule bundles were constructed using passivated glass coverslips
coated with SVA-PEG at a ratio of 50 PEG:1 biotin-PEG. All reagents were prepared with BRB80
buffer. Following each reagent flow-in and incubation, a flush with ~3 chamber volumes of BRB80
was performed. Reagents were introduced stepwise with the following order and incubation times:
(1) 0.5 mg/mL neutravidin, 2 minutes; (2) 0.5 mg/mL alpha casein surface block, 3 minutes; (3)
HiLyte-647 biotinylated microtubules with 0.2mg/mL alpha casein with no additional incubation
and immediate flush; (4) 1 nM GFP-PRC1 with 0.2 mg/mL alpha casein, 2 minutes; (5) Rhodamine
561 microtubules with 0.2 mg/mL alpha casein, 5 minutes, and the corresponding chamber flush
included 1 mM TCEP bond breaker solution in BRB80; (6) 1 uL of K439 coated beads, 1 mM of
TCEP bond breaker, 0.2 mg/mL alpha casein, 70 mM KCI, Oxygen Scavenging System (4.5 mg/ml
glucose, 350 U/ml glucose oxidase, 34 U/ml catalase, 1 mM DTT). The chamber was then sealed

with clear nail polish prior to experiments.
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2.4.5 Image Acquisition and Analysis

Microtubule bundles were imaged using three-channel TIRF microscopy using the following
exposure times and laser lines from a Nikon LUNA four-channel laser launch module: HiLyte-
647 microtubules: 640 nm laser (60% power, 200 ms exposure); GFP-tagged PRC1: 488 nm laser
(30% power, 100 ms exposure); and rhodamine microtubules: 561 nm laser (30% power, 100 ms
exposure). Imaging was performed on a Nikon Ti-E inverted microscope with a CFl Apo
100X/1.49NA oil immersion TIRF objective. Images were acquired using a Photometric Prime
95B camera controlled with Nikon NIS Elements software at overall acquisition rates of one frame
per ~1.75 seconds. Prior to analysis, images were visually screened to ensure that there were no
additional interactions with microtubules from other bundles. Analysis of fluorescent data and
generation of intensity linescan data sets were performed using a combination of FIJI (ImageJ)
tools and custom-written LabVIEW software.

2.4.6 Force Data Acquisition and Analysis

The optical tweezers system was constructed based on a fiber-coupled infrared laser (1064 nm,
10W, IPG Photonics) and a position-sensitive detector (Thorlabs PDQ80A). The laser beam power
was controlled using an AOM (AA Optoelectronics MTS80-A3-1064Ac) and expanded using a
custom-built telescope (Thorlabs optics). The beam was then passed through a 1:1 telescope and
merged into the microscope’s light path using a dichroic IR filter (z900dscp, Chroma) mounted on
a secondary turret located above the fluorescence turret. The beam was introduced into the back
aperture of the objective and focused to a diffraction-limited spot such that a micron-sized bead
could be trapped approximately 500nm above the coverslip surface. A high NA 100X objective
(1.49 NA; CFI Plan Apo TIRF) was used for establishing both stable optical trapping and high-

resolution fluorescence imaging. Coverslip position was controlled with sub-nanometer precision
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using a closed-loop three-axis piezo stage (Nano LPS-200, Mad City Labs). To monitor the
displacement of the bead held in the optical tweezers, the laser beam passing through the sample
plane was collected using an oil-immersion condenser (MEL41410, Nikon) and reflected away
from the microscope’s imaging path by a dichroic IR mirror (DMSP805L, Thorlabs). After passing
through a long-pass optical filter, the beam was projected onto the quadrant photodiode detector
placed conjugate to the back-focal plane of the objective. The signals from each photodiode
quadrant were amplified and recorded using an in-house developed LabVIEW program via an AD
converter (PCle-6363, National Instruments). The displacement signal along each coordinate was
obtained by calculating the difference of the normalized signals between the adjacent quadrant
pairs. Bead position and force data were converted from raw voltage to physical units after standard
calibration methods were employed using custom written LabView software. Absolute force
values were determined by introducing a constant offset such that zero-force corresponded to force
values recorded immediately upon bundle separation.

2.4.7 Computational Simulations

To simulate the resistive forces generated by ensembles of diffusive PRC1 crosslinkers between
two sliding microtubules, we modified a Monte-Carlo based technique previously employed to
model kinesin-5 stepping behavior 8. Briefly, individual PRC1 molecules can be defined as two
microtubule binding domains connected by a spring-like linker domain that allows for crosslinking
of two individual microtubules. For each MT-binding domain a diffusion parameter Kaiffuse can be
assigned, as well as a rate of detachment Kdetach, and both parameters can depend on applied force
via an Arrhenius-like term.

To describe the behavior of a PRC1 molecule which is crosslinking two microtubules, we consider

two independent MT-binding domains connected by a spring-like linker region which stretches as
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the two heads become spatially separated as they move along the microtubule surface. This
parameter Kstitess IS @ sSimple linear spring constant term that coarsely defines an energy penalty

for the spatial separation of the MT-binding domains.

2.4.7.1 Distribution of Forces Across PRC1 Molecules With Optically Trapped Microtubule
End

The central feature of our simulation is the balance of forces across the PRC1 molecules with the
optically trapped microtubule end serving as a linear spring providing resistance to microtubule

motion. For a given number of molecules, we require that the forces must balance according to:

Ftrap = Fpre1 (1)

By defining the coordinates of discrete (i.e., 8 nm spacing) positions along the free (‘top’)
microtubule and the discrete positions along the immobilized ‘bottom’ microtubule, as well as
considering the position of the moving free microtubule end (which is equivalent to the optical

trap position, Xirap), We can rewrite this relationship as:

_ktrapxtrap + Zév(kPRC1 * [(xi TOP — xtrap) — X BOTTOM]) =0 (2)

Solving for Xirap yields:

_ k trap

N N _
Kpmes Ytrap NXtrap + X0 XiTop — 2i Xiorrom = 0

ke oN N
(N * k mp) Xtrap = X Xitop — Xi XiBoTTOM 3)
PRC1

X _ YV xirop=XV xi porTOM
trap — k
(N+ktrap)
PRC1
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The position of the microtubule end (trap position, xwrap) Will therefore depend on the relative
positions along the microtubules of each PRC1 MT-binding domain, the total number of molecules
engaged in crosslinking, and both the trap and PRC1 linker domain stiffness.

2.4.7.2 Monte Carlo Simulations

Start at Time = 0 s with all PRC1 molecules in a fully relaxed state (i.e., with all Forceprc1=0 pN)
and uniformly spaced within the overlap region, as well as the condition that Forcetwap =0 pN.

At each subsequent time step, perform the following:

1.) For each PRC1 molecule, check the attachment state of both the top and bottom heads. If
the head is attached, detach if rand() < Kaetach(F)*At. If rand() > Probability, do nothing and
calculate attachment state of next molecule.

2.) For each diffusive head:

a. Allow the head to diffuse in the direction of force application if rand
(O<kdittuse*exp(F*(4 nm)/KT) or in the direction opposite force application if
rand()>1-(Kadifuse*exp(-F*(4 nm)/KT)).

b. If adjacent site is occupied by another PRC1 molecule, do not allow head to diffuse
onto the site; head remains at current site.

c. If PRC1 molecule is occupying the last available site on the microtubule lattice,
allow it to diffuse off of microtubule end if rand ()<kena*exp(F*(4 nm)/KT).

d. If none of the above conditions are met, allow the head’s position to remain
unchanged.

3.) Determine the number of PRC1 molecules that have both heads attached, Nengaged.

4.) Calculate the new position of the trap according to:

5) _ SNxitop attach**iToP)~ZY (Xi BoTTOM attach*Xi BoTTOM) (4)
. Xtrap = Kirap

kprci1

N engaged"‘
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6.) Calculate the Force across each attached motor according to:

Force; = kprc1 * Xattach; * (xpOSTOPi — Xtrap T xDOSBOTToM_i) (5)

7.) Increment the absolute position of the bottom (“surface-immobilized”’) microtubule by a

distance Rate* At, where rate is selected from {25, 50, 100, 200} nm/s. The overlap length

is therefore reduced in an approximately linear manner until it reaches zero, at which point

no PRC1 molecules are available to crosslink the microtubule pair and the force on the free
microtubule as measured by the bead falls to zero.

Repeat steps 1-6 with updated values for Force per PRC1 molecule for desired length of time

(typically 30-90 seconds).

2.4.7.3 Introducing a Clustering Parameter During Brief Cessation of Filament Sliding

To test whether our hypothesis that pausing during a microtubule sliding event allows the PRC1
crosslinkers to diffuse and interact, forming multimeric clusters, we introduced a new set of
parameters into our model. We allowed the relative motion of microtubules after an initiated
pulling event to cease for a pre-determined period of time. During this time, PRC1 molecules are
still allowed to diffuse according to the rules outlined above. However, we now introduce a
position check on each crosslinker which determines where each of the PRC1 microtubule-binding
domains are located on the lattices. If the domains from one PRC1 molecule both occupy the lattice
sites adjacent to a second PRC1 molecule, we introduce a new probability term Kciuster. If rand() <
Ketuster* At then the two molecules are removed from the simulation and are replaced with a new
molecule that has a stiffness parameter that is a predetermined factor larger than for single
molecules, and diffusion and detachment parameters that are a factor smaller than single
molecules. In this way, the individual mechanical components are replaced by a stiffer and less
diffusive ‘cluster’ that also has a lower probability of detaching from the microtubule lattice. At
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the end of the pausing event, the number of clusters relative to the population of remaining single
molecules is calculated, as reflected in Figure 71 and J. The re-initiation of the second pull then
reverts to identical simulation parameters as above with the new population of molecules and

clusters, each with their distinct mechanical parameters.

2.4.8 Quantification and Statistical Analysis

All relevant statistical details for each experiment (including statistical tests used, number of
pulling events N, mean, standard deviation, standard error) can be found in the corresponding
figure legend. Box plots were generated using Origin Pro 8, and depict the median value, inner
quartile (25% to 75%) as edges of the rectangle, 95% confidence interval as capped lines, and
maximum and minimum values as cross marks. For each box plot presented, all individual data
points are also included alongside. Where applicable, statistical significance is reported via the p-
value the corresponding figure legend. To calculate significance, the Student’s t test function in
Origin 8 Pro was employed. Calculation of means and errors was either performed using Origin 8

Pro or custom-written LabView code.
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3. PROSPECTUS AND FUTURE WORK

3.1 PRC1 Differs From Asel in Frictional Force Generation

The research presented delves into quantifying the generation of full length PRC1 resistive
frictional forces during cell division. Recent work involving force measurement using optical
tweezers and a monomeric truncated PRC1 construct containing only the spectrin domain, which
binds to the microtubule lattice, and the unstructured c-terminal tail on a single microtubule
recorded sub-pN resistive forces®2. Using full length homodimeric PRC1 to crosslink
microtubules increased the data indicated resistive forces several orders of magnitude higher than
the aforementioned Forth et al study. By increasing the complexity of the system, the research
presented within this document aimed to more accurately recapitulate the bundling activity of
PRC1. Previous in vitro work involving actively sliding microtubule bundles generated via Asel
interactions with crosslinking active motor protein Ncd, a Drosophila kinesin 14 homolog,
further indicated that microtubule sliding velocity decreased in a dose dependent manner as the
number of Asel molecules increased within the bundle overlap and that the sliding velocity
decreased in a linear fashion with respect to Asel density within the overlap®® . More recent
work with has shown that Asel generates an entropic resistance force to sliding and through the
use of a similar optical trap style setup, the resistive frictional force increases exponentially with
crosslinker number#! . The same study found that the frictional force increased with decreasing
overlap length and increased linearly as Asel density increased. The research presented in this
document indicates that PRC1 resistive force increases linearly with protein number and remains
constant as the bundle overlap length decreases and is independent of PRC1 density.
Furthermore, the research presented did not detect any significant entropic expansive force

generated by PRC1 within the bundle. While PRC1 and Asel share some similarities such as
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preferential binding of antiparallel microtubule bundles over parallel bundles and single
microtubules*:4¢ | differences such as significantly lower turnover of Asel within a bundle when
compared to PRC1 may explain some of the differences in resistive force generation between the
two’"."®. Previous structural research has shown that PRC1 and Asel share a 57% homology and
are both assembled as rod-like homodimers with Asel being approximately 885 amino acids
long and PRC1 being approximately 620 amino acids long*>37°, However, differences in
frictional forces generated due to structural differences between PRC1 and Asel have not been
fully explored and warrant further study. These results indicate that although PRC1 and Asel
share commonalities, their structural differences may play an important role in their respective
function within their respective systems. To test this hypothesis, experiments involving
mutations within regions between the two homologs which play roles in crosslinking in
conjunction with measuring their respective microtubule-protein ensembles resistive force
generation under load would need to be carried out. These types of experiments would create a
better understanding of the differences in each proteins function and how it relates to their roles

within their respective mitotic spindles.

3.2 PRC1 Acts as a Mechanical Dashpot to Microtubule Sliding

As stated in section 3.1, frictional forces increased with increasing protein number within the
bundle for each respective sliding velocity and were independent of overlap length and protein
density. The research in this document also revealed that PRC1 frictional force increased linearly
as the sliding velocity increased. Such behavior may contribute a role in maintaining the force
balance within the mitotic spindle as various motor proteins interact with the microtubule
network. These interactions include rapid motor proteins such as dynein which can transport

microtubules poleward and anchor astral microtubules at the cell cortex to help orient the mitotic
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spindle and has been measured in vitro to velocities approximately 1 micron per second3!:32.69,
Less rapid microtubule-motor protein ensembles involving crosslinking and sliding of interpolar
microtubules by Kinesin-5 at 40nm/s 283°87and contributing to controlling mitotic spindle length
by crosslinking and sliding microtubules via human kinesin-14 HSET at in vitro rates ranging
from 20-50nm/s 4%88, In order for these various microtubule-motor protein ensembles to carry out
their functions in a spatially and temporally accurate manner, a mechanism(s) for regulating the
multiple microtubule sliding rates and their corresponding forces is needed. The hypothesis
presented here is that PRC1 plays a significant role in maintaining a force balance within the
mitotic spindle via its role as a mechanical dashpot. As mechanical dashpot PRC1 dampens the
forces exerted by the rapid motor proteins while minimally affecting those of lower velocity.
This behavior would aid in providing mitotic spindle force stability by counterbalancing the
multiple pull-push forces exerted by active motor proteins on and within the spindle. In order to
further support the dashpot hypothesis, the same experimental sandwich assay would be set up
and instead of pulling the bundle apart, the bundle would be pushed by moving the piezo stage
in the opposite direction whereby overlap length would increase. Based off of the dashpot
hypothesis, the change in direction should result in force measurements equal in magnitude and
opposite in direction. Performing the aforementioned experiment using multiple sliding rates
would provide further evidence in the understanding of the mechanism via which PRC1

generates resistive forces to microtubule sliding.

3.3 PRC1 Multimers May Generate Higher Resistance Forces
The research presented also identified a potential re-arraignment of PRC1 molecules following a
relaxation in tension corresponding to a pause during bundle sliding. Upon resumption of sliding

a consistently higher frictional force was detected then during the initial pull. A hypothesized
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multimerization of PRC1 molecules during the relaxation period may potentially result in
providing a higher resistance to microtubule sliding within a bundle due to potential changes in
protein diffusibility along the microtubule lattice and crosslinker elasticity. Previous
multimerization work with Asel indicated that Asel formed multimers in microtubule bundles at
lower concentrations compared to single microtubules and said multimers diffused 15X slower
within the bundle than a single microtubule?®34, While previous force measurements of Asel
frictional force in response to microtubule bundle sliding were conducted?, potential frictional
forces related to Asel multimerization were never investigated. The role of PRC1 higher order
structures has not been previously explored and hence reveals a potentially unique behavior
where greater forces are required to slide microtubules apart within a bundle when compared to
individual homodimers. Expanding on the research presented within this document would
involve two sets of experiments. The first set of experiments would involve identifying PRC1
multimerization. This could be achieved by using two populations of PRC1 which contain
different fluorophores or a ratio of labeled and unlabeled PRCL1 in order to visually track the
individual molecules within the bundle and readily identify instances of PRC1 multimerization
using TIRF microscopy. In order to further promote multimerization, optimizing buffer
conditions such as increasing the salt concentration to promote PRCL1 diffusion along the
microtubule lattice and thereby increasing the probability of interactions of individual molecules.
Upon the establishment of a reliable and reproducible protocol, force measurements via optical
trapping would be introduced. Simultaneous force measurements via optical trapping will allow
for in depth analysis of oligomer size(s) and how they affect resistance to sliding. This data may
provide a clearer understanding of the virtual halt of microtubule sliding within the central

midzone during anaphase’” as PRC1 molecules are condensed and the formation of higher order
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structures could theoretically produce significantly greater forces that existing motors are unable
to overcome as the central spindle plays an important role in recruiting various components to

form a contractile ring required for successful cytokinesis®!.
3.4 Future Work

3.4.1 How Do PRC1 Forces Scale With an Active Motor Protein?

The research presented within this document quantified in vitro the resistive forces of PRC1
microtubule ensembles. A reasonable next step would be to incorporate active motor proteins
which crosslink and slide antiparallel microtubules such as the Xenopus kinesin-5 Eg5. Eg5 is a
bipolar homotetramer, containing N-terminal catalytic motor domains at opposite ends of a
central rod, which crosslinks microtubules within the mitotic spindle and can generate sliding
rates at approximately 40nm/s via opposite motor heads walking towards the plus end of their
respective microtubules®-3°. Previous in vitro research using a similar optical trapping setup and
the Xenopus Kinesin-5 homolog have quantified the forces generated by said motor protein-
microtubule ensembles?®. Furthermore, research in elucidating the structural mechanism(s) by
which kinesin-5 is assembled, and the role of the C-terminal structural tails play have been
investigated?”#, Designing an in vitro assay combining PRC1 and Eg5 microtubule crosslinking
is the next logical step in better understanding the function of each protein as it pertains to the
spindle as a whole. The research in this document has identified that PRC1 acts as a mechanical
dashpot whose resistance to microtubule sliding increases as sliding velocity increases.
Shimamoto et al has shown that the microtubule bundle sliding forces generated by full length
Eg5 increases linearly with protein number which will serve as an important component in the
tuning of a force balanced PRC1-Microtuble-Eg5 assay. Just as important will be the
understanding the geometry of such a system will be created as a full length PRC1 molecule is

53



approximately 35 nm*? (44) while the full Eg5 tetramer is >60 nm®-°1 and while PRC1
crosslinks microtubules in an antiparallel orientation, Eg5 can crosslink microtubules in parallel
and antiparallel orientation®®’. How this new geometry will affect the microtubule sliding rates
and resistance forces within the PRC1-Microtuble-Eg5 ensemble will contribute to our
understanding of the dynamic mitotic spindle.

3.4.2 How Do PRC1-Kif4A Complexes Generate Bundles in vivo?

The formation of antiparallel microtubule bundles is not achieved solely via PRC1 and requires
the interaction of both passive and motor proteins. One such protein is human kinesin-4, known
as Kifda, a homodimeric plus end directed protein whose direct interaction with PRC1 plays an
important role in the formation of a stable spindle midzone such as actively suppressing
microtubule plus end dynamics*6:7492-93, Recent work by Subramanian et al 2018 has
hypothesized that the PRCL1 directly interacts with Kif4a forming complexes which accumulate
at the tips of the respective antiparallel crosslinked microtubules and are aptly named ‘end tags’.
These end tags generate microtubule sliding forces until said end-tags come within close
proximity of each other and microtubule sliding halts and forms a stable overlap. However, the
authors interestingly note that the PRC1-Kif4a complex direct interaction via the Kif4a c-
terminal tail and the PRC1 N-terminal domain is only hypothesized as they were not able to
visual them using gel filtration nor single particle EM thereby leading the authors to conclude
that if there are such interactions then they are rapidly dissociating and re-associating during
bundle formation. While the dynamics of the PRC1-Kif4a interaction during bundle formation
have been investigated, the mechanics of said interaction require research. An important finding
previously mentioned from Subramanian et al 2018 is that when the hypothesized PRC1-Kif4a

complexes generate crosslinked microtubule sliding, the rate at which sliding occurs decreases
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until it stalls due to the end tags close proximity thereby generating a stable and steady state
bundle overlap. Visualizing with TIRF microscopy the fluorescently tagged PRC1 and Kif4a
bundles in conjunction with optical tweezers will generate data regarding the mechanical forces
generated as these bundle overlaps form. This data would further the understanding of how the
vital spindle midzone forms during mitosis. Specifically, by measuring the forces generated
during PRC1-Kif4a microtubule bundle sliding and stabilization, a clearer comparison can be
drawn regarding other potential protein interactions involved with the bundle formation. If the
measured forces are not enough to overcome or stabilize during microtubule interactions via
various other active motor proteins such as Eg5 and Dynein, further research will need to be
performed in order to better understand if the spindle midzone stabilization occurs before the
effects of the aforementioned motor proteins-microtubule interactions occur or if other

microtubule crosslinking proteins are involved.

3.4.3 How Are PRC1 Frictional Forces Regulated by Kinase Activity?

Regulation of PRC1 microtubule crosslinking ability has been primarily associated with
phosphorylation and dephosphorylation of specific target areas located within the unstructured c-
terminal tail and that when PRCL1 is dephosphorylated it forms dimers and crosslinks
microtubules in an antiparallel orientation®4. Current research has indicated that while cyclin
dependent kinases (Cdk’s) play a role in regulating Asel microtubule bundling®-%, for PRC1
polo like kinase 1 (PIk1) regulates PRC1-microtubule interactions and prevents the premature
formation of the mitotic spindle*®. The next logical step would be to construct microtubule
bundles as described in this document using the sandwich assay methodology and introduce
Plk1 into the system. Hu et al has found that Plk1 negatively regulated PRC1 via

phosphorylation of the site Thr-602 located within the c-terminus. Using the in vitro assay

55



described in Chapter 2 section X and our optical trapping setup, the next logical step would be to
assemble the PRC1 crosslinked microtubules introduce PIk1 or a mimic to phosphorylate PRC1
and measure how resistance force scales with sliding velocity, protein number, and density. It
will also be important to ascertain if the bundles will disassemble upon PRC1 phosphorylation
when held under tension or if said bundles will disassemble before being attached to the optically
trapped bead at a given rate. Such data will be helpful in understanding the mechanics of PRC1
bundling of microtubules during anaphase and how the regulation of PRC1 bundling activity is
regulated by phosphorylation in preventing the pre-mature formation of a mitotic spindle.

3.4.4 What Role Do PRC1 Forces Have In Metaphase Bridging Fibers?

While the research presented here focused on recapitulating microtubule bundles during
anaphase onset, more recent data has shown that PRC1 plays an essential role in microtubule
bundling during metaphase*®->°. During metaphase sister kinetochore fibers are linked laterally
along their length by antiparallel microtubule bundles and have been termed “bridging fibers”.
These bridging fibers not only link sister kinetochore fibers and balance the forces acting on
them, but also play a role in determining the shape of the mitotic spindle itself %. Importantly,
knockdown of PRC1 has shown that the number of microtubules within these bridging fibers
were significantly reduced and while the overall length of the mitotic spindle did not decrease,
the distance between the sister kinetochores did*®. The same authors interpreted the decrease in
distance between the sister kinetochores corresponded to a decrease in interkinetochore tension
which is worthy of note as previous research has shown that interkinetochore tension is a
component required to pass the spindle assembly checkpoint during mitosis®’. While existing
research using U20S cells has shown that microtubule sliding within these bridging fibers during

anaphase during pole separation and push kinetochore fibers poleward to promote chromosomal
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segregation®® measurements of the forces generated by these PRC1 bundled bridging fibers are
lacking. Using TIRF microscopy ,in conjunction with optical trapping, to construct in vitro
bridging fibers with compatible numbers of microtubules and PRC1 and sliding them apart at
velocities compatible with those in cells as measured by Vukusic et al the forces exerted by these

constructs may be ascertained.

57



1)
)

©)
(4)

(5)
(6)

(7)
(8)

9)

(10)
(11)
(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

REFERENCES

Scholey, J. M.; Brust-Mascher, I.; Mogilner, A. Cell Division. Nature 2003, 422 (6933),
746-752. https://doi.org/10.1038/nature01599.

Tyson, J. J.; Novak, B. Regulation of the Eukaryotic Cell Cycle: Molecular Antagonism,
Hysteresis, and Irreversible Transitions. J. Theor. Biol. 2001, 210 (2), 249-263.
https://doi.org/10.1006/jtbi.2001.2293.

Wittmann, T.; Hyman, A.; Desai, A. The Spindle: a Dynamic Assembly of Microtubules
and Motors. Nat Cell Biol. 2001, 3 (1). https://doi.org/10.1038/35050669.

Hoyt, M. A.; Geiser, J. R. Genetic Analysus of the Mitotic Spindle. Annu. Rev. Genet.
1996, 30 (1), 7-33. https://doi.org/10.1146/annurev.genet.30.1.7.

Mclntosh, J. R.; McDonald, K. L. The Mitotic Spindle. Sci. Am. 1989, 261 (4), 48-57.
Hearst, J. E.; Botchan, M. The Eukaryotic Chromosome. Annu. Rev. Biochem. 1970, 39
(1), 151-182. https://doi.org/10.1146/annurev.bi.39.070170.001055.

Thompson, S. L.; Compton, D. A. Chromosomes and Cancer Cells. Chromosome

Res. 2010, 19 (3), 433-444. https://doi.org/10.1007/s10577-010-9179-y.

Schvartzman, J.-M.; Sotillo, R.; Benezra, R. Mitotic Chromosomal Instability and Cancer:
Mouse Modelling of the Human Disease. Nat. Rev. Cancer. 2010, 10 (2), 102—

115. https://doi.org/10.1038/nrc2781

Thompson, S. L.; Compton, D. A. Examining the Link between Chromosomal Instability
and Aneuploidy in Human Cells. J. Cell Biol. 2008, 180 (4), 665-672.
https://doi.org/10.1083/jcb.200712029.

Ganem, N. J.; Storchova, Z.; Pellman, D. Tetraploidy, Aneuploidy and Cancer. Curr.
Opin. Genet. 2007, 17 (2), 157-162. https://doi.org/10.1016/j.gde.2007.02.011.

Kapoor, T. Metaphase Spindle Assembly. Biology (Basel). 2017, 6 (4), 8.
https://doi.org/10.3390/biology6010008.

Glotzer, M. Animal Cell Cytokinesis. Annu. Rev. Cell Dev. Biol. 2001, 17 (1), 351-386.
https://doi.org/10.1146/annurev.cellbio.17.1.351.

Inoué, S. Force Generation by Microtubule Assembly/Disassembly in Mitosis and Related
Movements. In Collected Works of Shinya Inoué: Microscopes, Living Cells, and
Dynamic Molecules. Hackensack, NJ: World Scientific. 2008. p 749-770.

Kapoor, T. M.; Compton, D. A. Searching for the Middle Ground. J. Cell.

Biol. 2002, 157 (4), 551-556. https://doi.org/10.1083/jcbh.200202073.

Clarke, D. J.; Giménez-Abian, J. F. Checkpoints Controlling

Mitosis. BioEssays 2000, 22 (4), 351-363. https://doi.org/10.1002/(SICI)1521-
1878(200004)22:4<351::AlD-BIES5>3.0.CO;2-W.

Karsenti, E. The Mitotic Spindle: A Self-Made Machine. Science 2001, 294 (5542), 543—
547. https://doi.org/10.1126/science.1063488.

Walczak, C. E.; Vernos, I.; Mitchison, T. J.; Karsenti, E.; Heald, R. A Model for the
Proposed Roles of Different Microtubule-Based Motor Proteins in Establishing Spindle
Bipolarity. Curr. Biol. 1998, 8 (16), 903-913. https://doi.org/10.1016/S0960-
9822(07)00370-3.

Goshima, G.; Scholey, J. M. Control of Mitotic Spindle Length. Annu. Rev. Cell Dev.
Biol. 2010, 26 (1), 21-57. https://doi.org/10.1146/annurev-cellbio-100109-104006.
Inoué, S. H. Cell Moatility by Labile Association of Molecules: The Nature of Mitotic

58



(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

Spindle Fibers and Their Role in Chromosome Movement. In Collected Works of Shinya
Inoué: Microscopes, Living Cells, and Dynamic Molecules. Hackensack, NJ: World
Scientific. 2008. p 259.

Hata, S.; Pastor Peidro, A.; Panic, M.; Liu, P.; Atorino, E.; Funaya, C.; Jékle, U.; Pereira,
G.; Schiebel, E. The Balance between KIFC3 and EG5 Tetrameric Kinesins Controls the
Onset of Mitotic Spindle Assembly. Nat. Cell Biol. 2019, 21 (9), 1138-1151.
https://doi.org/10.1038/s41556-019-0382-6.

Grill, S. W.; Hyman, A. A. Spindle Positioning by Cortical Pulling Forces. Dev.

Cell. 2005, 8 (4), 461-465. https://doi.org/10.1016/j.devcel.2005.03.014.

Saunders, W.; Lengyel, V.; Hoyt, M. A. Mitotic Spindle Function in Saccharomyces
Cerevisiae Requires a Balance between Different Types of Kinesin-Related Motors. Mol.
Biol. Cell 1997, 8 (6), 1025-1033. https://doi.org/10.1091/mbc.8.6.1025.

Zanic, M.; Widlund, P. O.; Hyman, A. A.; Howard, J. Synergy between XMAP215 and
EB1 Increases Microtubule Growth Rates to Physiological Levels. Nat. Cell Biol. 2013,
15 (6), 688-693. https://doi.org/10.1038/nch2744.

Tirnauer, J. S.; Grego, S.; Salmon, E. D.; Mitchison, T. J. EB1-Microtubule Interactions
in Xenopus Egg Extracts: Role of EB1 in Microtubule Stabilization and Mechanisms of
Targeting to Microtubules. Mol. Biol. Cell 2002, 13 (10), 3614-3626.
https://doi.org/10.1091/mbc.e02-04-0210.

Vasquez, R. J.; Gard, D. L.; Cassimeris, L. XMAP from Xenopus Eggs Promotes Rapid
plus End Assembly of Microtubules and Rapid Microtubule Polymer Turnover. J. Cell
Biol. 1994, 127 (4), 985-993. https://doi.org/10.1083/jch.127.4.985.

Gard, D. L.; Kirschner, M. W. A Microtubule-Associated Protein from Xenopus Eggs
That Specifically Promotes Assembly at the plus-End. J. Cell Biol. 1987, 105 (5), 2203—
2215. https://doi.org/10.1083/jcb.105.5.2203.

Bodrug, T.; Wilson-Kubalek, E.; Nithianantham, S.; Thompson, A. F.; Alfieri, A.; Gaska,
I.; Major, J.; Debs, G.; Inagaki, S.; Gutierrez, P.; Gheber, L.; McKenney, R.; Sindelar, C;
Milligan, R.; Stumpff, J.; Rosenfeld, S.; Forth, S. T.; Al-Bassam, J. The Kinesin-5 Tail
Domain Directly Modulates the Mechanochemical Cycle of the Motor Domain for Anti-
Parallel Microtubule Sliding. Elife 2020, 9. https://doi.org/10.7554/eLife.51131.
Shimamoto, Y.; Forth, S.; Kapoor, T. M. Measuring Pushing and Braking Forces
Generated by Ensembles of Kinesin-5 Crosslinking Two Microtubules. Dev. Cell 2015, 34
(6), 669-681. https://doi.org/10.1016/j.devcel.2015.08.017.

Kapitein, L. C.; Kwok, B. H.; Weinger, J. S.; Schmidt, C. F.; Kapoor, T. M.; Peterman, E.
J. G. Microtubule Cross-Linking Triggers the Directional Motility of Kinesin-5. J. Cell
Biol. 2008, 182 (3), 421-428. https://doi.org/10.1083/jch.200801145.

Kapitein, L. C.; Peterman, E. J. G.; Kwok, B. H.; Kim, J. H.; Kapoor, T. M.; Schmidt, C.
F. The Bipolar Mitotic Kinesin Eg5 Moves on Both Microtubules That It Crosslinks.
Nature 2005, 435 (7038), 114-118. https://doi.org/10.1038/nature03503.

Ma, S.; Trivifios-Lagos, L.; Gréf, R.; Chisholm, R. L. Dynein Intermediate Chain
Mediated Dynein-Dynactin Interaction Is Required for Interphase Microtubule
Organization and Centrosome Replication and Separation in Dictyostelium. J. Cell Biol.
1999, 147 (6), 1261-1273. https://doi.org/10.1083/jcb.147.6.1261.

Robinson, J. T.; Wojcik, E. J.; Sanders, M. A.; McGrail, M.; Hays, T. S. Cytoplasmic
Dynein Is Required for the Nuclear Attachment and Migration of Centrosomes during
Mitosis in Drosophila. J. Cell Biol. 1999, 146 (3), 597-608.

59



(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

https://doi.org/10.1083/jcb.146.3.597.

Karki, S.; Holzbaur, E. L. Cytoplasmic Dynein and Dynactin in Cell Division and
Intracellular Transport. Curr. Opin. Cell Biol. 1999, 11 (1), 45-53.
https://doi.org/10.1016/S0955-0674(99)80006-4.

Janson, M. E.; Loughlin, R.; Loiodice, I.; Fu, C.; Brunner, D.; Nédélec, F. J.; Tran, P. T.
Crosslinkers and Motors Organize Dynamic Microtubules to Form Stable Bipolar Arrays
in Fission Yeast. Cell 2007, 128 (2), 357-368. https://doi.org/10.1016/j.cell.2006.12.030.
Yamashita, A.; Sato, M.; Fujita, A.; Yamamoto, M.; Toda, T. The Roles of Fission Yeast
Asel in Mitotic Cell Division, Meiotic Nuclear Oscillation, and Cytokinesis Checkpoint
Signaling. Mol. Biol. Cell 2005, 16 (3), 1378-1395. https://doi.org/10.1091/mbc.E04-10-
08509.

Tikhonenko, I.; Irizarry, K.; Khodjakov, A.; Koonce, M. P. Organization of Microtubule
Assemblies in Dictyostelium Syncytia Depends on the Microtubule Crosslinker, Asel.
Cell. Mol. Life Sci. 2016, 73 (4), 859-868. https://doi.org/10.1007/s00018-015-2026-8.
Rincon, S. A.; Lamson, A.; Blackwell, R.; Syrovatkina, V.; Fraisier, V.; Paoletti, A.;
Betterton, M. D.; Tran, P. T. Kinesin-5-Independent Mitotic Spindle Assembly Requires
the Antiparallel Microtubule Crosslinker Asel in Fission Yeast. Nat. Commun. 2017, 8
(1), 1-12. https://doi.org/10.1038/ncomms15286.

Braun, M.; Lansky, Z.; Fink, G.; Ruhnow, F.; Diez, S.; Janson, M. E. Adaptive Braking by
Asel Prevents Overlapping Microtubules from Sliding Completely Apart. Nat. Cell Biol.
2011, 13 (10), 1259-1264. https://doi.org/10.1038/nch2323.

Lldecke, A.; Seidel, A. M.; Braun, M.; Lansky, Z.; Diez, S. Diffusive Tail Anchorage
Determines Velocity and Force Produced by Kinesin-14 between Crosslinked
Microtubules. Nat. Commun. 2018, 9 (1), 1-9. https://doi.org/10.1038/s41467-018-04656-
0.

Braun, M.; Lansky, Z.; Szuba, A.; Schwarz, F. W.; Mitra, A.; Gao, M.; Lidecke, A.; Ten
Wolde, P. R.; Diez, S. Changes in Microtubule Overlap Length Regulate Kinesin-14-
Driven Microtubule Sliding. Nat. Chem. Biol. 2017, 13 (12), 1245-1252.
https://doi.org/10.1038/nchembio.2495.

Lansky, Z.; Braun, M.; Lidecke, A.; Schlierf, M.; ten Wolde, P. R.; Janson, M. E.; Diez,
S. Diffusible Crosslinkers Generate Directed Forces in Microtubule Networks. Cell 2015,
160 (6), 1159-1168. https://doi.org/https://doi.org/10.1016/j.cell.2015.01.051.
Subramanian, R.; Wilson-Kubalek, E. M.; Arthur, C. P.; Bick, M. J.; Campbell, E. A;
Darst, S. A.; Milligan, R. A.; Kapoor, T. M. Insights into Antiparallel Microtubule
Crosslinking by PRC1, a Conserved Nonmotor Microtubule Binding Protein. Cell 2010,
142 (3), 433-443. https://doi.org/10.1016/j.cell.2010.07.012.

Mollinari, C.; Kleman, J. P.; Jiang, W.; Schoehn, G.; Hunter, T.; Margolis, R. L. PRC1 Is
a Microtubule Binding and Bundling Protein Essential to Maintain the Mitotic Spindle
Midzone. J. Cell Biol. 2002, 157 (7), 1175-1186. https://doi.org/10.1083/jcb.200111052.
Jiang, W.; Jimenez, G.; Wells, N. J.; Hope, T. J.; Wahl, G. M.; Hunter, T.; Fukunaga, R.
PRC1: A Human Mitotic Spindle-Associated CDK Substrate Protein Required for
Cytokinesis. Mol. Cell 1998, 2 (6), 877-885. https://doi.org/S1097-2765(00)80302-0 [pii].
Hu, C. K.; Ozll, N.; Coughlin, M.; Steen, J. J.; Mitchison, T. J. PIk1 Negatively Regulates
PRC1 to Prevent Premature Midzone Formation before Cytokinesis. Mol. Biol. Cell 2012,
23 (14), 2702-2711. https://doi.org/10.1091/mbc.E12-01-0058.

Bieling, P.; Telley, I. A.; Surrey, T. A Minimal Midzone Protein Module Controls

60



(47)

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

Formation and Length of Antiparallel Microtubule Overlaps. Cell 2010, 142 (3), 420-432.
https://doi.org/10.1016/j.cell.2010.06.033.

Kurasawa, Y.; Earnshaw, W. C.; Mochizuki, Y.; Dohmae, N.; Todokoro, K. Essential
Roles of KIF4 and Its Binding Partner PRC1 in Organized Central Spindle Midzone
Formation. EMBO J. 2004, 23 (16), 3237-3248.
https://doi.org/10.1038/sj.emboj.7600347.

Yoshida, S.; Nishiyama, S.; Lister, L.; Hashimoto, S.; Mishina, T.; Courtois, A.;
Kyogoku, H.; Abe, T.; Shiraishi, A.; Choudhary, M.; Nakaoka, Y.; Herbert, M.; Kitajima,
T. S. Prc1-Rich Kinetochores Are Required for Error-Free Acentrosomal Spindle
Bipolarization during Meiosis I in Mouse Oocytes. Nat. Commun. 2020, 11 (1), 1-15.
https://doi.org/10.1038/s41467-020-16488-y.

Polak, B.; Risteski, P.; Lesjak, S.; Toli¢, I. M. <scp>PRC</Scp> 1-labeled Microtubule
Bundles and Kinetochore Pairs Show One-to-one Association in Metaphase. EMBO Rep.
2017, 18 (2), 217-230. https://doi.org/10.15252/embr.201642650.

Vukusi¢, K.; Buda, R.; Bosilj, A.; Milas, A.; Pavin, N.; Toli¢, I. M. Microtubule Sliding
within the Bridging Fiber Pushes Kinetochore Fibers Apart to Segregate Chromosomes.
Dev. Cell 2017, 43 (1), 11-23.e6. https://doi.org/10.1016/j.devcel.2017.09.010.

Mollinari, C.; Kleman, J. P.; Saoudi, Y.; Jablonski, S. A.; Perard, J.; Yen, T. J.; Margolis,
R. L. Ablation of PRC1 by Small Interfering RNA Demonstrates That Cytokinetic
Abscission Requires a Central Spindle Bundle in Mammalian Cells, Whereas Completion
of Furrowing Does Not. Mol. Biol. Cell 2005, 16 (3), 1043-1055.
https://doi.org/10.1091/mbc.E04-04-0346.

Forth, S.; Hsia, K. C.; Shimamoto, Y.; Kapoor, T. M. Asymmetric Friction of Nonmotor
MAPs Can Lead to Their Directional Motion in Active Microtubule Networks. Cell 2014,
157 (2), 420-432. https://doi.org/10.1016/j.cell.2014.02.018.

Fish, K. N. Total Internal Reflection Fluorescence (TIRF) Microscopy. Curr. Protoc.
Cytom. 2009, 50 (1), 12.18.1-12.18.13. https://doi.org/10.1002/0471142956.cy1218s50.
Wilks, P. A.; Hirschfeld, T. Internal Reflection Spectroscopy. Appl. Spectrosc. Rev. 1967,
1 (1), 99-130. https://doi.org/10.1080/05704926708547582.

Thompson, N. L.; Burghardt, T. P.; Axelrod, D. Measuring Surface Dynamics of
Biomolecules by Total Internal Reflection Fluorescence with Photobleaching Recovery or
Correlation Spectroscopy. Biophys. J. 1981, 33 (3), 435-454.
https://doi.org/10.1016/S0006-3495(81)84905-3.

Burghardt, T. P.; Axelrod, D. Total Internal Reflection/Fluorescence Photobleaching
Recovery Study of Serum Albumin Adsorption Dynamics. Biophys. J. 1981, 33 (3), 455—
467. https://doi.org/10.1016/S0006-3495(81)84906-5.

Axelrod, D. Total Internal Reflection Fluorescence Microscopy. Methods Cell Biol. 1989,
30 (C), 245-270. https://doi.org/10.1016/S0091-679X(08)60982-6.

Tokunaga, M.; Kitamura, K.; Saito, K.; lwane, A. H.; Yanagida, T. Single Molecule
Imaging of Fluorophores and Enzymatic Reactions Achieved by Objective-Type Total
Internal Reflection Fluorescence Microscopy. Biochem. Biophys. Res. Commun. 1997,
235 (1), 47-53. https://doi.org/10.1006/bbrc.1997.6732.

Funatsu, T.; Harada, Y.; Tokunaga, M.; Saito, K.; Yanagida, T. Imaging of Single
Fluorescent Molecules and Individual ATP Turnovers by Single Myosin Molecules in
Agqueous Solution. Nature 1995, 374 (6522), 555-559. https://doi.org/10.1038/374555a0.
Ashkin, A.; Dziedzic, J. M.; Bjorkholm, J. E.; Chu, S. Observation of a Single-Beam

61



(61)

(62)

(63)

(64)

(65)

(66)
(67)
(68)

(69)

(70)

(71)

(72)

(73)

(74)

(75)

Gradient Force Optical Trap for Dielectric Particles. Opt. Lett. 1986, 11 (5),

288. https://doi.org/10.1364/01.11.000288.

Hormefio, S.; Arias-Gonzalez, J. R. Exploring Mechanochemical Processes in the Cell
with Optical Tweezers. Biol. Cell 2006, 98 (12), 679-695.
https://doi.org/10.1042/bc20060036.

Comstock, M. J.; Ha, T.; Chemla, Y. R. Ultrahigh-Resolution Optical Trap with Single-
Fluorophore Sensitivity. Nat. Methods 2011, 8 (4), 335-340.
https://doi.org/10.1038/nmeth.1574.

Bensel, B. M.; Woody, M. S.; Pyrpassopoulos, S.; Goldman, Y. E.; Gilbert, S. P.; Ostap,
E. M. The Mechanochemistry of the Kinesin-2 Kif3ac Heterodimer Is Related to Strain-
Dependent Kinetic Properties of Kif3a and Kif3c. Proc. Natl. Acad. Sci. U. S. A. 2020,
117 (27), 15632—-15641. https://doi.org/10.1073/pnas.1916343117.

Lang, M. J.; Asbury, C. L.; Shaevitz, J. W.; Block, S. M. An Automated Two-
Dimensional Optical Force Clamp for Single Molecule Studies. Biophys. J. 2002, 83 (1),
491-501. https://doi.org/10.1016/S0006-3495(02)75185-0.

Carter, A. R.; King, G. M.; Ulrich, T. A.; Halsey, W.; Alchenberger, D.; Perkins, T. T.
Stabilization of an Optical Microscope to 0.1 Nm in Three Dimensions. Appl. Opt. 2007,
46 (3), 421-427. https://doi.org/10.1364/A0.46.000421.

Mclntosh, J.; Hays, T. A Brief History of Research on Mitotic Mechanisms. Biology
(Basel). 2016, 5 (4), 55. https://doi.org/10.3390/biology5040055.

Forth, S.; Kapoor, T. M. The Mechanics of Microtubule Networks in Cell Division. J.
Cell. Biol. 2017, 216 (6), 1525-1531. https://doi.org/10.1083/jcb.201612064.

King, S. J.; Schroer, T. A. Dynactin Increases the Processivity of the Cytoplasmic Dynein
Motor. Nat. Cell Biol. 2000, 2 (1), 20—24. https://doi.org/10.1038/71338.

Ross, J. L.; Wallace, K.; Shuman, H.; Goldman, Y. E.; Holzbaur, E. L. F. Processive
Bidirectional Motion of Dynein-Dynactin Complexes in Vitro. Nat. Cell Biol. 2006, 8 (6),
562-570. https://doi.org/10.1038/ncb1421.

McKenney, R. J.; Huynh, W.; Tanenbaum, M. E.; Bhabha, G.; Vale, R. D. Activation of
Cytoplasmic Dynein Motility by Dynactin-Cargo Adapter Complexes. Science. 2014, 345
(6194), 337-341. https://doi.org/10.1126/science.1254198.

Drechsler, H.; McHugh, T.; Singleton, M. R.; Carter, N. J.; McAinsh, A. D. The Kinesin-
12 Kif15 Is a Processive Track-Switching Tetramer. Elife 2014, 2014 (3) e01724.
https://doi.org/10.7554/eLife.01724.

Reinemann, D. N.; Sturgill, E. G.; Das, D. K.; Degen, M. S.; V6ros, Z.; Hwang, W.; Ohi,
R.; Lang, M. J. Collective Force Regulation in Anti-Parallel Microtubule Gliding by
Dimeric Kif15 Kinesin Motors. Curr. Biol. 2017, 27 (18), 2810-2820.€6.
https://doi.org/10.1016/j.cub.2017.08.018.

Reinemann, D. N.; Norris, S. R.; Ohi, R.; Lang, M. J. Processive Kinesin-14 HSET
Exhibits Directional Flexibility Depending on Motor Traffic. Curr. Biol. 2018, 28 (14),
2356-2362. https://doi.org/10.1016/j.cub.2018.06.055.

Wijeratne, S.; Subramanian, R. Geometry of Antiparallel Microtubule Bundles Regulates
Relative Sliding and Stalling by PRC1 and Kif4A. Elife 2018, (7) e32595.
https://doi.org/10.7554/eLife.32595.

Subramanian, R.; Kapoor, T. M. Building Complexity: Insights into Self-Organized
Assembly of Microtubule-Based Architectures. Dev. Cell. 2012, 5.
https://doi.org/10.1016/j.devcel.2012.10.011.

62



(76)

(77)

(78)

(79)

(80)

(81)

(82)

(83)

(84)

(85)

(86)

(87)

(88)

(89)

Zhu, C.; Lau, E.; Schwarzenbacher, R.; Bossy-Wetzel, E.; Jiang, W. Spatiotemporal
Control of Spindle Midzone Formation by PRC1 in Human Cells. Proc. Natl. Acad. Sci.
U. S. A. 2006, 103 (16), 6196—6201. https://doi.org/10.1073/pnas.0506926103.

Pamula, M. C.; Carlini, L.; Forth, S.; Verma, P.; Suresh, S.; Legant, W. R.; Khodjakov,
A.; Betzig, E.; Kapoor, T. M. High-Resolution Imaging Reveals How the Spindle
Midzone Impacts Chromosome Movement. J. Cell Biol. 2019, 218 (8), 2529-2544.
https://doi.org/10.1083/JCB.201904169.

Lansky, Z.; Braun, M.; Ludecke, A.; Schlierf, M.; Ten Wolde, P. R.; Janson, M. E.; Diez,
S.; Ludecke, A.; Schlierf, M.; Ten Wolde, P. R.; Janson, M. E.; Diez, S. Diffusible
Crosslinkers Generate Directed Forces in Microtubule Networks. Cell 2015, 160 (6),
1159-1168. https://doi.org/10.1016/j.cell.2015.01.051.

Schuyler, S. C.; Liu, J. Y.; Pellman, D. The Molecular Function of Aselp: Evidence for a
MAP-Dependent Midzone-Specific Spindle Matrix. J. Cell Biol. 2003, 160 (4), 517-528.
https://doi.org/10.1083/jcb.200210021.

Charlebois, B. D.; Kollu, S.; Schek, H. T.; Compton, D. A.; Hunt, A. J. Spindle Pole
Mechanics Studied in Mitotic Asters: Dynamic Distribution of Spindle Forces through
Compliant Linkages. Biophys. J. 2011, 100 (7), 1756-1764.
https://doi.org/10.1016/j.bpj.2011.02.017.

Elting, M. W.; Hueschen, C. L.; Udy, D. B.; Dumont, S. Force on Spindle Microtubule
Minus Ends Moves Chromosomes. J. Cell Biol. 2014, 206 (2), 245-256.
https://doi.org/10.1083/jcb.201401091.

Elting, M. W.; Prakash, M.; Udy, D. B.; Dumont, S. Mapping Load-Bearing in the
Mammalian Spindle Reveals Local Kinetochore Fiber Anchorage That Provides
Mechanical Isolation and Redundancy. Curr. Biol. 2017, 27 (14), 2112-2122.e5.
https://doi.org/10.1016/j.cub.2017.06.018.

Ganem, N. J.; Upton, K.; Compton, D. A. Efficient Mitosis in Human Cells Lacking
Poleward Microtubule Flux. Curr. Biol. 2005, 15 (20), 1827-1832.
https://doi.org/10.1016/j.cub.2005.08.065.

Yu, C.-H.; Redemann, S.; Wu, H.-Y.; Kiewisz, R.; Yoo, T. Y.; Conway, W.; Farhadifar,
R.; Mller-Reichert, T.; Needleman, D. Central-Spindle Microtubules Are Strongly
Coupled to Chromosomes during Both Anaphase A and Anaphase B. Mol. Biol. Cell
2019, 30 (19), 2503-2514. https://doi.org/10.1091/mbc.E19-01-0074.

Woll, K. A.; Guzik-Lendrum, S.; Bensel, B. M.; Bhanu, N. V.; Dailey, W. P.; Garcia, B.
A.; Gilbert, S. P.; Eckenhoff, R. G. An Allosteric Propofol-Binding Site in Kinesin
Disrupts Kinesin-Mediated Processive Movement on Microtubules. J. Biol. Chem. 2018,
293 (29), 11283-11295. https://doi.org/10.1074/jbc.RA118.002182.

Shimamoto, Y.; Forth, S.; Kapoor, T. M. Measuring Pushing and Braking Forces
Generated by Ensembles of Kinesin-5 Crosslinking Two Microtubules. Dev. Cell 2015, 34
(6), 669-681. https://doi.org/10.1016/j.devcel.2015.08.017.

Hentrich, C.; Surrey, T. Microtubule Organization by the Antagonistic Mitotic Motors
Kinesin-5 and Kinesin-14. J. Cell Biol. 2010, 189 (3), 465-480.
https://doi.org/10.1083/jcb.200910125.

Cai, S.; Weaver, L. N.; Ems-McClung, S. C.; Walczak, C. E. Kinesin-14 Family Proteins
HSET/XCTK?2 Control Spindle Length by Cross-Linking and Sliding Microtubules. Mol.
Biol. Cell 2009, 20 (5), 1348-1359. https://doi.org/10.1091/mbc.E08-09-0971.

Acar, S.; Carlson, D. B.; Budamagunta, M. S.; Yarov-Yarovoy, V.; Correia, J. J.;

63



(90)

(91)

(92)

(93)

(94)

(95)

(96)

(97)

Niflonuevo, M. R.; Jia, W.; Tao, L.; Leary, J. A.; Voss, J. C.; Evans, J. E.; Scholey, J. M.
The Bipolar Assembly Domain of the Mitotic Motor Kinesin-5. Nat. Commun. 2013, 4
(1), 1-11. https://doi.org/10.1038/ncomms2348.

Singh, S. K.; Pandey, H.; Al-Bassam, J.; Gheber, L. Bidirectional Motility of Kinesin-5
Motor Proteins: Structural Determinants, Cumulative Functions and Physiological

Roles. Cell. Mol. Life. Sci. 2018, 75 (10), 1757-1771. https://doi.org/10.1007/s00018-018-
2754-7.

Scholey, J. E.; Nithianantham, S.; Scholey, J. M.; Al-Bassam, J. Structural Basis for the
Assembly of the Mitotic Motor Kinesin-5 into Bipolar Tetramers. Elife 2014, 2014 (3), 1-
19. https://doi.org/10.7554/eL ife.02217.

Hu, C. K.; Coughlin, M.; Field, C. M.; Mitchison, T. J. KIF4 Regulates Midzone Length
during Cytokinesis. Curr. Biol. 2011, 21 (10), 815-824.
https://doi.org/10.1016/j.cub.2011.04.019.

Subramanian, R.; Ti, S. C.; Tan, L.; Darst, S. A.; Kapoor, T. M. XMarking and Measuring
Single Microtubules by PRC1 and Kinesin-4. Cell 2013, 154 (2), 377-390.
https://doi.org/10.1016/j.cell.2013.06.021.

Fu, C.; Yan, F.; Wu, F.; Wu, Q.; Whittaker, J.; Hu, H.; Hu, R.; Yao, X. Mitotic
Phosphorylation of PRC1 at Thr470 Is Required for PRC1 Oligomerization and Proper
Central Spindle Organization. Cell Res. 2007, 17 (5), 449-457.
https://doi.org/10.1038/cr.2007.32.

Khmelinskii, A.; Lawrence, C.; Roostalu, J.; Schiebel, E. Cdc14-Regulated Midzone
Assembly Controls Anaphase B. J. Cell Biol. 2007, 177 (6), 981-993.
https://doi.org/10.1083/jcb.200702145.

Kajtez, J.; Solomatina, A.; Novak, M.; Polak, B.; Vukusi¢, K.; Ridiger, J.; Cojoc, G.;
Milas, A.; Sumanovac Sestak, 1.; Risteski, P.; Tavano, F.; Klemm, A. H.; Roscioli, E.;
Welburn, J.; Cimini, D.; Glunci¢, M.; Pavin, N.; Toli¢, I. M. Overlap Microtubules Link
Sister K-Fibres and Balance the Forces on Bi-Oriented Kinetochores. Nat. Commun. 2016,
7 (1), 1-11. https://doi.org/10.1038/ncomms10298.

Musacchio, A.; Salmon, E. D. The Spindle-Assembly Checkpoint in Space and Time. Nat.
Rev. Mol. 2007, 8 (5), 379-393. https://doi.org/10.1038/nrm2163.

64



	LIST OF FIGURES
	ACKNOWLEDGMENT
	ABSTRACT
	1. INTRODUCTION
	1.1 Eukaryotic Cell Division
	1.2 The Role of the Mitotic Spindle in Cell Division
	1.3 The Mitotic Spindle and Microtubule Associated Proteins (MAP’s)
	1.4 The MAP65 Family Role in the Mitotic Spindle
	1.5 Mechanics of PRC1 in the Mitotic Spindle
	1.6 Motivating Questions
	1.7 Techniques
	1.7.1 Biochemical Reconstitution
	1.7.2 Total Internal Reflective Fluorescence Microscopy
	1.7.3 Optical Tweezers


	2. THE MITOTIC CROSSLINKING PROTEIN PRC1 ACTS LIKE A MECHANICAL DASHPOT TO RESIST MICROTUBULE SLIDING
	2.1 Abstract
	2.2 Introduction
	2.3 Results
	2.3.1 Relative Sliding of Microtubules Crosslinked by PRC1 Generates Resistive Forces
	2.3.3 Resistive Forces Scale With Number of PRC1 Molecules but not Overlap Length
	2.3.4 Decreasing the Ionic Strength Results in Increased Frictional Forces Particularly in Short Overlaps
	2.3.5 Pausing of Sliding Results in Force Relaxation, While Resumption of Sliding Produces Increased Resistive Forces
	2.3.6 Computational Modeling Suggests That a Partially Reflective End Barrier Against PRC1 Diffusion Allows for Sustained Resistive Forces
	2.3.7 Discussion

	2.4 Methods
	2.4.1 Protein Expression and Purification
	2.4.1.1 PRC1
	2.4.1.2 Kinesin-1 K439

	2.4.2 Microtubule Preparation
	2.4.3 Coating Beads With K439
	2.4.4 Flow Chamber Construction
	2.4.5 Image Acquisition and Analysis
	2.4.6 Force Data Acquisition and Analysis
	2.4.7 Computational Simulations
	2.4.7.1 Distribution of Forces Across PRC1 Molecules With Optically Trapped Microtubule End
	2.4.7.2 Monte Carlo Simulations
	2.4.7.3 Introducing a Clustering Parameter During Brief Cessation of Filament Sliding

	2.4.8 Quantification and Statistical Analysis

	2.5 Acknowledgements
	2.6 Author Contributions
	2.7 Declaration of Interests

	3. PROSPECTUS AND FUTURE WORK
	3.1 PRC1 Differs From Ase1 in Frictional Force Generation
	3.2 PRC1 Acts as a Mechanical Dashpot to Microtubule Sliding
	3.3 PRC1 Multimers May Generate Higher Resistance Forces
	3.4 Future Work
	3.4.1 How Do PRC1 Forces Scale With an Active Motor Protein?
	3.4.2 How Do PRC1-Kif4A Complexes Generate Bundles in vivo?
	3.4.3 How Are PRC1 Frictional Forces Regulated by Kinase Activity?
	3.4.4 What Role Do PRC1 Forces Have In Metaphase Bridging Fibers?


	REFERENCES

