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ABSTRACT

Mechanics of mitotic spindle poles and polymerization dynamics of microtubules
by
Blake D. Charlebois

Chair: Alan J. Hunt

During cell division, chromosomes must faithfully segregate to maintain genome in-
tegrity, and this dynamic mechanical process is driven by the macromolecular ma-
chinery of the mitotic spindle. However, little is known about spindle mechanics.
For example, spindle microtubules are organized by numerous cross-linking proteins
yet the mechanical properties of those cross-links remain unexplored. To examine
the mechanical properties of microtubule cross-links we applied optical trapping to
mitotic asters that form in mammalian mitotic extracts. These asters are foci of
microtubules, motors, and microtubule-associated proteins that reflect many of the
functional properties of spindle poles and represent centrosome-independent spindle-
pole analogs. We observed bidirectional motor-driven microtubule movements, show-
ing that microtubule linkages within asters are remarkably compliant (mean stiffness
0.025 pN/nm) and mediated by only a handful of cross-links. Depleting the motor
Egb reduced this stiffness, indicating that Egb contributes to the mechanical proper-
ties of microtubule asters in a manner consistent with its localization to spindle poles
in cells. We propose that compliant linkages among microtubules provide a mechan-

ical architecture capable of accommodating microtubule movements and distributing

xiii



force among microtubules without loss of pole integrity—a mechanical paradigm that
may be important throughout the spindle.

Microtubule assembly and disassembly are vital for many fundamental cellular
processes. Our current understanding of microtubule assembly kinetics is based on
a one-dimensional assembly model, which assumes identical energetics for subunits
exchanging at the tip. In this model, the subunit disassociation rate from a micro-
tubule tip is independent of free subunit concentration. Using total-internal-reflection
fluorescence (TIRF) microscopy and an optical tweezers assay to measure in vitro mi-
crotubule assembly with nanometer resolution, we find that the subunit dissociation
rate from a microtubule tip increases at higher free subunit concentrations. This
is because, as predicted by Hill, there is a shift in microtubule tip structure from
relatively blunt at low free subunit concentrations to relatively tapered at high con-
centrations, which we confirmed experimentally by TIRF microscopy. Because both
the association and the dissociation rates increase with free subunit concentrations,
we find that the kinetics of microtubule assembly are an order of magnitude faster

than currently estimated in the literature.
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CHAPTER I

Introduction

The present work can be divided into chapters on mitosis (II and III) and chapters
on microtubule polymerization (IV to VI). The present chapter provides background
and motivation with a brief introduction to the cytoskeleton, microtubules, and mi-
tosis, but with most emphasis on microtubules due to their relevance to all chapters.
Additional background is left to later chapters (Chapter II for mitosis, Chapter IV
for microtubules). The present chapter concludes with a summary of the contents of

the present work.

1.1 The cytoskeleton

Animal cells may contain three types of cytoskeletal fibers: F-actin (microfila-
ments), intermediate filaments, and microtubules [Lodish et al., 2004]. These fibers
are long, thin, unbranched protein polymers, and they interact with proteins that
affect their polymerization dynamics, cross-link them into various structures (e.g.,
Fig. 1.1), and exert force upon them. Together, these fibers and associated proteins
are a major determinant of cell mechanics and morphology [Howard, 2001].

Cross-linking proteins commonly arrange cytoskeletal fibers into bundles or into
two- or three-dimensional networks with various cellular localizations. For instance,

in the mitotic spindle microtubles are cross-linked into a structure that orchestrates



chromosome movement (Chapter II).

Of the three types of cytoskeletal fibers, intermediate filaments are perhaps the
least well understood. They are encoded by numerous genes with complex expres-
sion patterns [reviewed by Herrmann et al., 2007], and they differ markedly in many
respects from F-actin and microtubules. F-actin and microtubules have several sim-
ilarities: they are composed of highly conserved globular subunits; they have a fast-
growing plus end and a slow-growing minus end (they are “polar”); they are nucleoside
triphosphatases; they are often highly dynamic; they generate force by polymeriza-
tion; and they are substrates against which molecular motors exert force [Howard,

2001; Lodish et al., 2004].

1.2 Microtubules

Microtubules are key structural elements in mitosis, and microtubule assembly is
crucial to mitosis and other cellular processes (e.g., see Fig. 1.2). The structures of
these tube-shaped polymers and also of the subunits from which they are composed
are intimately related to their mechanical and polymerization properties and, in turn,

their biological functions.

1.2.1 Microtubule structure and function

Microtubules [Amos, 2004; Amos and Schlieper, 2005; Desai and Mitchison, 1997;
Howard and Hyman, 2003, 2009] form by the assembly into a tube of 8-nm long
af-tubulin heterodimers (Fig. 1.3), referred to throughout this thesis as subunits. «
and [ tubulins have roughly 50% identical sequences and are roughly 50kDa each
[Desai and Mitchison, 1997]. Tubulin isoforms in addition to a and [ have been
identified, including several relevant to centrioles [Pearson and Winey, 2009], as well
as y-tubulin, which is implicated in microtubule nucleation by centrosomes.

Microtubule functions include providing structural support to the cell and or-
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lular matrix (ECM), and outer nuclear membrane (ONM) and inner nu-
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(NPCs) connected to lamins. Figure from Herrmann et al. [2007].
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Figure 1.2:

F-actin and microtubules in growth cones. At the tip of a growing axon,
the growth cone, based on several spatial cues, guides growth. Retrograde
movement of F-actin is believed to be driven by actomyosin-generated
force in the T (transition) zone (F-actin arcs) and polymerization of actin
in the P (peripheral) domain. In the P domain, F-actin bundles and net-
works are present in, respectively, filopodia and lamellipodia-like veils.
Dynamic microtubules are present in the P domain, usually along F-actin
bundles. In the C (central) domain, stable microtubules extend from the
axon shaft, and various other components are present. P-domain micro-
tubules are thought to act as “guidance sensors” that affect signalling
components, and C-domain microtubules are important to advance the
growth cone [reviewed by Lowery and Vactor, 2009]. Figure from Lowery
and Vactor [2009]




Figure 1.3:
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Microtubules assemble from heterodimeric aS-tubulin subunits. (A) The
tubulin heterodimer binds guanine nucleotides. (B) Subunits stacked end
to end (a-f-a-f...) constitute a protofilament, and typically 13 protofil-
aments constitute a microtubule. The ends of the microtubule with a-
and S-tubulins exposed are respectively termed the minus and plus ends.
Figure from Lodish et al. [2004].




Figure 1.4: ) _ _ ) i
Microtubules in an interphase cell. (a) Microtubules in an interphase

cell labeled by antibody-based staining. (b) Prototypical microtubule
organization and microtubule-based intracellular transport. The centro-
some (yellow) is the microtubule organizing center (MTOC). It contains
centrioles, which are formed from specialized microtubules. It also nucle-
ates microtubules with their plus ends oriented toward the cell periphery.
Molecular motors, either plus- or minus-directed, transport vescicles. Fig-
ure from Howard and Hyman [2003].

ganelles and providing the tracks on which molecular motors walk for intracellular
transport (Fig. 1.4). Microtubules are enriched in neural tissue, and play important
roles in the function of growth cones (Fig. 1.2). Among the best known functions of
microtubles is orchestrating movement of chromosomes in mitotis and meiosis (Chap-
ter II), in which microtubules arranged in a fusiform array grow and shrink in order
to capture chromosomes, arrange them at the metaphase plate, and pull them to
opposite ends of the cell during anaphase. This process is fundamental to life and its
misregulation is implicated in cancer.

The microtubule can be viewed as a motor, as it stores the energy of GTP hydrol-

ysis in its lattice and can use this stored energy to perform work [Grishchuk et al.,

2005]. In addition, two types of molecular motor, dynein and kinesin, use the energy
of ATP hydrolysis to exert force on microtubules. Axonemal dynein brings about the

beating of cilia and flagella, while cytoplasmic dynein, usually if not always bound to



dynactin, has many functions. Dynactin is a megadalton multi- (>20) subunit protein
complex, and this composition determines the properties of dynein [Schroer, 2004].
The kinesin superfamily family includes motors that can walk along microtubules for
varying distances, generally toward the plus or minus end, against an opposing load
[Miki et al., 2005]. This superfamily also includes members that can depolymerize
microtubules at their ends after either diffusing or walking along the lattice. Other

microtubule-associated proteins act as polymerases [Howard and Hyman, 2007].

1.2.2 GTP hydrolysis and dynamic instability

a-tubulin contains GTP in its “N-site” where exchange and hydrolysis rates are
taken to be negligible. In contrast, S-tubulin contains GTP or GDP in an exchange-
able site (E-site) in which hydrolysis occurs. Microtubule polymerization occurs by
addition of tubulin subunits containing GTP in the E-site (GTP-tubulin), and upon
incorporation into the microtubule the rate of E-site GTP hydrolysis increases, so
that the lattice contains predominantly GDP-tubulin.

Microtubules exhibit an unusual behavior, termed dynamic instability, in which
they alternate between phases of steady growth and rapid shortening. Transition
from growth to rapid shortening is termed catastrophe, while transition from rapid
shortening to growth is termed rescue. In the textbook explanation for this phe-
nomenon, GTP-tubulin subunits add to the end of the microtubule (Fig. 1.5). Once
incorporated into the microtubule, the GTP contained in the g-tubulin can be hy-
drolyzed to GDP, so that subunits far from the tip are predominantly GDP-tubulin.
The GDP-tubulin lattice is unstable, but the GTP-tubulin at the tip stabilizes the
microtubule. Catastrophe occurs when the cap of GTP-tubulin at the tip is lost.
[Desai and Mitchison, 1997; Lodish et al., 2004; Mitchison and Kirschner, 1984] The
instability of the GDP-tubulin lattice is thought to result from GDP-tubulin prefer-

ing a curved conformation, so that it must be strained while in the lattice. Dynamic



Phase transition

FRARRARRAREAR

Cirowing phase Shrinking phase

Figure 1.5: . .
The GTP cap. In the growth phase (left), the microtubule tip has a sta-

bilizing cap of GTP-tubulin (black) while much of the bulk of the lattice
is composed of GDP-tubulin (white). Addition of new GTP-tubulin from
solution maintains this cap, while hydrolysis of GTP by tubulin in the
lattice shortens the cap. Loss of the cap triggers a phase transition (catas-
trophe) to rapid shortening (right). Figure from the original proposal of
the GTP cap hypothesis by Mitchison and Kirschner [1984].

instability allows the cell to bring about rapid microtubule length changes as needed.

1.2.3 Growth-phase polymerization

Transitions between growth and shortening phases, as well as the effects of microtubule-
associated proteins, are determined in part by growth-phase microtubule assembly.
The established view is that this assembly is occurs by association of tubulin at a rate
proportional to the free tubulin concentration, with tubulin dissociation occurring at
a constant rate. Association has been estimated to be well below the diffusion lim-
ited rate, while dissociation has been estimated to be much slower than association
in the practical range of tubulin concentrations. As detailed in section 4.3 (p. 61),
there are several reasons to believe this established view should be revised: briefly,

net microtubule growth rate is far more variable than the established view would pre-



dict, and this may be explained by association and dissociation occurring far faster
than is currently believed [Howard and Hyman, 2009], but this would require disso-
ciation rate to increase with tubulin concentration; theory predicts that dissociation
rate may, depending on the magnitude of the lateral interaction energy, increase with
tubulin concentration due to increased incidence of tubulin subunits at the tip having
less than two stabilizing lateral neighbors [Hill, 1986]; and cryoelectron microscopy
data indicate that microtubule tips that are tapered, and therefore have more un-
stable subunits, are favored with increasing tubulin concentration [Chrétien et al.,
1995]. Chapter VI tests the hypotheses that subunit exchange at the tip is far faster
than has been appreciated and that the dissociation rate increases with free tubulin

concentration.

1.3 Mitosis

Mitosis is a precisely orchestrated process in which dynamic microtubules capture
chromosomes and the sister chromatids of each chromosome are pulled to opposite
ends of a dividing cell (further reviewed in Chapter II). The forces driving chromo-
some movement are transmitted via microtubules, which are arranged into a structure
termed the mitotic spindle in which microtubule minus ends converge at each of the
two spindle poles. The connection of these minus ends is dynamic; microtubules ex-
hibit poleward flux, which requires that they depolymerize at their minus ends while
maintaining load-bearing connections to the pole. Despite the mechanical nature of
mitosis, we have relatively little quantitative data on the mechanics of mitosis, par-
ticularly on the connection of microtubules to the pole. This motivates Chapter III,
which investigates the mechanical connection of microtubules in an analog of the

mitotic spindle pole.



1.4 Summary of dissertation contents

Chapter 1I briefly reviews mitosis literature, focusing on the mechanics of mitosis.
Chapter III is a study of the mechanics of mitotic spindle pole analogs termed mitotic
asters.

Chapter IV briefly reviews microtubule literature. Chapter V describes an optical-
tweezers based assay developed by Henry T. Schek III for measuring microtubule
length changes with high spatiotemporal resolution. Chapter VI combines the assay
of Chapter V with a light-microscopy assay and simulations to obtain evidence against
the classical model for microtubule growth.

Chapter VII summarizes the conclusions of this thesis and recommends future

work.
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CHAPTER II

Background: Mitosis

This chapter® reviews mitosis with an emphasis on the mechanics of the mitotic

spindle.

2.1 Introduction

Mitosis requires that genetic material be segregated to the two daughter cells with
consistent fidelity. Incorrect segregation may result in cell death or in diseases such
as cancer. Correct segregation is achieved by a precisely orchestrated multi-phase
process.

Mitosis is normally divided into several phases (Figs. 2.1 and 2.2). In prophase,
centrosomes separate and chromosomes begin to condense. In prometaphase, the
nuclear envelope breaks down, the spindle microtubules are present in what was the
nucleus, and the chromosomes have fully condensed. At metaphase, chromosomes
move to the equatorial plane or metaphase plate. At anaphase, the sister chromatids
separate in synchrony to opposite poles (anaphase A) and the distance between the
poles increases (anaphase B). (Upon separation, the sister chromatids are considered

chromosomes.) Telophase is marked by the return of interphase features: spindle

*Portions of this chapter are taken verbatim my qualifying exam written proposal and from
Charlebois et al. [2011].
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Interphase Prophase @ Prometaphase Metaphase Anaphase Telophase

Figure 2.1: ) o )
Fluorescence images of the phases of mitosis. Microtubules (green) and

DNA (purple) are stained in a dividing HeLa cell proceeding (left to
right) from interphase to prophase, prometaphase, metaphase, anaphase,
and telophase. Figure adapted from Yanagida [2009]
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Figure 2.2: Schematic of the phases of mitosis. Figure from Walczak et al. [2010]

disassembly, decondensation of chromosomes, and reformation of the nuclear enve-
lope. Cytokinesis is the final division into two daughter cells with separate cytoplasm.

[Lodish et al., 2004] (Final separation of cytoplasm, termed midbody abscission, may

be considered separate from near division of the daughter cells, cytokinesis [Walczak

et al., 2010].)

2.2 The spindle

The central purpose of mitosis is segregation of chromosomes, and the mechanical

apparatus responsible for this segregation is the spindle, a macromolecular ensemble
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of microtubules, motors, and nonmotor microtubule-associated proteins. Spindle mi-
crotubules extend from the two opposing spindle poles toward the metaphase plate,
forming a highly dynamic structure in which microtubule polymerization dynamics
and motor-generated forces orchestrate the movement of chromosomes. Spindle mi-
crotubules must cause chromosomes to congress at the metaphase plate with pairs
of sister kinetochores attached to opposite poles (amphitelic attachment) in order to
satisfy the spindle assembly checkpoint. In anaphase, spindle microtubules must pull

sister chromatids to opposing poles.

2.2.1 Dynamic phenomena and spindle forces

Spindle forces result in dynamic phenomena including chromosome directional
instability, in which chromosomes move at roughly constant speed in alternating di-
rections with abrupt transitions [Skibbens et al., 1993]; poleward microtubule flux, in
which spindle microtubules depolymerize at their minus ends and translate poleward,
which implies microtubules must be detached from their nucleation sites [Mitchison,
1989]; and kinetochore capture by microtubules.

The spindle can exert force on a chromosome via a kinetochore fiber (k-fiber; a
bundle of microtubules) that connects end-on to a kinetochore. Lateral kinetochore-
microtubule interactions are also implicated in chromosome movement. Further-
more, interaction between chromosome arms and non-kinetochore microtubules causes
polar-ejection forces, which push chromosome arms away from the poles [Walczak
et al., 2010]. Microtubule polymerization and depolymerization forces, as well as
motor-mediated forces (summarized by Loughlin et al. [2008]), are implicated in force
generation.

Spindle poles are mechanical hubs; they can be connected directly or indirectly to
each other, to chromosome arms and kinetochores, and to the cell cortex via micro-

tubules, cross-linkers, and molecular motors [reviews include Cheeseman and Desai,
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2008; Gatlin and Bloom, 2010; Mogilner and Craig, 2010]. At the cell cortex, cyto-
plasmic dynein is implicated in exerting force on astral microtubules to control spindle
position, which is important for asymmetric division (additional microtubule-cortex
interactions have been demonstrated in yeast) [reviewed by Moore and Cooper, 2010;
Siller and Doe, 2009]. At the chromosome, spindle microtubules can interact with
chromosome arms, generating polar ejection forces, and also connect to a kinetochore,
which is composed of an array of proteins including MAPs and molecular motors
[Cheeseman and Desai, 2008]. Near the metaphase plate, interdigitating antiparallel
microtubules emanating from opposite poles experience forces due to molecular mo-
tors such as kinesin-5 (Eg5), which is implicated in separation of spindle poles and, in
some systems, polward flux [e.g., reviewed by Ferenz et al., 2010; Gatlin and Bloom,
2010]. Molecular motors, including kinesin-5, are also present at poles [Ferenz et al.,
2010]. Minus-directed motors dynein and kinesin-14 (HSET, Ncd) are implicated in

focusing microtubules into a pole [Gatlin and Bloom, 2010].

2.2.2 Centrosomal and acentrosomal spindle formation pathways

Chapter III investigates a model system representing the acentrosomal pathway.

A discussion of these pathways is therefore required.

“The chromosomal spindle fiber which is based on the kinetochore has
naturally been regarded as the spindle element most intimately involved
in chromosomal movement. Hence from the first, it has been the subject
of special attention, and many hypotheses concerning its nature and origin

have been broached, discarded, and advanced anew.

...hypotheses simmer down to three: the chromosomal fibers arise from
the pole, grow toward the chromosome and connect with it; or they arise
from the chromosome and grow toward the pole; or they are formed as the

result of an interaction between the pole and the chromosome.” Schrader
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(1953

Explaining formation of the canonical (centrosomal) spindle is the search and
capture model [Kirschner and Mitchison, 1986], in which microtubules nucleated by
the centrosome grow and shrink, exploring space randomly until they encounter and
attach stably to a kinetochore. Centrosomes were thus long believed to be “responsible
for mitotic-spindle assembly” [Wadsworth et al., 2004], while spindle assembly in
acentrosomal animal cells, which involves nucleation of microtubules at chromosomes
and organization of microtubules by molecular motors and cross-linkers [O’Connell
and Khodjakov, 2007], was viewed as an anomaly [Gadde and Heald, 2004].

Early calculations concluded that the search and capture model could predict
physiological chromosome alignment times [Hill, 1985; Holy and Leibler, 1994]. How-
ever, modeling using more realistic geometry and number of chromosomes [Wollman
et al., 2005] determined that the search and capture approach alone does not predict
chromosome congression on timescales as short as those observed experimentally,
particularly in large cells. Acceleration of spindle formation is required, possibly by
the acentrosomal pathway of spindle formation, in which microtubules nucleated at
chromosomes become focused into a spindle. Underscoring the importance of this
pathway, several microtubule cross-linkers and motors that organize and anchor mi-
crotubules during acentrosomal cell division are also important in centrosomal cell
division [Compton, 1998]. Furthermore, elements of acentrosomal spindle assembly
occur in PtK (potoroo) [Khodjakov et al., 2003] and Drosophila S2 [Maiato et al.,
2004] cells, both of which have centrosomes. The acentrosomal pathway presumably
compensated for the absence of centrosomes in a study in which Drosophila larvae
lacking centrosomes developed into morphologically normal adults, though they died
shortly after birth, apparently due not to mitotic errors but to lack of cilia [Basto
et al., 2006]. At minimum, this study casts doubt on the importance of centrosomes

to mitosis. Evidence consistent with the importance of the acentrosomal pathway has
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been extensively reviewed [e.g., Compton, 1998; Gadde and Heald, 2004; O’Connell
and Khodjakov, 2007; Rieder, 2005; Wadsworth et al., 2004], and centrosomal and
acentrosomal pathways are believed to occur simultaneously in cells with centrosomes.
Of interest, therefore, are acentrosomal spindles and the motors and cross-linkers in-
volved in their formation. Some of these motors and cross-linkers have roles in mul-
tiple mitotic phenomena, such as chromosome movement, spindle bipolarity control,
and microtubule focusing. Experimental investigation of, for instance, spindle-pole-
specific functions of motors and cross-linkers requires a structure analogous to a single
pole.

An acentrosomal spindle pole analog is the focus of Chapter III. The remainder
of this chapter provides a brief review of spindle mechanics and of this spindle pole

analog.

2.3 The mechanics of mitosis

The mechanical nature of mitosis was evident to early cytologists who attempted
to mechanically probe the spindle. That post-metaphase chromosome attachment is
mechanically robust was established by using a fine glass needle to move insect-cell

contents:

“When once the chromosomes have separated in metaphase, no interfer-
ence short of total destruction of the cell will prevent the passage of the

daughter chromosomes to their respective poles.” [Chambers, 1914]

Consistent with this, later attempts to detach a half-bivalent during insect anaphase I,
often “designed to try every conceivable mode of punishment until detachment was
obtained or death intervened,” killed about 70 % of cells [Nicklas and Staehly, 1967]
and no early- to mid-anaphase detachment was obtained except with the X chromo-

some. The nature of mechanical connections was explored by attempting to move
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bivalents (tetrads), for instance, laterally (parallel to the metaphase plate). Me-
chanical attachment fibers could not be observed, and their existence of was inferred
based on the direction-dependent resistance to movement of bivalents. Later micro-
manipulation studies in which the fibers could be observed supported the view that
spindle poles and bivalents were mechanically connected by birefringent chromoso-
mal fibers, which were relatively flexible but relatively inextensible and which buckled
under compression [Begg and Ellis, 1979a,b]. In a more recent investigation of in-
terconnections among spindle microtubules, Gatlin et al. [2010] skewered Xenopus
extract meiotic spindles with glass microneedles, observing that the spindle moved
such that the needle approached and passed through the pole slightly slower than
speeds typically reported for poleward flux. Motion slowed as the needle approached
the pole, and the pole (based on NuMA staining) split to allow the needle to pass
through it, suggesting weak or dynamic cross-links at the pole, though the slowing
may have simply been due to slowing of flux at the pole. Inhibition of dynein, which
is implicated in transport toward poles, caused pole splaying, lengthened the spindle,
and eliminated the slowing of needle-spindle translocation as the needle approached
the pole. The authors also skewered spindles with a pair of needles positioned on
opposite sides of the metaphase plate and pulled the needles toward opposite poles,
finding that spindle lengthening by deformation began only when the needles were
separated by roughly 80 % of the spindle length. These studies suggest that chro-
mosomes are attached to poles by microtubules that in much of the spindle are not
laterally connected by mechanically strong cross-links.

The remainder of this section focuses mainly on recent quantitative studies of the

response of mitotic entities to mechanical perturbations.
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2.3.1 Spindle deformation

The overall distortion of the spindle when subjected to experimentally applied
forces has been investigated. For instance, Dumont and Mitchison [2009] compressed
mitotic Ptk2 cells using an agarose pad, causing widening and elongation of the spin-
dle, with elongation occurring on a longer timescale and resulting from lengthening of
kinetochore fibers. The authors concluded that this elongation was due to slowing of
microtubule depolymerization at the poles with no apparent effect at kinetochores, so
that kinetochore fibers were under tension near kinetochores and under compression
near poles. Itabashi et al. [2009] used a piezo-controlled dual cantilever system to
mechanically perturb Xenopus meiotic spindles. Spindles were compressed between
the cantilevers either parallel to or perpendicular to the pole-pole axis. For small
(less than 10 %) perpendicular compression, spindles were viscoelastic, returning to
their original shape over multiple compression cycles. Stiffness was (1.2 & 2.2) pN/nm
(mean+s.d.). Small pole-to-pole compression was also viscoelastic, with stiffness
(2.7£3.3) pN/nm (mean+s.d.). Large (tens of %) perpendicular compression had
relatively complex effects, including spindle elongation and apparent disruption of
spindle architecture. The spindle partially recovered from this disruption over min-
utes. Overall, the spindle appears to be viscoelastic under small deformation, yet it

adapts its architecture in response to large mechanical perturbations.

2.3.2 Chromosome deformation

The bending rigidity of chromosomes due to thermal forces, as well as the Young’s
modulus of chromosomes as measured when stretched lengthwise by a pipette have
been estimated and found to be consistent with a model of the chromosome as a
homogeneous elastic rod [Poirier et al., 2002]. The mechanics of interactions between

microtubules and both chromosome arms and kinetochores have also be investigated.
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2.3.3 Microtubule-chromosome interactions

The load-bearing mechanical coupling used by kinetochores to harness microtubule
depolymerization forces for poleward movement has been investigated in several stud-
ies. The stall force for anaphase chromosome movement during insect meiosis was
measured to be 4 orders of magnitude more than would be required to overcome
viscous drag [Nicklas, 1983]. In a later study of isolated Chinese hamster ovary
chromosomes [Hunt and McIntosh, 1998], the link between kinetochores and grow-
ing or rapidly-shortening microtubules was maintained without a need for ATP. The
microtubule-kinetochore coupling decreased the frequency of catastrophe and slowed
rapid shortening. Furthermore, when an optical trap held a microtubule connected to
a kinetochore moving away at roughly 2 pm/s, the microtubule-kinetochore connec-
tion supported a tension of 15 pN while allowing microtuble growth. (For reference,
the tension for microtubule-kinetochore attachment in wvivo has been estimated to
be in the range 0.4 to 8 pN per microtubule [Powers et al., 2009, references therein)].
The stall force measured by Nicklas [1983] has been computed to correspond to 8 to
210 pN per microtubule [Hunt and McIntosh, 1998].) Akiyoshi et al. [2010] examined
the interaction of microtubules and bead-linked purified yeast kinetochore particles
lacking motor proteins and the Aurora B protein kinase. They found that single par-
ticles formed remarkably robust attachments, consistent with in-vivo attachments.
This robustness increased with tension due to a combination of effects. The rate
of microtubule-kinetochore detachment was lower for growing than for shortening
microtubules, and increasing tension promoted growing microtubules by promoting
rescue and markedly suppressing catastrophe. Furthermore, although shortening mi-
crotubules detached at a relatively high rate, this rate decreased with tension. The
authors interpreted their data in terms of a two-state catch-bond model in which a
polymerizing microtubule corresponds to the more strongly-bound state. Rupture

force was consistent with other studies; when the force was increased at 0.25pN/s,
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the mean rupture force was 9.1 pN. The microtubule-kinetochore connection is thus
strong yet able to accommodate exchange of tubulin subunits. The molecular basis
of this connection is of interest.

Among molecular components implicated in kinetochore-microtubule connection
are KNL1 (Spcl05 in budding yeast) and the Ndc80 complex [reviewed by Cheeseman
and Desai, 2008]. The latter is a rod-shaped heterotetramer with globular domains
at its ends [Wei et al., 2005]. Two components of this complex, Ndc80 and Nuf2,
are oriented in the kinetochore toward microtubules [Cheeseman and Desai, 2008].
The budding-yeast Ndc80 complex has been observed to be longer during metaphase,
when it is presumably under higher tension, than in anaphase [Joglekar et al., 2009].
Powers et al. [2009] found that beads coated with this complex can diffuse on the
microtubule lattice and track the tip of a rapidly shortening microtubule, with on the
order of 10 complexes being sufficient to maintain attachment against an optical-trap
load on the order of 1 pN. For particles of 1 or 2 GFP-labeled complexes not attached
to beads, interactions with microtubules were found to be sensitive to ionic strength,
suggesting the importance of electrostatic interactions. Results were consistent with
diffusion that can be biased by microtubule shortening. Akiyoshi et al. [2010] found
that the binding of kinetochore particles to microtubules was impaired upon mutation
of Ndc80 or Spcl05, which is consistent with binding observed for purified Ndc80
and KNL1 [Cheeseman et al., 2006]. Also present at kinetochores are microtubule tip
trackers and depolymerizing kinesins, as well as molecular motors dynein and kinesin-
7 (CENP-E) [roles reviewed by Cheeseman and Desai, 2008; Cheeseman et al., 2006].

Polar-ejection forces, which are mechanical interactions between microtubules and
chromosome arms that push chromosomes away from the nearest pole, have been mea-
sured by optical trapping [Brouhard and Hunt, 2005]. These ATP-dependent unidi-
rectional forces frequently exceeded 1pN while rarely exceeding 2 pN and produced

peak velocities in the tens of nm/s. Antibody inhibition implicated the chromokinesin
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Kid (kinesin-10) in this movement and suggested the chromokinesin KIF4 (kinesin-4)
may be less important, which is consistent with other results [Bieling et al., 2010,
references therein].

Although our limited comprehension of spindle mechanics is aided by quantita-
tive and qualitative studies [reviewed by Mogilner and Craig, 2010], we have limited
mechanical data on spindles, particularly with high-resolution quantification of force
and movement, and we know relatively little about the mechanical connection of
microtubules to spindle poles. Spindle poles are sites of convergence of spindle mi-
crotubule minus-ends near centrosomes and are the regions of the spindle with the
highest density of microtubule-crosslinking [Gatlin et al., 2010; Mastronarde et al.,
1993; Nicklas et al., 1982]. It has been proposed that poles are key load-bearing
structures essential for chromosome movement and generation of euploid cell progeny
(Gordon et al., 2001]. Spindle poles are therefore the focus of Chapter III, and a

review of experimental spindle pole analog systems is required.

2.4 Spindle pole analogs

Formation of microtubule asters has been demonstrated with only microtubules
and a motor with a non-motor microtubule-binding domain [Hentrich and Surrey,
2010], yet mitotic aster constituents include microtubule cross-linkers and both plus-
and minus-end directed motors. Based on experiments and simulations with purified
systems of motors and microtubules, factors important to the pattern of microtubules
formed include motor concentration, processivity, and microtubule-end residence time
[Surrey et al., 2001]. Presumably, microtubule cross-linkers could reduce the need for
long microtubule-end residence times in asters with more physiological relevance, such
as those formed with mitotic and meiotic extracts.

Xenopus oocyte extracts [Itabashi et al., 2009; Karsenti and Vernos, 2001] pro-

vide a convenient system for the study of acentrosomal vertebrate spindles. Another
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spindle-pole analog suitable for experimentation is an acentrosomal astral microtubule
array from cell-free extracts from mitotic HeLa (human) cells [Gaglio et al., 1995].
Such mitotic asters have been characterized biochemically, and perturbing compo-
nents yields various effects on microtubule organization [Chakravarty et al., 2004;
Gaglio et al., 1995, 1996; Mountain et al., 1999]. Furthermore, due to reduced debris,
HeLa extracts are likely better suited to optical trapping experiments than Xenopus
extracts.

Emphasizing the physiological relevance of mitotic HeLa-extract asters are several
experimental results in which perturbing extract components has a similar effect in
cultured cells or HeLa or Xenopus extracts [reviewed by Compton, 1998]. For in-
stance, NuMA (Nuclear protein that associates with the Mitotic Apparatus), which
in PtK1 mitotic spindles forms part of an insoluble matrix distinct from centroso-
mal material [Dionne et al., 1999], is important for the formation of spindle poles.
Immunogold electron microscopy images of HeLa spindle poles and HeLa extract
asters show similar NuMA-containing matrices that appear to anchor microtubule
minus ends and, in extract asters, make portions of microtubules nocodazole resis-
tant [Dionne et al., 1999]. Gaglio et al. [1995] found that perturbing NuMA in monkey
cells resulted in disorganized spindles, while perturbing NuMA in Hela extracts pre-
vented formation of asters. However, this effect is reversed when kinesin-5 is also
depleted from the extract [Gaglio et al., 1996]. In mitotic (i.e., fertilized) Xeno-
pus egg extracts, NuMA is required for spindle formation but not aster formation
[Merdes et al., 1996]. The effects of perturbing molecular motors have been further
investigated. Perturbing kinesin-5 in extracts or monkey cells causes expansion of the
pole, with microtubules less tightly focused and NuMA occupying a larger volume
(in the case of cultured cells, the shape of the NuMA distribution was also differ-
ent, presumably because the spindle is monopolar) [Gaglio et al., 1996]. Perturbing

dynein disrupted NuMA localization and microtubule focusing in metaphase monkey
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cells, which have centrosomes, and in mitotic asters [Gaglio et al., 1997]. Perturbing
kinesin-14 impaired formation of acentrosomal asters in cells and HeLa extracts, but
not in cells with centrosomes. Simultaneous inhibition of kinesin-14 and kinesin-5 re-
sulted in aster formation, leading to the conclusion that (plus-directed) kinesin-5 has
an antagonistic relationship with (minus-directed) dynein and kinesin-14 Mountain
et al. [1999]. Taken together, the roles of NuMA, dynein, kinesin-5, and kinesin-14
are generally similar in extract asters and in mitotic cells.

Based on simulations with components important to HeLa extract asters [Chakravarty
et al., 2004], major factors affecting aster formation include the orientation (paral-
lel or antiparallel) of microtubule cross-links by motors and cross-linkers, as well as
the net minus-end directed force (a measure of the balance of minus- and plus-end
directed motors). Factors that affect other aster properties, such as aster mechanics,
may differ from those affecting microtubule organization, and such properties may be
relevant to the ability of spindle poles to sustain forces while allowing tubulin subunit
exchange at microtubule minus ends (this requirement is discussed by Dionne et al.
[1999]).

These asters are therefore assumed to be acentrosomal analogs of mitotic spindle

poles. Chapter III investigates their mechanics.
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CHAPTER III

Mechanics of mitotic asters

We examine* the mechanical properties of mitotic asters that recapitulate the
properties of spindle poles in a mammalian mitotic cell extract. These asters are
composed of microtubules and numerous motor and nonmotor microtubule-associated
proteins, and serve as surrogates for mitotic spindle poles. We have previously exten-
sively characterized the biochemical properties of these microtubule asters and have
shown that they faithfully recapitulate functional aspects of spindle poles. For me-
chanical analysis, we have applied optical trapping techniques to this experimental
system to study mechanical events at the nanometer scale. With these high-resolution
tools, we confirm that asters are steady-state assemblies and show that the linkage
of microtubules to the asters is highly compliant. Finally, we combine this approach
with molecular manipulation to explore the contribution of the homotetrameric motor

Egb to the mechanical properties of spindle poles.

*Most of this chapter is published as Charlebois et al. [2011], a shared-first-authorship collabo-
ration described in the acknowledgements (p. iv).
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3.1 Materials and methods

3.1.1 Cell culture

HeLa cells were maintained in Dulbecco’s modified Eagle’s medium containing
10% bovine growth serum, 50 IU/mL penicillin, and 50 pg/mL streptomycin. Cells

were grown at 37 ¢ C in a humidified incubator with a 5% CO, atmosphere.

3.1.2 Mitotic aster preparation and assay execution

Mitotic extracts from HeLa cells were prepared according to Gaglio et al. [1995].
HeLa cells were arrested in mitosis by a double block with 2 mM thymidine followed
by nocodazole treatment (10 ng/mL) for 10-12 h. Mitotic cells were collected by
shake-off and incubated for 30 min at 37 °C with 20 pg/mL cytochalasin B. The
cells were then collected by centrifugation at 1500 rpm and washed twice with cold
PBS containing 20 pg/mL cytochalasin B. Cells were washed one last time in cold
KHMM (78 mM KCI, 50 mM HEPES, 4 mM MgCl;, 1 mM MnCly, 2 mM EGTA,
1 mM dithiothreitol, pH 7.0) buffer containing 20 pg/mL cytochalasin B, and finally
dounce-homogenized (tight pestle) at a concentration of ~3 x 107 cells/mL in KHMM
buffer containing 20 pg/ml cytochalasin B, 20 ng/mL phenylmethylsulfonyl fluoride,
and 1 pg/mL each of chymostatin, leupeptin, antipain, and pepstatin.

The crude cell extract was then subjected to sedimentation at 20 psi for 20 min at
4° C in an Airfuge (Beckman Coulter, Brea, CA). The supernatant was recovered and
supplemented with 2.5 mM ATP (prepared as Mg?" salts in KHMM buffer), 20 pM
taxol and 0.075-0.1 mg/mL biotin-tubulin (Cytoskeleton, Denver, CO). For immun-
odepletions, the supernatant recovered was incubated with antibody-coated agarose
beads as described in Gaglio et al. [1996] and depletion confirmed by immunoblot-
ting. Where indicated, monastrol was added at this stage at a final concentration of

100 pM. This supernatant was stored on ice up to a maximum of 4 h. To stimulate
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assembly of mitotic asters, this supernatant mix was incubated at 30 °C for 40 min.

After incubation, the extract containing asters was flowed into an experimental
chamber with aluminum foil spacers maintaining a chamber depth of ~70 pm, and then
sealed with VALAP (a 1:1:1 mixture by mass of Vasoline, lanolin, and paraffin, though
we increased the paraffin content by ~8%). Asters were nonspecifically adhered to the
coverglass by centrifuging the chamber at 270g for 3 min. The VALAP was removed
and a solution of KHMM containing 2.5 mM adenine nucleotide, NeutrAvidin-coated
beads (prepared as described in Charlebois et al. [2010], but with final rinse with and
resuspension in KHMM, and with dilution by ~3:100) was flowed in. For monastrol
experiments, 100 ptM monastrol was also added to this solution. The chamber was
then resealed.

With the experimental chamber on the microscope stage (our optical tweezers
apparatus is described elsewhere [Brouhard et al., 2003; Schek et al., 2007]), a bead
was trapped and brought to microtubules at the aster periphery. Because of the
limits of light microscopy, it was not possible to determine unequivocally the exact
number of microtubules with which a bead interacted, but the contrast was consistent
with one or a few microtubules, and thicker, higher-contrast bundles were avoided.
After attachment, an antipoleward force (see Figs. A.2-A.3 on pp. 143-144; typically
2—4 pN, sufficient to maintain the microtubule under tension but generally not large
enough to detach the microtubule) was applied using the force-clamp. Experiments
were performed with the top of the bead 1-15 pm below the coverglass, typically

2.5-10um, with the bead attached to a microtubule or bundle in the plane of focus.

3.1.3 Tracking movements of microtubules in the aster

Bead and aster-focus position were tracked using LabView Vision software (Na-
tional Instruments, Austin, TX). A rectangular region of interest surrounding the

bead or aster focus was chosen and the Vision VI “IMAQ Match Pattern 2”7 was used
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to find this pattern in all images for the trace in question. For a given trace, this
was repeated with patterns taken from different time points, generally 20-80 s apart,
and these resulting image-based traces were averaged. Bead and aster-focus positions
were then subtracted, yielding changes in bead position relative to the aster focus at
~5 or ~28 Hz. The ~28-Hz traces of aster movement were filtered with a three-point
median filter. The uncertainty in bead position relative to the aster focus appears,
based on the limited movement in our AMP-PNP data (in which the motors are in
rigor, severely restricting microtubule movement; see Fig. 3.2), to have been small

relative to excursions observed in the presence of ATP.

3.1.4 Algorithm identifying excursions of roughly constant velocity

Position versus time traces were analyzed using an algorithm that performs least-
squares linear fits to successive time intervals of variable length. Initially a line is fit
over a time interval 7,;, =2 s at the beginning of a trace. The algorithm then extends
this line forward 1 s. If at least 90% of the residuals (data minus fit) are >10 nm, or
if at least 90% of them are <-10 nm, the algorithm rejects the extension and, from
the last point of the current (preextension) interval, begins a new fit. Otherwise, the
algorithm accepts the first 10% of the data points of the extension, and attempts a

new extension.

3.1.5 Computing x, from changes in stiffness experienced by the bead

Before attachment to the aster, the stiffness experienced by the bead is due to the
known trap stiffness, Kirap. Attachment to an aster increases stiffness to Kyap + Ka,
where k, is the effective stiffness experienced by the bead due to its attachment to
the aster. Factors contributing to k, are the compliance of the bead-microtubule
connection (bead rocking) and microtubule-aster focus connection. The former was

estimated to be 0.021 pN/nm in a previous study [Schek et al., 2007]. In addition,
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the sensitivity to conditions under which asters are formed (Fig. 3.3 A), and the
consistency with compliances estimated from cross-link breaking events (Fig. 3.3 B),
indicate that the compliance is dominated by the microtubule-aster focus connections.

By the equipartition theorem, we expect
Rtrap = kBT/UaT(Ipre) (31)

Ka + Etrap = kT Jvar(Tpost) (3.2)

where kg is Boltzmann’s constant, T' is the absolute temperature, 2y and zpes are
the bead position relative to the trap center (#heaq in Fig. 3.1 C) before and after
attachment, respectively, and var(z) is the variance of x. From Egs. (3.1) and (3.2),

we can obtain either of the following:

Ka = Ktrap <var($p7"€) - 1) (33)

var (Tpost)

/-ﬁ;a:chT< S > (3.4)

var (Tpost)  var (Tpre)

Equation (3.3) has the advantage of being independent of the sensitivity constant
used to convert quadrant photodiode voltages to positions, whereas Eq. (3.4) is
independent of the trap stiffness. We used both Egs. (3.3) and (3.4) to compute each
stiffness and averaged these values for each time interval analyzed, yielding Fig. 3.3
A (see later). Values obtained from Eqs. (3.3) and (3.4) were similar: the correlation
coefficient is r = 0.94, and the mean difference is -0.001 pN/nm, SD 0.01 pN/nm.
The expression var(z) was calculated by computing the variance of successive
0.05-s windows (overlapping, with each window beginning 0.01 s after the preceding

one) and averaging these variances. T was 307 K.
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3.1.6 Computing « and v from exponential fits

For the decay toward mechanical equilibrium of a damped harmonic oscillator in
low Reynolds number conditions, and under constant force (see free body diagram in

Fig. 3.3 B, inset), the position, , as a function of time, ¢, is

x(t) = : — ferat/v (3.5)

where k, is as in Fig. 3.3 A, 7 is the drag coefficient, F’ is the applied (force clamp)
trap force, and f € R is a constant determined by the initial conditions. The values .,
v, and f are fitting parameters. For curve fitting, the data were translated such that
the initial time and position were zero. Origin software (OriginLab, Northampton,
MA) fit the data to Eq. (3.5) with initial values f = 50 nm, k, = 0.03 pN/nm, and

v = 0.006 pN/(nm/s). All parameters were restricted to be > 0.

3.2 Results and discussion

To examine directly the mechanics of microtubule linkages at spindle poles we
used cell-free mitotic extracts and optical trapping. Microtubule asters that form
in the cell-free system have been extensively characterized, and have been shown to
recapitulate accurately spindle-pole organization in cells, including: that they require
the biochemical activities of the nonmotor microtubule cross-linking protein NuMA
and minus-end-directed motor activity (cytoplasmic dynein, HSET); that they be-
come less tightly focused after depletion of the plus end-directed motor Egh; that
they are sensitive to antagonistic functional relationships between motors with oppo-
site directionality; and that they form in a centrosome-independent manner [Gaglio
et al., 1995, 1996, 1997; Mountain et al., 1999].

Microtubule asters assembled under these conditions lack microtubule polymeriza-

tion dynamics and poleward microtubule flux at spindle poles. Although the absence
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of flux is less physiologic, this worked to our advantage in determining the mechanics
of microtubule linkages within asters without the confounding influence of micro-
tubule depolymerization at the poles.

For optical trapping, microtubules in the asters were assembled with extract tubu-
lin supplemented with biotinylated tubulin, and the asters were gently centrifuged into
contact with a flow-chamber coverglass (Fig. 3.1 A). An optical trap moved a 0.57-pm
NeutrAvidin-coated bead into contact with the microtubules at a point far from the
aster focus to minimize the number of microtubule attachments (Fig. 3.1, A and B).
A force-clamp maintained a constant antipoleward force by frequently (10 Hz) reposi-
tioning the trap (black trace in Fig. 3.1 C) to maintain the displacement of the bead,
Thead, Telative the to the trap center (Fig. 3.1 D). The positions of the aster focus and
bead were tracked using video-enhanced differential interference contrast microscopy
(green and cyan traces, respectively, in Fig. 3.1 C). Changes in bead position relative
to the aster focus (red trace in Fig. 3.1 C) corresponded to microtubule movement

toward or away from the aster focus.

3.2.1 Motor-driven microtubule movement

In the presence of ATP, aster microtubules made excursions in both the poleward
and antipoleward directions relative to the aster focus (Fig. 3.1C, Fig. 3.2A, and
Figs. A.2-A.3 on pp. 143-144). Thus, motors at the pole were capable of generating
bidirectional movements but these could have been biased poleward in the presence
of dynamic microtubules, resulting in or accommodating poleward flux. Excursions
corresponded to intervals of roughly constant velocity, identified by an algorithm
(see Materials and Methods) that fit an initial window of the position versus time
data trace, and projected this fit forward in time until the position data became
inconsistent with the constant velocity assumption.

The velocities, v,, and run-distances, Az, of these excursions were roughly sym-
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Figure 3.1:
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Figs. A.2-A.3 (pp. 143-144), and Fig. A.5A (p. 146) are corrected in the
same manner. Positive direction corresponds to antipoleward direction.
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(red) as described in Materials and Methods.
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Figure 3.2:
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metrically distributed between poleward and antipoleward directions (Fig. A.4 on
p. 145), although v, displayed a modest antipoleward bias (roughly 2 nm/s) under
the applied forces (typically 2-4 pN; see Table 3.1). Mean v, near zero is expected for
all conditions that produce asters, as consistent net movement of all microtubules in
one direction would result in aster disassembly. Therefore, the range of magnitudes
of Az and of v, between experimental conditions was compared by their variances
(Table 3.2) and the cumulative distributions of |Az|and |v,|(Fig. 3.2, B and C).

Excursions were highly variable, with some movements persisting for hundreds of
nanometers in either direction (Fig. 3.2B and Fig. A.5), consistent with molecular
motors taking tens of steps [Toba et al., 2006; Valentine et al., 2006]. The absolute
velocity of an excursion, |v,|, was often tens of nm/s (Fig. 3.2C and Figs. A.2-A .4 on
pp. 143-145). Microtubules sometimes moved hundreds of nm antipoleward before
pausing, and could then resume antipoleward excursions or reverse to move poleward
(Figs. A.2-A.3). Because the optical trap applied tension in these experiments, an-
tipoleward movements may have been due to decreased poleward forces, due to disen-
gaging motors for example, rather than active pushing forces. The nonhydrolyzable
ATP analog AMP-PNP suppressed poleward and antipoleward microtubule excur-
sions (Fig. 3.2A and A.2), and this was reflected by significantly lower (p < 0.05)
variances for v, and Az (Table 3.2). Furthermore, the cumulative distributions of
|Az]and |v,|were shifted toward lower values (Fig. 3.2B and C). These data indicate
that bidirectional motion of microtubules in the asters required active microtubule
motors.

However, it could be argued that the antipoleward movements observed in the
presence of ATP would not occur in the absence of the tension applied by the optical
trap. We provide two counterarguments. First, the applied tension (Figs. A.2-A.3)
was usually modest relative to that expected to be developed by a few motors. Second,

for motors to cause exclusively poleward movement, plus-directed motors would have
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to be linked to a static matrix whereas minus-directed motors would have to have their
tails attached to moving microtubules while their heads walked on relatively static
microtubules. This second argument does not exclude the possibility that there would
be no motion in the absence of the optical-trap tension, but a perfectly static aster
seems unlikely.

We also note that plus- and minus-end directed motors have been shown to partic-
ipate in aster organization in this system [Gaglio et al., 1996, 1997; Mountain et al.,
1999], and bidirectional movements have been observed in vitro in microtubule gliding
assays where motors with opposite directionality act competitively [Tao et al., 2006],
although we detected movement with much higher spatiotemporal resolution and the
excursions we observed tended to be much shorter. The ATP-dependent microtubule
movements suggest that motors play an important role maintaining the mechanical
properties of the aster.

The effect of perturbing Egb is discussed on p. 41.

3.2.2 Compliance obtained from thermal motion of the bead

Microtubule movements will strain linkages that hold microtubules to the aster
focus. Our assay measures the overall stiffness of the microtubule plus its anchoring
by an unknown number of cross-links to the aster. Although the attached bead was
located microns from the aster focus, the longitudinal microtubule compliance was
negligible compared with the compliances we observed [Felgner et al., 1996; Gittes
et al., 1993; Mickey and Howard, 1995; Tuszynski et al., 2005; Venier et al., 1994], so
the observed compliance was dominated by compliance at the aster. We measured
the stiffness, s,, of the bead-microtubule-aster linkages (Fig. 3.3 A, inset) by com-
paring the thermal fluctuations of the bead before and after attachment to an aster
microtubule and applying the equipartition theorem.

Under control (ATP) conditions,we obtained x, =0.025540.005 pN/nm (mean
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Figure 3.3:
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obtained for x, under each experimental condition; for a linkage of stiff-
ness K, an applied load F' will move the bead a distance F'/k,. Error bars
indicate standard error. The value n represents the number of traces un-
der different experimental conditions including different forces or asters;
between three and eight asters were examined for stiffness for each bio-
chemical condition (see Figs. A.2-A.3 on pp. 143-144). (Inset) Physical
model from which Eqgs. 3.3 and 3.4 are derived: the bead is subject to
forces from the trap stiffness, xiyap, and the unknown stiffness, x,. (B) Fit
of Eq. (3.5) to the first exponential jump. The spring force is —x,x and
the drag force —yv, where &, is the stiffness and ~ is the drag coefficient.
Position data are the corrected bead x positions (see red trace of Fig. 3.1
C, and note that aster moved little during this time, as evident in Fig.
A5B and C on p. 146). (Red circles) Data included in the fit. (Gray
diamonds) Data points outside this range. (Magenta line) The fit. The
position and time axes are shifted so the data involved in the fit begin at
zero. (Inset) Physical model from which Eq. (3.5) is derived: the bead
and aster arm are subject to the force applied by the optical trap in ad-
dition to forces equivalent to a Hookean spring of stiffness x and a force
proportional to velocity (dashpot) with drag coefficient .
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+SE; Fig. 3.3 A). This is an order of magnitude less than the rabbit acto-myosin
cross-bridge [Veigel et al., 1998] or of several domains of the structural protein titin
[Rief et al., 1997]; and it is two orders of magnitude less than a frog extract spindle
under gentle compression perpendicular to the metaphase plate (in which there are
presumably far more entities acting in parallel against the applied force) [Itabashi
et al., 2009]. However, it is an order of magnitude more than chromosomes [Poirier
et al., 2002]. When ATP was replaced by AMP-PNP, the stiffness of the linkage
increased (Fig. 3.3 A), probably due to more sustained binding of motors to micro-

tubules.

3.2.3 Compliance and drag obtained from exponential fits

In the presence of AMP-PNP, we observed several abrupt jumps in the position
of the bead relative to the aster focus (Fig. 3.2A and Fig. A.5 on p. 146) indicating
failures in the mechanical structure. The force applied by our laser trap under these
conditions was extremely unlikely to break the NeutrAvidin-biotin linkage between
the bead and attached microtubule on the timescale of the experiment [Yuan et al.,
2000]. Thus, these abrupt jumps most likely represented rupture of a load-bearing
cross-link between the microtubule and the aster. These failure events provided a
complementary approach to determine the stiffness of the linkage of microtubules to
the aster. After each failure, the microtubule relaxed in the direction of the trap
force to a new position, which was stable because motor activity was suppressed
by AMPPNP. The exponential form of the jumps was consistent with decay toward
mechanical equilibrium of an overdamped harmonic oscillator (i.e., Hookean spring
with linear drag) under a constant force, F' (Fig. 3.3 B, inset), where the low Reynolds
number allows mass to be neglected (Eq. (3.5)).

Exponential fits (Fig. 3.3B and Fig. A.5) yielded x, =0.058740.0005 pN/nm for

the first jump and 0.033940.0003 pN/nm for the second, consistent with estimates
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from analysis of thermal motion (Fig. 3.3A) for the same aster. These exponential
jumps, and the decrease in stiffness by roughly half after the first jump, are most
directly explained by the loss of microtubule cross-links. As the trace shows no signs
of breaks occurring in rapid succession, and because it is unlikely that several cross-
links would break at the beginning of the jump simultaneously (within roughly 0.1 s
of each other), it is reasonable to expect that each event corresponded to failure of a
single microtubule cross-link. Assuming the cross-links had similar compliances, the
43% stiffness decrease after the second break suggests the breaking cross-link was 1
among 2-3, in which case there were 3-4 cross-links at the beginning of the trace.
Although these estimates are from fortuitous observations of crosslink breaking, the
consistency of the stiffness with other asters (Fig. 3.3 B) suggests they are not
atypical.

Exponential fits to each jump (Fig. 3.3B and Fig. A.5) yielded drag coeflicients,
7, of 10.4+0.9 pNs/pm for the first jump and 7.4+0.5 pNs/num for the second. These
values are three orders-of-magnitude larger than expected from viscous drag on the
microtubule and bead (see Discussion A in the Supporting Material), presumably
because relaxation also involved shifting of microtubules attached to the microtubule
under consideration, with possible contributions from friction between moving com-
ponents of the aster. High drag is likely to be physiologically important, as it will slow
the movement of a microtubule that detaches under tension, and thereby allow more
time for motors and cross-linkers to make new attachments. However, the drag was
not so high as to overload mitotic motors; at typical ~10 nm/s speeds of microtubule
flux [Cameron et al., 2006], the drag is well below the pN forces that are commonly
developed by individual motor proteins.

An additional fit was performed on segments between the jumps (Fig. A.6 on
p. 147), obtaining a stiffness and drag coefficient for non-breaking elements in series

with those that broke. The stiffness was k, = 0.062 + 0.002 pN/nm. The drag
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coefficient was large at v = 3.5 £ 0.3 pNs/nm. This suggests element(s) with a
stiffness similar to others in the system but with severe damping of their speed.
However, there is an important caveat. In short, it is difficult to assess whether the
change in position observed over the long timescale of these segments is due to poor
image-based tracking of the aster position resulting from changes in aster appearance
over time. Tracking aster position over time and distance scales of the large, fast
jumps (or excursions in the ATP traces) seems to be reliable considering that the
jumps are large relative to any long-term movement in the AMPPNP traces. In
contrast, we do not have such control data against which to compare the segments of
Fig. A.6. Further data with this aster at higher force has similar net movement, and
we do not know whether this is due to further change in bead position relative to the

aster or due to poor aster tracking.

3.2.3.1 Expected drag on microtubule and bead

The viscous drag coefficient, ,, depends on the viscosity, 1, and also on the size
and shape of the bead and objects attached to it. Below, we give the relationship
between expected viscous drag, 7,, and viscosity, 1, and, from this and the observed
v, we obtain the apparent ‘viscosity. We find it to be much larger than that of the
buffer, suggesting that viscous forces on the bead and the microtubule contributed
little to the observed drag, ~.

The viscous drag coefficient for a bead and microtubule is given by [Happel and

Brenner, 1983; Howard, 2001; Tirado and Garciadelatorre, 1979]

— 217 |3 (1+9a)+ L (3.6)
To = ST 16 R) T I (L/2r) — 0.20 ‘

where a = 285 nm is the radius of the bead, h is the distance from the bead

center to the coverglass, and L and r are, respectively, the length and radius of the
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microtubule. For the experiment in question, A =6 pm. From the image of the aster
and bead, we likely had 5.3 pm< L <7.5 pm. We assume the microtubule or bun-
dle radius was 14 nm< r <28 nm. Setting 7, in equation (3.6) equal to the values
of v obtained from the fit (section 3.2.3 above; not the additional fit to segments
between jumps), our data indicate that the apparent ‘viscosity’ experienced by the
bead and microtubule was 0.46 pNs/um? < n <0.87 pNs/um?, which is 3 orders of
magnitude greater than the viscosity of water (at 34°C, n = 7.34 x 10* pN's/pm?).
Because most of the surface of the bead-arm complex was in contact with buffer, the
high drag coefficient must have been caused by interactions with the portion of the
microtubule/bundle in the vicinity of the aster focus, where the effective drag must
have been much higher. These interactions may have been relatively stable connec-
tions to numerous entities near the focus that moved when the bead and microtubule
moved, in which case these would be equivalent to hundreds of beads and short (~5-
nm) microtubules. Alternatively, these interactions may have been transient, similar

to those observed for kinesin-8 [Bormuth et al., 2009].

3.2.4 Effect of perturbing kinesin-5 (Eg5) by depletion or monastrol treat-

ment

The kinesin-5 motor Egb, in addition to sliding antiparallel microtubules to pro-
mote spindle bipolarity, localizes strongly to spindle poles [Sawin et al., 1992] where
it is presumed to cross-link microtubules. It is required for tight focusing of mi-
crotubules into asters in this cell-free system and in cells and other model systems
[Gaglio et al., 1996; Sawin et al., 1992]. To examine the mechanical role of Egh within
these microtubule asters, we inhibited its activity by immunodepletion or with the
small molecule inhibitor monastrol. With either perturbation, there was no detectable
change in mean microtubule excursion velocity or distance compared to controls (Fig.

3.2, B and C, and Table 3.2). However, the variance of excursion velocity and dis-
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tance was higher in Eg5-depleted asters (Table 3.2), indicating that the microtubules
exhibited a greater range of speed and displacement, in both directions, compared
to control asters. This was likely a consequence of greater mechanical compliance,
as analysis of thermal motion suggests control asters were stiffer than those formed

under Eg5-depleted conditions (Fig. 3.3A, Table 3.3).

Table 3.3: p-values for comparison of k,

control monastrol Egb-depleted

AMP-PNP 0.059 0.029 0.020
control 0.12 0.0032
monastrol 0.12

p-values are for a 2-tailed t-test without assumption of equal variance. k, from each
subtrace was weighted by the length of the subtrace. See also Fig. 3.3A.

The stiffness of monastrol-treated asters was less than controls and more than Eg5h-
depleted asters, though not reaching statistical significance from either (Fig. 3.3A,
Table 3.3). This is consistent with the observation that monastrol has little effect on
Egb’s binding affinity to microtubules [Cochran et al., 2005; Kwok et al., 2006], and
suggests that cross-linking by Egb tetramers in the presence of monastrol contributes
to aster stiffness even though motor activity is inhibited. Although monastrol does
not affect Egb’s binding affinity, it still inhibits Egh’s catalytic activity, and thus may
still impact the compliance of the asters. This is in agreement with our observation
that the compliance of asters is slightly increased in the presence of monastrol, reflect-
ing the contribution of Egh’s motor activity to the aster core’s compliance. Taken
together, our Egb-perturbation results suggest that Egb imparts stiffness to poles
where it cross-links parallel microtubules, which is consistent with the report that
bipolar spindles formed in frog egg extracts lacking Egb are fragile [Mitchison et al.,
2005].
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3.2.5 The spindle pole cross-linked by compliant elements

Microtubules in the mitotic spindle converge as they approach the centrosomes
at the spindle poles. Pole-focusing components such as motor (cytoplasmic dynein,
Egh, and HSET) and nonmotor (NuMA) proteins crosslink and focus microtubule
minus-ends at the poles. Given their proximity, centrosomes may contribute to the
mechanical properties of the spindle pole. The studies described here examine the
mechanical properties of the acentrosomal asters assembled from cell-free extracts,
and are thus most relevant for understanding the role of these cross-linkers. We found
that connections between microtubules and the aster focus were very compliant. The
source of this compliance is at least partially motor-based as inhibition of motor
activity by AMP-PNP reduces the compliance. Nonmotor proteins such as NuMA
that can oligomerize via its large coiled-coil region [Saredi et al., 1996] to provide a
polymeric matrix may also be contributing to compliance.

We propose that this mechanical property is critical to preserve spindle architec-
ture as individual microtubules experience poleward and antipoleward displacements.
Highly compliant microtubule linkages increase the load any individual microtubule
can bear by distributing forces among microtubules and motors, similar to a truss
(Fig. 3.4 A). However, compliance must be low enough that significant force redis-
tribution occurs before a microtubule under tension is pulled out of the pole. This is
consistent with our compliance data showing that ~2 pN would be transmitted after
~80-nm movement, which is small compared to the micron-scale poles. On the other
hand, compliance must not be too low, because rigid cross-links will resist relative
sliding of adjacent microtubules, which is required for processes such as poleward flux
and for changes in the positions of chromosomes (Fig. 3.4, B and C). The compli-
ances we measured would allow a motor to take at least 10 steps before encountering a
load that would induce, for instance, Egh detachment [Korneev et al., 2007; Valentine

et al., 2006]. Thus, to support more extended movements as seen during poleward
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flux, cross-links must periodically rearrange to relieve strain. If the compliance were
lower such rearrangements would have to occur more frequently, thus diminishing
their effectiveness transferring force between microtubules.

A simple model (section A.1 on p. 137) suggests an order-of-magnitude decrease
in compliance would diminish the effectiveness of force transfer to the point where
microtubules would be frequently lost from the pole if there was not a compensating
shift in cross-link dynamics (i.e., an increase in the number of cross-links or in the
rate that the new cross-links form). Conversely, an order-of-magnitude increase in
the compliance would result in severe distortions in the spindle structure that are not
observed in vitro. Furthermore, rigid microtubule crosslinking would fix the angles
between microtubules, so that one motor walking along a microtubule would force
another motor to disengage (Fig. 3.4 C, as opposed to Fig. 3.4 B).

Matos et al. [2009] have recently proposed that poleward flux-associated slipping
of microtubule attachments at kinetochores combined with a visco-elastic coupling
of microtubules to the poles comprises a system that can equilibrate tensions across
chromosome kinetochores, thus coordinating their movement at the onset of anaphase.
Our findings roughly support the model of Matos et al., but suggest that an effect
similar to the drag force mediated in their model by passive dashpot elements in series
with compliant elements may be mediated in part by ATP-hydrolyzing motors.

The implication of force transmission by compliant crosslinks is that a load on
any particular microtubule or microtubule bundle is not borne entirely by the motors
directly interacting with that microtubule (Fig. 3.4 A). A corollary is that loads
are distributed among motors such that the speeds that microtubules move is rela-
tively coordinated even if their pole-distal ends are attached to different structures
and subject to different loads (Fig. 3.4 A). For example, a tension opposing pole-
ward movement of a microtubule will slow not only that microtubule, but also the

poleward movement of its neighbors. Likewise, the maximum force that can be sus-
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Figure 3.4:
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Model explaining the effect of cross-link stiffness on force distribution at
spindle poles. (A) Force distribution and velocity coordination for par-
allel microtubules. When F, is applied, motor 1 (purple) must sustain
initially F =~ F;, slowing the motor as determined by its force-velocity
relationship. The unloaded microtubule does not change speed, but as
the cross-link stretches and therefore transmits more force, some of E,
is distributed via the cross-link to motor 2 as F"g, which relieves some
of the load on motor 1: HFHH < ’ﬁa . This slows motor 2 and speeds
motor 1 so that the two approach roughly the same speed. Motors and
compliant cross-links are shown as distinct entities for simple depiction
of force transfer; the concept is not changed if motors also act as cross-
links. (B) Nonparallel microtubules. As in the parallel case, force is
transmitted via the cross-link. The component of force transmitted par-
allel to the microtubule increases if the angles between the cross-link and
microtubules decrease, which occurs with increasing load. Note that for
clarity the angle is greater than would typically be observed for adjacent
microtubules. However, the concepts depicted here and in panel C also
apply for indirectly cross-linked microtubules, which are found at all an-
gles across the spindle pole. (C) Rigidly cross-linked microtubules. With
sufficient rigid crosslinking, the relative positions of all microtubules are
fixed. Microtubules move with the same speed and direction, and geo-
metric constraints prevent motors from walking along microtubules while
remaining fixed. The structure cannot rearrange to accommodate mitotic
phenomena such as flux unless the cross-links are transient relative to the
rate at which motors move, in which case they transmit less force and
therefore distribute a smaller amount of the load from one microtubule
to another.
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tained by one microtubule or bundle in a half-spindle is potentially augmented by
motors on neighboring microtubules, with the amount of force transfer diminishing
for microtubules more distantly separated in the spindle.

In this context, earlier estimates of spindle forces should be reconsidered. A max-
imum force of 750 pN (£50%) was estimated by Nicklas [1983] using a flexible glass
microneedle to stall the poleward movement of an individual chromosome in anaphase
in Melanoplus spermatocytes, which is 10,000 times that required to overcome viscous
drag. Microtubule flux is the dominant mechanism for poleward movement of chro-
mosomes during anaphase in Melanoplus spermatocytes [Chen and Zhang, 2004], so
the slowing of chromosomes by an opposing load is most simply explained by slowing
poleward flux. Because the forces on spindle microtubules will be distributed among
the force generators responsible for flux, the numbers obtained by Nicklas [1983] may
reflect an integrated force, perhaps reflecting the force that the half-spindle produces

to move multiple chromosomes.

3.3 Conclusion

These findings describe microtubule attachments to asters in a mammalian mi-
totic extract as compliant and dynamic, with individual microtubules anchored by a
small number of motors and nonmotors to maintain the overall structure while ac-
commodating and driving microtubule movements. Such a structural framework is
consistent with recent work from Gatlin et al. Gatlin et al. [2010] who found that
although poles are densely cross-linked structures, they are compliant enough to let
a spearing microneedle pass through them.

A similar theme is suggested at the spindle midzone in the proposal in Subra-
manian et al. [2010] that the protein PRC1 uses dynamic, compliant cross-linking of
microtubules at the spindle midzone to balance structural rigidity with the flexibility

needed to allow microtubule sliding by kinesin-5 motors. Thus, we envision that this
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dynamic, compliant mechanical architecture may not be restricted to the polar region
of spindles but is used throughout spindles to distribute forces needed for steady-state
assembly and chromosome movement. We anticipate that future studies of the me-
chanics of spindle components, including poles containing centrosomes, may reveal
dynamic compliant linkages as a central theme within the mitotic spindle, which must
maintain mechanical integrity without impeding pervasive dynamic movements.

For further recommended future work, please see section 7.2.1.
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CHAPTER IV

Background: Microtubule structure and

polymerization dynamics

This chapter® provides background relevant the chapter on variability of micro-
tubule growth rate (Chapter VI). Microtubules assemble from heterodimeric subunits;
the present work takes monomer to mean either a or S-tubulin, discussing polymer-

ization in terms of association and dissociation of subunits.

4.1 Introduction

As introduced in section 1.2, microtubules exhibit dynamic instability, in which
they alternate between phases of slow growth and rapid shortening. According to
the GTP-cap hypothesis, the transition from growth to rapid shortening, termed
catastrophe, is due to the loss of a stabilizing cap of GTP-tubulin subunits (Fig. 1.5,
p. 8). The phases and transitions of dynamic instability have profound biological
significance, as reflected by their extensive regulation in vivo by numerous micro-
tubule associated proteins (MAPs) that are implicated in various diseases [reviewed

by Amos and Schlieper, 2005; Howard and Hyman, 2007]. Rapid microtubule length

*Small portions of this chapter are taken nearly verbatim from Charlebois et al. [2010] and
from a typescript that was accepted for publication and corresponds to Gardner et al. [2011] and
Chapter VI.
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changes allow tasks such as cytoskeletal reorganization and mitosis. Underscoring
their importance to mitosis, microtubule polymerization dynamics are the target of
important anticancer drugs [reviewed by Jordan and Wilson, 2004].

The four parameters typically used to specify dynamic instability are growth rate,
g; rapid shortening rate, 0s; catastrophe frequency, fe.t; and rescue frequency, fres.
(However, the probability of catastrophe per unit time is a function of how long the
microtubule has been growing Odde et al. [1995].) Table 4.1 lists results from several
studies of the modulation of dynamic instability. Neither rigorous nor exhaustive, it is
intended only to summarize some of the effects that have been observed. Microtubule
associated proteins (MAPs) may, for example, cap, sever, polymerize, or depolymerize
microtubules, track the growing tip of a microtubule, nucleate microtubule growth,
sequester free tubulin, or some combination thereof, but simple ions can also have a

pronounced effect on microtubule polymerization.

Table 4.1: Examples of modulation of plus-end dynamic instability

Substance 0y U5 feat Jfres Teference

Mgt 1+ 1+ ® & O'Brien et al. [1990]

Ca?’t ® 1 ¢ O’Brien et al. [1997]

Tau 1+ | | Drechsel et al. [1992]

Doublecortin  ® | | Moores et al. [2006]
Opl8/stathmin pH | | 7 Howell et al. [1999]

XMAP215 1 { Kinoshita et al. [2001]
EB1 ¢t | ¢ 1 Vitre et al. [2008]
Clslp (CLASP) 1t | | 1T Al-Bassam et al. [2010]

1 denotes an increase, | denotes a decrease, and ® indicates authors concluded
there was no effect. This table oversimplifies the effects of the substances it
describes and is intended only to provide a rough overview. For instance the effect
of Opl18/stathmin on 0, is pH-dependent, and the effects of some MAPs differ, for
instance, by organism. In some cases, effects were markedly different at the minus
end. Differences in polymerization dynamics may also arise from, for instance,
changes in g-tubulin isotype composition and post-translational modifications.

Elucidation of the mechanisms of action of MAPs and microtubules in vivo de-

pends on an understanding of the basic phenomenon of microtubule assembly from
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purified tubulin in vitro which, in turn, is informed by the structure of af-tubulin

and its incorporation into the microtubule lattice.

4.2 Microtubule structure

4.2.1 «af-tubulin

The structure of tubulin has been obtained from electron crystallography of zinc-
induced taxol-stabilized sheets of antiparallel protofilaments [e.g., Lowe et al., 2001;
Nogales et al., 1998] combined with cryoelectron microscopy images of microtubules
le.g., Li et al., 2002], and also from crystal structures of a5-tubulin in complex with
a stathmin-like domain and a drug [e.g., Ravelli et al., 2004].

The folds of a and [ tubulins are similar and can be divided into several functional
domains. Nogales et al. [1998] describe the tubulin fold as “a core of two [-sheets
surrounded by a-helices” (a core helix, H7, is between these two sheets) and specify
three functional domains (see also Fig. 4.1): an N-terminal nucleotide-binding domain
containing loops believed to be oriented toward the lumen, an intermediate domain
containing loops believed to mediate some lateral contacts as well as taxol binding,
and a C-terminal domain believed to be involved in inter-monomer interactions and
MAP and motor binding. The nucleotide-binding site is oriented toward the micro-
tubule plus end and is believed to have its nucleotide exchange blocked by the next
plus-proximal a- or S-tubulin. In the case of S-tubulin, GTP hydrolysis is believed to
be enabled by residues of the a-tubulin of the next plus-proximal subunit along the
protofilament [Amos, 2004; Nogales and Wang, 2006]. The final C-terminal residues
(13 in a- and 9 in S-tubulin) are apparently disordered [though reported observable
by Wang and Nogales, 2005] acidic residues that are assumed to project into solution
[Amos, 2004]. This corresponds to part of the “E-hook” of tubulin.

The E-hook of tubulin is a negatively-charged C-terminal region (roughly 10-
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Figure 4.1:
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Structure of S-tubulin. (a) Ribbon diagram and (b) domain organization
of S-tubulin. The N-terminal domain binds the guanine nucleotide. A
core helix, H7, is between the two [-sheets. The M-loop, which interacts
with taxol when bound, is believed to be involved in lateral interactions.
Further description is in the main text. Figure from Amos [2004].
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The E-hook and post-translational modification. The E-hook (red lines),

which is rich in glutamate (E) residues, is believed to be disordered and to
project into solution. It has been implicated in motor and microtubule-
associated protein (MAP) function and is a site of post-translational mod-
ification. For instance, post-translational polyglutamylation of glutamate
residues near the C-termini of a- and S-tubulins by reversible addition
of up to to ~20 glutamyl units (orange ovals marked “E”) is especially
common in the microtubules of neurons, centrioles, axonemes, the mitotic
spindle and (in cytokinesis) the midbody [reviewed by Janke et al., 2008].
Figure from Janke et al. [2008]

25 C-terminal residues rich in Glu and Asp) implicated in the function of motors
and MAPs, including the diffusion of some MAPs on the microtubule lattice [e.g.,

Brouhard et al., 2008; Helenius et al., 2006; Hertzer and Walczak, 2008; Lakamper

and Meyhofer, 2005]. The C-terminal region of tubulin is a source of variability

among microtubules; its sequence varies across isotypes and it is the site of multiple

post-translational modifications [Westermann and Weber, 2003], a notable exception

being acetylation of several Lys residues [Choudhary et al., 2009]. In addition to

the E-hook, calculations indicate that large portions of the microtubule exterior and
lumen are at negative electrostatic potential, with some positive regions |Baker et al.,
2001

Lateral (protofilament-protofilament) interactions are crucial to the present work
based on the predictions of a model introduced in section 4.3.1.2 (p. 64). Lateral
interactions are believed to be mediated by several loops. The M loop [Li et al., 2002;

Nogales et al., 1999; Sui and Downing, 2010] of one subunit may interact with the N
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(H1-S2) loop [Li et al., 2002] in addition to the S2-H3 loop [Sui and Downing, 2010] of
a lateral neighbor. Li et al. [2002] noted that the N loop contains residues that vary
among [S-tubulin isotypes, suggesting it might contribute to differences in dynamics
and drug sensitivity among isotypes. Lowe et al. [2001] also noted that residues
involved in longitudinal interactions are better conserved than those involved in lateral
interactions. In microtubules with 11 to 16 protofilaments, lateral interactions appear
to be mediated in part by M loops on the microtubule luminal wall, and there are
opportunities for salt-bridge formation [Sui and Downing, 2010], though one of these
appears to correspond to a salt-bridge that formed only in the presence of taxol in
molecular dynamics simulations [Mitra and Sept, 2008].

The nature of subunit-subunit interactions has been investigated in a computa-
tional study of energetic contributions due to electrostatics and burying of solvent-
accessible surface area [Sept et al., 2003]. Longitudinal translation of protofilaments
relative each other revealted two energy minima. These corresponded to A- and B-
type joins, with the latter more energetically favorable. The two minima could be
explained by solvent-accessible surface area contributions, but the preference for B-
type joins was found to be largely due to electrostatic contributions. Furthermore,
longitudinal interactions were found to be stronger than lateral interactions, which
is consistent with the VanBuren et al. [2002] simulations of subunit exchange kinet-

ics introduced in section 4.3.1.3. It is the lateral and longitudinal bonds that allow

assembly of subunits into the microtubule lattice.

4.2.2 Microtubule lattices

The 13-protofilament microtubule lattice (Figs. 1.3, 4.3) can be described as a
left-handed 3-start helix in which no distinction is made between o and 8 monomers
[Desai and Mitchison, 1997; Howard, 2001]. The helix pitch is 12nm. Here, “n-start”

indicates that n starts are required to complete the lattice; following the helical path
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Figure 4.3: , . o
The 13-protofilament microtubule lattice. (a) Tubulin dimers stacked

end to end constitute a protofilament. (b) Hypothetical A-type lattice
in which lateral (protofilament-protofilament) interactions are between
a- and [-tubulins. In both (b) and (c), the left-hand image shows the
full lattice, while the right-hand image shows one of the 3 helical paths
required to complete the lattice, emphasizing where lateral interactions
are a-a, a-3, and B-f. (c) Physiological B-type lattice. Along the seam,
protofilaments are said to have “A-type” joins. Figure from Desai and

Mitchison [1997].
from one protofilament to the next for one rotation around the microtubule will result
in arrival n monomers down the starting protofilament. Along most of this helical
path, stepping from one protofilament to the next involves stepping from an a-tubulin
to another a or from S to (3, and the subunits are said to have B-type lateral joins.
However, since following the helical path results in arrival 3 monomers down (1.5
subunits down) the starting protofilament, there must be a pair of protofilaments
between which the join is a-5 or vice versa, termed an A-type join (more precisely,
the number of A-type joins must be odd) [Desai and Mitchison, 1997; Howard, 2001].
Microtubules with number of protofilaments, Npp, from 8 to 20 and with several
numbers of starts have been reported [references in Sui and Downing, 2010]. The dis-
tribution of Npg for microtubules formed by spontaneous nucleation in vitro depends

on conditions [e.g., Chrétien and Wade, 1991; Ray et al., 1993] and is typically 13 or

14, while microtubules in vivo usually have 13 [Desai and Mitchison, 1997]. (A no-
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table exception is in Caenorhabditis elegans, in which 15-protofilament microtubules
are present in touch-receptor neurons and 11-protofilament microtubules are present
in other cells [Chalfie and Thomson, 1982].) Cells control Npg by, for instance, nu-
cleation from centrosomes. Also, the microtubule tip tracker EB1 has been reported
to promote 13-protofilament microtubules in vitro and to reduce transitions between
Npr values along the microtubule [Vitre et al., 2008].

The ability of microtubules to accommodate a range of Npg can be explained in
part by the lattice rotation model [Chrétien and Wade, 1991; Howard, 2001]; protofil-
aments, rather than aligning parallel to the microtubule axis, follow a helical path
around the microtubule, termed a supertwist, with a pitch typically of a few pm (the
motor kinesin will follow this path [Ray et al., 1993]). Because of this supertwist,
the local geometry experienced by a subunit is similar over a range of protofilament
numbers [Howard, 2001], though there appears to be an energetic preference for less
supertwist under standard assembly conditions (80 mm PIPES and 1mM each of
EGTA, MgCl,, GTP) [Chrétien and Fuller, 2000].

Increased Npp also increases microtubule radius, requiring flexibility in the in-
teractions between protofilaments. Cryoelectron microscopy results for 11- to 16-
protofilament microtubules (Fig. 4.5) found lateral interactions were similar for this
range, but larger Npp may introduce new lateral contacts [Sui and Downing, 2010].

The multi-protofilament structure of microtubules allows them to grow to substan-
tial lengths; a single-protofilament “microtubule” would tend to sever in the middle
by dissociation of a single (longitudinal) bond, and the association of a free subunit
with another free subunit would be more favorable than with long polymer, resulting
in short microtubules even at subunit concentrations far above the critical concen-
tration [Howard, 2001]. In a multi-protofilament polymer such as a microtubule or
F-actin, each subunit not at an end binds to multiple neighbors; for the polymer to

be severed or to lose subunits other than at its ends would require multiple bonds
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Figure 4.4:

Figure 4.5:

Microtubule lattices with different numbers of protofilaments. These
models are based on cryoelectron microscopy data combined with 2D
electron crystallography data. Np¢-n indicates number of protofilaments
and number of starts (e.g., 13-3 indicates a 13-protofilament 3-start he-
lix). All lattices other than 13-3 have supertwist. Figure from Sui and
Downing [2010].

Effect of lattice changes on lateral interactions. End-on cross-sections
based on reconstructions from electron microscopy images show that a
4-start 16-protofilament microtubule may have additional lateral inter-
actions relative to a 3-start 11-protofilament microtubule (both in the
presence of taxol, which is believed to affect lateral contacts). Figure
from Sui and Downing [2010].
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to be broken. The expected average length is much longer [Howard, 2001]. (In vivo,
enzymes sever F-actin [dos Remedios et al., 2003] and microtubules [Roll-Mecak and
McNally, 2010].)

Having discussed af-tubulin and its arrangement in the microtubule lattice, the
next natural topic leading to polymerization is the microtubule tip. However, the
next section focuses on protofilament and subunit curvature, which are relevant to
observed tip structures and also to the proposal that GDP tubulin in the microtubule
lattice is a strained torsional spring that would be unstable in the lattice were it not
for the GTP cap (section 1.2.2) [reviewed by Nogales and Wang, 2006; Nogales et al.,
2003].

4.2.3 Protofilament and subunit curvature

For rapidly shortening microtubules grown from purified tubulin, pronounced cur-
vature of protofilaments at the tip (ram’s horns) away from the microtubule axis has
been observed [e.g., Mandelkow et al., 1991; Miiller-Reichert et al., 1998], though
this depends on conditions [e.g., see also Arnal et al., 2000; H66g et al., 2011]. This
suggests that rapid shortening is correlated with a change in intra-subunit or inter-
subunit angle (or both). For growing microtubules, protofilaments near the tip have
also been observed to curve away from the microtubule axis (section 4.2.4, p. 58).

That GTP-tublin is straighter that GDP-tubulin is suggested by several studies.
For instance, Miiller-Reichert et al. [1998] prepared microtubules with GTP (i.e., hav-
ing a predominantly GDP lattice) or the slowly-hydrolyzable GTP analog GMPCPP,
which assumed to keep subunits in a GTP-like state. They depolymerized these mi-
crotubules by cold treatment or addition of Ca*" and observed them by cryoelectron
microscopy, finding that the GDP microtubles had curved protofilaments at their
ends and that GMPCPP reduced this curvature. A similar atomic force microscopy

study yielded similar curvatures, estimating angle changes per o or § monomer along
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the protofilament of 8° with GMPCPP and 12° with GDP [Elie-Caille et al., 2007].
In addition, the authors found that taxol initially results in very straight protofila-
ments, but that these become curved on a timescale of many hours. In a cryoelectron
microscopy study of unusual assemblies of tubulin, Wang and Nogales [2005] con-
cluded that GDP tubulin is more curved and much more flexible than GTP tubulin.
Higher flexibility would enable GDP-tubulin to adopt conformations farther from its
preferred conformation, but would presumably reduce the depolymerization force per
unit angular distortion. The view that emerges is that GTP- and GDP-tubulin have
intrinsic curvature and are strained in the microtubule lattice, but GDP-tubulin is

more strained, leading to its destabilization of the lattice.

4.2.4 Structures at the tips of growing microtubules

Three key features of the microtubule tip (Figs. 4.6, 4.9) have implications for
models of microtubule growth (section 4.3). First, the protofilaments may end at
roughly the same axial position (blunt tip) or a group of adjacent protofilaments may
form a sheet extension (tapered tip). Assumptions about tip bluntness are implicit
in models for microtubule growth that provide the basis for calculations of subunit
kinetics (on and off rates; section 4.3.1.2, p. 64). Second, protofilaments at the tip
may coincide with the cylinder defined by the bulk of the microtubule or they may
curve away from the protofilament axis. Curvature is important to models relating
hydrolysis and catastrophe. Third, GTP- and GDP-tubulins may be distributed in
various configurations near the tip. This section focuses on the first two properties,
leaving the third to section 4.3.2 (p. 71).

Studies of microtubules grown from purified tubulin [Chrétien et al., 1995; Man-
delkow et al., 1991; Vitre et al., 2008] or in cell-free Xenopus egg extracts [Arnal

et al., 2000] using cryoelectron microscopy or in Schizosaccharomyces pombe cells us-

ing electron tomography [H66g et al., 2011], usually combined with light microscopy
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to establish dynamics under the conditions in question, have provided substantial
data on bluntness and curvature. Terminology describing tip structure below is as
described in Fig. 4.6.

Evidence of tapering and curving at the tip is moderately contradictory. Man-
delkow et al. [1991] found that microtubules under growth-phase conditions were
60% blunt, 36% clearly tapered (with 72% of these less than 50 nm), and 4% coiled
(presumably rapidly shortening). The authors did not focus on the curvature of the
tapered ends, but some curvature is apparent in their images, particularly for the
longer tapered ends. Other studies have observed curved tapered ends, some in the
hundreds of nm long [Arnal et al., 2000; Chrétien et al., 1995; Vitre et al., 2008] or, in
contrast, predominantly curved and relatively blunt (“flared”) tips as observed from
multiple angles by tomography [H66g et al., 2011].

Chrétien et al. [1995] found that tapering was more pronounced with increasing
tubulin concentration, with some sheet extensions exceeding 1 pm under some condi-
tions. Sheet extensions tended to curve away from the microtubule axis, and in some
cases two sheets extended from one tip. Development of tapering over time was quan-
tified, with some evidence that tips become more tapered during initial growth and
then begin to become less tapered. This was observed more recently in the control
for a study of the microtubule tip-tracking protein EB1 [Vitre et al., 2008].

Bluntness has been suggested to correlate with catastrophe. For instance, Opl8
/ stathmin promoted both catastrophe and blunt ends when added to Xenopus egg
extracts [Arnal et al., 2000]. Results with EB1, though more complicated due to EB1’s
multiple effects, also suggest a correlation [Vitre et al., 2008]. In contrast, simulations
have predicted the opposite [VanBuren et al., 2005], and the above mentioned H66g
et al. [2011] tips were curved, relatively blunt, and growing. The mean length of the
outwardly curved portion was 18 nm, corresponding to roughly two layers of subunits.

Tapered tips (sheets) were rare, not exceeding 3% under any of the conditions, and
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Figure 4.6:
& Terminology for microtubule tips. The seam is between protofilaments

j=1and j=13. (A) A blunt tip has all protofilaments ending at nearly
the same position. The subunit marked e, may be said to be in the
“cozy corner,” in which case the vacancy marked ¢,, would be the “cozy
corner” for a new subunit addition. (B) A tapered tip has protofilaments
of varying length forming a sheet extension. Roughness, which will be
discussed in section 4.3.1.2 (p. 64), is a measure of the number of free
lateral interactions exposed, so this tapered tip has higher roughness than
the blunt, smooth tip. (C) A tip with roughness similar to (B) that might
appear in an experiment to resemble (A). (D) Curved protofilaments at
the tip. (E) Straight protofilaments at the tip.
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they were, on average, an order of magnitude shorter than those observed by Arnal
et al. [2000] in Xenopus extracts. Blunt straight ends were also rare. The authors
interpreted the predominance of flared tips to indicate that in S. pombe protofilaments
have “little or loose lateral interaction,” though presumably they might also tend to
form, for instance, moderately stable pairs or triplets, ensuring mutual stabilization of
protofilaments, perhaps sometimes with a gap between them as in Fig. 4.6C. The effect
of MAPs at growing tips in cells is presumably complex, so it is difficult to predict

whether microtubules grown from purified tubulin would exhibit similar behavior.

4.3 Microtubule polymerization

For growth-phase microtubule polymerization, the tip is assumed, until catastro-
phe, to be approximately equivalent to polymerization without GTP hydrolysis. This
implies that the presence of GDP-tubulin at or near the tip of any protofilament can
be neglected. The subunit exchange at the tip of a growth-phase microtubule is im-
portant to models of the GTP cap, catastrophe, and rescue, as well as modulation by
MAPs and drugs. This section begins with a discussion of microtubule polymeriza-
tion neglecting hydrolysis, followed by a short discussion of the effects of hydrolysis.

Table 4.2 summarizes symbols used to represent key physical quantities.

4.3.1 Growth-phase polymerization

Polymer subunits such as G-actin or af-tubulin under suitable conditions and
in the absence of nucleotide hydrolysis are expected to polymerize in three phases:
spontaneous nucleation, growth, and polymer size redistribution [Oosawa, 1970]. This
section focuses on one end of the polymer in the growth phase, which is most rele-
vant to the present work, beginning with the model typically applied to microtubule

growth.
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Table 4.2:

Nomenclature for microtubule polymerization dynamics with typical units

Variable name Units Meaning
kg pN nm / K Boltzmann’s constant
T K absolute temperature
[Tub] M free tubulin concentration
Npp - number of protofilaments
Vg st net growth rate, subunits/time
Dy pmmin~!  net growth rate, distance/time
Vs st rapid shortening rate, subunits/time
U pmmin~!  rapid shortening rate, distance/time
feat min~! frequency of catastrophe
fres min—! frequency of rescue
ko pr g1 off rate per protofilament
ko mT = Nprkog pr g1 off rate per microtubule
Kon,pr O Kon MT pM~Ls™t  on rate constant per protofilament or
per microtubule
Kiunr = Konnmr[Tub] st on rate per microtubule
kyopr = KonpF [Tub] g1 on rate per protofilament
k(()g’PF s~ off rate for a subunit with ¢ lateral
neighbors (2D models)
AGtateral < 0 pN nm free energy of lateral interaction per
subunit
AGT hgitudina < 0 pN nm free energy of longitudinal interaction

F = e_AGLateral/kBT

and immobilization per subunit

for certain assumptions, off rate in-
crease upon loss of a lateral interaction
(2D models)

Furthermore, kog mr is used as the off rate in the 1D model (section 4.3.1.1 on p. @)

and as the mean off rate in 2D models (section 4.3.1.2 on p. 64; Appendix B on
p. 148). Free energy under standard conditions is denoted with a superscript zero,
and this use is clarified in Appendix B, p. 148.
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4.3.1.1 Classic Oosawa 1D model

The net growth rate, 0,4, of a microtubule is proportional to the difference between
subunit association and subunit dissociation rates. Oosawa [1970], in a study based on
theory from macromolecular chemistry, assumed that dissociation occurs at a constant
rate kog vt and that association occurs at a rate ky, \ip = Kon,vr[Tub] where [Tub] is

the concentration of free subunits, yielding

@g = a(kon’MT[Tub] — koH,MT) (41)

8nm
Npr

is the mean length increase per subunit added ', giving 9, dimensions

where a =
of length per time. The association of one subunit, Tub, onto the end of a microtubule,

MT, is the reaction

kon,MT

MT + Tub MT,

koff MT
for which the reaction quotient is [Tub] ", so that

AG.punit = AG? + kT In [Tub] ", (4.2)

subunit

where AGgupunic and AGY . . are the free energy change for subunit addition under,
respectively, the conditions in question and standard conditions.

At equilibrium, the free subunit concentration is said to be at the critical concen-
tration, C., and there is no net growth: 9, = 0 and [Tub] = C.. Also, AGsubunit = 0.
The equilibrium constant is Keq = Cg b= Eonpar /Ko T = e~ ACwunie/k8T The off

rate can be obtained by rearrangement:

AGY kT
koff,MT = kon,MTe subunit/ K3 (43)

tConsidering the geometry of the microtubule lattice, the length increase for a given subunit
association will depend on the definition of the microtubule “end” and on the protofilament to
which the subunit associates. Futhermore, different experimental techniques may effectively impose
different definitions of the microtubule end [Howard and Hyman, 2009].
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Rate constants as depicted by Hill. Rate constants (Hill used «a, 3, ay,. . .)

for a given subunit depend on the surroundings of that subunit. Consid-
ering a zero-start 3-protofilament helix (implicitly wrapped into a tube
so that the leftmost and rightmost protofilaments are in contact), a sub-
unit at the tip may have 0, 1, or 2 lateral neighbors with different rate
constants for each case. Figure from Hill [1986].

4.3.1.2 Hill 2D model

The above Oosawa model assumes that all subunit association events are kineti-
cally equivalent to each other and that, similarly, all subunit dissociation events are

kinetically equivalent to each other. However,

“...if a polymer has several strands [protofilaments], it will also have
several on and off sites at an end [see Fig. 4.7], with associated fluctuating
rate constants that depend on the instantaneous arrangement of subunits
at the end... Such polymers will have average overall on and off rate
constants but these rate constants will, in general, not be constant: they

will depend on free subunit concentration...” Hill [1987]

One might expect that this kinetic equivalence assumption would be most rea-
sonable if lateral interactions were very weak; however, arguing against this is the

expected importance of lateral interactions to formation of long polymers (end of sec-
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tion 4.2.2). Very weak lateral interactions would result in protofilaments that grow
independently of each other, producing extreme differences in protofilament length
(see discussion of equation B.2, p. 149). The large number of single-protofilament
extensions from the tip would eliminate the lateral interactions that prevent the
microtubule from severing. The assumption suggested by Hill [1987] for effectively-
1-protofilament models is that the tip structure is always configured such that the
practically significant association site is always the same and, similarly, the practically
significant dissociation site is always the same. There may be multiple such sites at
a time, but a hypothetical single-site growth phenomenon is what might be termed
“helical growth” or “cozy-corner growth” at the tip of a 3-start 13-protofilament mi-
crotubule that is always (neglecting the seam) as blunt and smooth as that depicted
in Fig. 4.6A (p. 60): Only the subunit with zero lateral neighbors would have a prac-
tically significant off rate, and only the vacancy next to this subunit would have a
practically significant on rate.

Arguing against effectively-1-protofilament microtubule models is the range of
experimentally observed tip structures (section 4.2.4). Hill [1986], considering differ-
ences in association/dissociation kinetics at different sites, provided a framework for
predicting how tip structure and overall off rate should, in general, depend on [Tub].
Appendix B (p. 148) follows Hill’s framework for one case, adapting the nomenclature

to the present work. Key points of Hill’s work follow:

1. Surface roughness is a key property of a given tip configuration. Hill defined
(equation B.3, p. 150) an index of the surface roughness (molecular roughness)
of the tip (Fig. 4.6, p. 60) as a measure of the number of subunits with exposed
lateral surface area. More exposed area corresponds to more surface free energy

and, therefore, a less energetically favorable tip configuration.

2. The equilibrium probability of one tip configuration relative to another is a

function of the difference in their surface free energies, which is proportional
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to the difference in their surface roughnesses. Tip configurations with identical
roughness are equally probable. Exposed longitudinal surface also contributes
to free surface energy, but not to differences in free surface energy from one
tip configuration to another. The free energy of a lateral subunit-subunit inter-
action relative to kgT determines the distribution of tip structures of varying
roughness because it relates differences in exposed surface to differences in sur-

face free energy.

. Increasing [Tub| (a departure above the critical concentration) will increase
surface roughness. This is supported by the Chrétien et al. [1995] observation
of increasing tip taper with increasing with [Tub]. One could think of this
as vaguely related to the law of mass action, in which increasing a reactant
(tubulin) drives the reaction toward energetically unfavorable products (rough
tips). Alternatively, one can consider an initially rough tip at [Tub] near zero:
preferential dissociation of subunits not having lateral neighbors will result in

a blunt, smooth tip.

. Surface roughness is also related to dissociation rate. A tip with very low rough-
ness will have a relatively low dissociation rate, though the roughness-kqg v
relationship is not simple. Increasing [Tub| should increase surface roughness
and, in turn, dissociation rate, in contradiction to the assumption of the Oosawa

1D model described in the preceding section.

. Based on Hill’s analytic and simulation work, neither the overall on rate nor the
overall off rate can be assumed, in general, to be proportional to [Tub]. However,
if subunit association is assumed to be diffusion limited and not, for instance,
inhibited by neighboring protofilaments it may be appropriate to assume that
the on rate is proportional to [Tub] and is independent of the number of lateral

neighbors.
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As noted in section 4.2.1, tubulin residues involved in longitudinal contacts are
highly conserved while those involved in lateral contacts are less well conserved [Lowe
et al., 2001]. If these sequence differences change the free energy of lateral interac-
tion, the surface roughness of microtubules growing from purified tubulin isoforms
might allow experimental estimation of isoform-specific free energy of lateral inter-
action. However, estimating surface roughness from, for instance, cryoelectron mi-
croscopy/tomography or fluorescence images has not been established. Chapter VI
(see especially equation 6.7 on p. 108 along with equations 6.10 and 6.11) provides a
method for experimental estimation of mean exchange rates, which could potentially
be used with simulations to obtain interaction energies.

A change in longitudinal bond energy would be predicted to affect the dissocia-
tion rate for all subunits at the tip by the same factor, regardless of the number of

neighbors each has.

4.3.1.3 Simulations based on the 2D model

The 2D simulations of VanBuren et al. [2002] are key to the interpretation of
experimental data in Chapter VI. This section briefly describes early simulations by
Chen and Hill before describing those of VanBuren and colleagues.

Hill [1986] computed mean surface roughness as a function of [Tub] and AGyateral
. He obtained values analytically or by Monte Carlo simulation for 4 types of lattice.
Surface roughness had little dependence on [Tub] for —AGLaterar/ksT > 4. Consid-
ering the value of AGpateral Obtained by more recent computational work (Table 4.3
on p. 69, discussed below), one might assume surface roughness has weak dependence
on [Tub]. However, Hill [1986] did not use realistic geometry, focusing on 2- or 3-
protofilament models, as well as a staggered 5-protofilament model. For these, there
might be fewer possible rough configurations similar to Fig. 4.6B or C (p. 60) or to

the taper sometimes observed experimentally (section 4.2.4). Lattice geometry may
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therefore have caused an underestimation of the importance of considering lateral
interactions.

Chen and Hill [1985] performed Monte Carlo simulations of 5-start 13-protofilament
microtubules in which GTP hydrolysis was incorporated but in which only helical
growth was allowed (no changes in surface roughness). These studies form the ba-
sis for subsequent work by VanBuren et al. using updated geometry and a clever
approach for obtaining longitudinal and lateral interaction energies.

VanBuren et al. [2002], performing 2D simulations of 13-protofilament micro-
tubules rooted in previous work by Hill (and used in section 6.2.4, p. 97), screened

for reasonable values of the free energies of lateral interaction* AGY,..., and longitu-

0x

dinal interaction AGYggitudinals

where * indicates the term incorporates the entropic
penalty of subunit immobilization. They assumed a constant on rate per protofila-
ment, ko, pr|Tubl, and determined the off rate for every subunit in the lattice based
on the total free energy change for dissociation. For subunits not at the tip, they
included in this the free energy of lateral bonds experienced by subunits above it
(toward the tip), and dissociation of a non-tip subunit resulted in dissociation of
subunits above it.

For each variable-length time step of the simulation, the rate kg for each potential
association or dissociation event E was computed, and the actual time tg for the
potential event to occur was determined from tp = —kz'In (Rg) where 0 < Rp < 1
was a uniformly distributed random number. The event with the smallest {5 was
selected for each timestep. The authors constrained AGY,;..., and AG?J’gngimdmal to
pairings yielding ¥, in agreement with experiment. Varying [Tub] narrowed results
to a single pairing. Table 4.3 lists values obtained assuming two values of ko pr
(A and B), along with the average of values used in Chapter VI (case C). Fig. 4.8

demonstrates the sensitivity to AGY: iudina 804 AGY, o Of kégPF, where i is the

iThe superscript zero denotes standard conditions, but [Tub]does not affect the free energy of
lateral association. Implicitly, AG%ateral = AGULateral-
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Figure4.8:
kg%PF values used in VanBuren simulations. The off rate for a subunit

with 7 lateral neighbors, kég’PF = kon,ppe(Angngitudinal+mcgatem1)/ Bl s cal-
culated from values in Table 4.3, in which the cases A, B, and C cor-
respond to those of this figure. Kinetics are sensitive to energetics of
interaction.

number of lateral neighbors. These simulations also took into account the possibility
of a subunit at the seam having a half neighbor. Additional results of this study and

a subsequent study [VanBuren et al., 2005] are relevant to the GTP cap.

Table 4.3: VanBuren model konpr, AGY 0, and AGLE it ainarvalues

* 0 1
Case  konpr (nM~'s71) AGIC%FM AG(ﬂc}angideml ],:%{%PF = :‘E’fz”
off,PF off,PF
A 2 -3.2 -9.4 2.5 x 101
B 4 -5.7 -6.8 3.0 x 102
C 4.5 -4.75 -9.5 1.2 x 10?

Cases A and B are those used by VanBuren et al. [2002], who obtained 1D-model
kon T estimates of a few pM~s™! from the literature. Values indicated are based
on what appears to be the more likely of two possible interpretations of their
publication. Case B was also used in Schek et al. [2007]. Case C is the average value

used in Chapter VI in which parameters were obtained by a different method. See
also Fig. 4.8 and Table 6.2 (p. 103).

4.3.1.4 Experimental observation of growth-phase kinetics

The above Oosawa 1D model yields equation (4.1) (p. 63), which has provided

adequate fits to experimental 0, vs. [Tub] data, Table 6.1 on p. 91); the model has
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therefore been assumed to be realistic model of microtubule growth, and the fitting
parameters have yielded estimates of ko, M1 and kog m-

Studies have generally estimated kon v Well below the diffusion limit as estimated
by Northrup and FErickson [1992] and discussed, for instance, by Brouhard et al.
[2008]. This low konvr can be taken to imply an activation barrier that limits the
fraction of diffusion-based subunit-tip encounters that result in subunit association
le.g., Northrup and Erickson, 1992]. For instance, from this, to explain 0, increases
due to the MAP XMAP215, Brouhard et al. [2008] postulated a transition state that
can be stabilized by the MAP XMAP215 in order to reduce the activation barrier.
XMAP215 also catalyzes the reverse reaction.

Several experimental observations suggest the growth-phase ko 1 is appreciable.
Schek et al. [2007] observed large growth-phase shortening events, and such events
can also be found in the Kerssemakers et al. [2006] data. Needleman et al. [2010],
adding exogenous labeled tubulin to meiotic Xenopus extracts at low labeling ratio,
observed fast subunit exchange in the spindle. Because they were observing individual
subunits in a sample of dense microtubules they interpreted their data in terms of
a phenomenological model with multiple possible interpretations [described in Mirny
and Needleman, 2010]. The fit to their data, extrapolated to time intervals perhaps
10 to 50 times shorter than they measured, would predict that many subunits would
have shorter lifetimes than Oosawa-1D-model-based rates would allow.

A key feature of microtubule growth that the Oosawa 1D model fails to pre-
dict is variability in growth rate. To predict growth rate variability, the observation
kot mT < (Kkonmr|[Tub]) for the practical range of [Tub] allows the simplifying as-
sumption® that microtubule growth results mainly from subunit association events,
with little competition from dissociation. Over a given time interval At¢, the number

of associations A, should be Poisson distributed, in which case the mean should equal

5(The more general case in which association events and dissociation events are taken into account
is explained in the discussion of Fig. 6.1, p. 94.)
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the variance:
(Ay) = <)\i> - <)\+>2-

From this, one can predict the variance in microtubule growth rate. Experiments
have consistently measured growth rates far more variable than the Oosawa model
would predict.

Several possible causes of the variability in microtubule growth rate have been
eliminated. For instance, experimental error was eliminated as a source, and individ-
ual microtubules exhibited as much variability as the entire population, eliminating
differences among microtubules as the source [Gildersleeve et al., 1992]. Based on a
GMPCPP study, GTP-hydrolysis did not account for 9, variability [Dye and Williams,
1996]. A more quantitative assessment relating variability to growth rate confirmed
previous results [Pedigo and Williams, 2002].

Howard and Hyman [2009] suggested that high variability in growth rate may
result from subunit exchange at the tip being more rapid than has been estimated,
with net growth resulting from relatively large association and dissociation rates.
This, combined with the above-described results suggesting a high dissociation rate
or fast exchange, along with the argument of Hill [1986] that dissociation rate should
depend on [Tub], motivates the experiments of Chapter VI. The remainder of this

chapter provides a brief description of the effects of GTP hydrolysis.

4.3.2 Polymerization with nucleotide hydrolysis

Upon incorporation of a GTP-subunit into the lattice, the rate of GTP hydrolysis
by that subunit increases. It is thought that this increase occurs when the next
vacancy of the same protofilament becomes occupied; the nucleotide-binding domain
of S-tubulin is oriented such that the a-tubulin of the next plus-proximal subunit,
when present, is thought to block nucleotide exchange and stimulate hydrolysis [Amos,

2004].
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The number of GTP subunits the cap must have to stabilize the microtubule is
unclear. For instance, two studies concluded that 13 GMPCPP subunits are necessary
and sufficient to stabilize a GDP lattice [Caplow and Shanks, 1996; Drechsel and
Kirschner, 1994]. Simulations in which most protofilaments started with a 4-GTP-
subunit cap suggested uncapping 4 protofilaments can still yield growth [VanBuren
et al., 2005].

The value to which the hydrolysis rate increases would determine (along with sub-
unit exchange kinetics) cap size (Fig. 4.9). Cap size has been estimated experimentally
to be small [e.g., references in Schek et al., 2007], suggesting GTP hydrolysis occurs
quickly upon subunit incorporation. However, microtubules have been observed to
shorten during the growth phase, sometimes by amounts corresponding to more than
5 layers Schek et al. [2007] (also visible in the data of Kerssemakers et al. [2006])
without undergoing catastrophe, suggesting a finite hydrolysis rate and a distributed
GTP cap. Simulations suggest a hydrolysis rate of roughly 1s™! supports growth
consistent with experiment and a mean cap size of 55 subunits (s.d. 12), while very
fast hydrolysis prevents growth due to frequent catastrophe [VanBuren et al., 2002].

The use of a constant catastrophe frequency per unit time is at odds with experi-
mental evidence that the probability of catastrophe was not constant over time, with
catastrophe unlikely in the early stages of growth: Odde et al. [1995] found catastro-
phe tended to occur after 0.5 to 4 minutes (6 uM tubulin, plus end). The amount of
time that a microtubule plus end grew before catastrophe was gamma-distributed,
which can be interpreted to mean that catastrophe is the result of a sequence of first-
order transitions. Data were consistent with 3 such transitions (occurring at about
1.7 per minute) being required for catastrophe. This implies tip properties indicate
how long the microtubule has been growing, and this information travels with the tip
as the microtubule grows. Presumably, explaining this result will require an improved

understanding of the kinetics of subunit exchange and GTP hydrolysis, of the devel-
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Figure 4.9:

Examples of potential GTP cap distributions. GTP-tubulin (dark) caps
the primarily GDP-tubulin (light) lattice. The seam is between protofil-
aments j = 1 and j = 13. The tip is blunt (A,B) or tapered (C,D). Upon
subunit incorporation, the hydrolysis rate increase is (A,C) modest, yield-
ing a distributed cap or (B,D) large, yielding a single layer of GTP. Con-
sidering (D), if the tapered portion of the tip were allowed to bend away
from the microtubule axis, and if this were to reduce the hydrolysis rate
(i.e., if straightening stabilized the transition state of the hydrolysis reac-
tion [Howard, 2001; Wang et al., 2007]), the subunits marked with dots
might also contain GTP. This possibility, which is independent of whether
hydrolysis is tightly coupled, is supported by very limited evidence, but
it is discussed briefly in Chapter VII
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opment of tip structure over time, and of the effects of GTP hydrolysis on subunits
and the lattice. Underscoring our limited understanding are several studies that are
difficult to explain with available data.

Co-polymerization of GDP- and GTP-subunits into the microtubule lattice [Val-
iron et al., 2010] appears to slow the rates of growth, v,, and rapid shortening, ¥,
relative to that in the absence of free GDP-subunits. The decrease in U5 suggests
that GDP-subunits incorporated by co-polymerization differ from those that origi-
nally incorporated as GTP-subunits. Cryoelectron microscopy did not reveal obvious
effects on the lattice from co-polymerization, indicating differences in lattice config-
uration or subunit conformation are relatively subtle. Co-polymerization and transi-
tions between conformations could be speculated to be facilitated by higher flexibility
of GDP-tubulin relative to GTP-tubulin observed in unusual assemblies of tubulin
[Wang and Nogales, 2005], with conformational transitions faster in solution than in
the lattice.

Using antibody-recognition of GTP-subunits in the lattice in cells, Dimitrov et al.
[2008] observed apparent GTP remnants in the predominantly GDP bulk lattice, and
these correlated with rescue events. These remnants may have been the result of
MAPs. The antibody may have been recognizing subunits in which hydrolysis was
inhibited, or it may have been recognizing a conformation normally adopted by GTP
subunits but occasionally adopted by GDP-subunits [Kueh and Mitchison, 2009]. In
the latter case, such a conformation might be similar to that which slowed o5 in the
Valiron et al. [2010] study.

The next chapter describes a method for observation of microtubule polymeriza-
tion dynamics at high spatiotemporal resolution. This is followed by a results chapter

that supports the above-mentioned 2D model.
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CHAPTER V

Nanometer-Resolution Microtubule
Polymerization Assays Using Optical Tweezers and

Microfabricated Barriers

This chapter® describes one of the experimental techniques used in Chapter VI.
This technique was originally demonstrated by Schek et al. [2007].

Addition and loss of one or a few subunits cannot be observed at the spatiotem-
poral resolution of conventional microscopy, and requires development of approaches
with higher resolution. Here we describe an assay in which one end of a microtubule
(MT) abuts a barrier, and MT length changes are coupled to the movement of an
optically trapped bead, the motion of which is tracked with high resolution. We detail
assay execution, including preparation of the experimental chamber and orientation
of the MT against the barrier. We describe design requirements for the experimental
apparatus and barriers, and preparation of materials including stable, biotinylated
MT seeds from which growth is initiated and NeutrAvidin®-coated beads. Finally,
we discuss advantages of moving the optical trap such that it applies a constant force
(force clamping), detection limits, the importance of high temporal resolution, data

analysis, and potential sources of experimental artifacts.

*This chapter is largely identical to Charlebois et al. [2010].
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5.1 Introduction

Most direct characterization of microtubule (MT) dynamics, focusing on rates of
growth, shortening, and transitions between growth and shortening, has been by light
microscopy (e.g., [Chrétien et al., 1995; Dye and Williams, 1996; Gildersleeve et al.,
1992; Horio and Hotani, 1986; Jordan et al., 1993; Odde et al., 1996; Walker et al.,
1988]), and this approach continues to yield valuable insights into MT dynamics and
their modulation (e.g., [Bieling et al., 2007; Brouhard et al., 2008; Helenius et al.,
2006; Moores et al., 2006; Pedigo and Williams, 2002]). However, conventional light
microscopy allows observation of MT length changes corresponding to the addition
or loss of hundreds of subunits. At standard video rate, the temporal resolution is, at
best, on the order of the time between subunit additions or losses, though recent data
suggest subunit exchange is much more rapid [Schek et al., 2007]. Rates of growth and
shortening thus represent an average over many addition or loss events. Observing
one or a few such events to unequivocally determine molecular-scale details requires
much higher spatiotemporal resolution.

Nanometer-resolution measurements of events resulting from MT dynamics has
recently been achieved with the development of assays using optical tweezers (e.g.,
[Asbury et al., 2006; Grishchuk et al., 2005; Kerssemakers et al., 2006; Schek et al.,
2007]; reviewed in [Gardner et al., 2008a]), including those in which the tweezers are
used to polymerize an MT into a barrier and track MT length changes [Kerssemakers
et al., 2006; Schek et al., 2007], yielding important new insights into MT polymer-
ization dynamics. For instance, on short (hundreds of ms) timescales, growth rates
were directly measured to be highly variable and, even during periods of net growth,
sometimes negative [Kerssemakers et al., 2006; Schek et al., 2007], with growth-phase
shortening events that correspond to the loss of several layers of subunits [Schek et al.,

2007].
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5.2 Rationale

To observe MT polymerization with sufficient spatiotemporal resolution to detect
addition or loss of one or a few 8-nm subunits, MT length changes can be measured
by coupling them to the movement of an object whose position can be tracked at
high resolution: in this case, a bead held by optical tweezers. The MT-linked bead
is trapped, and the MT is oriented such that it abuts a suitably designed barrier
(Fig. 5.1A-C). Because MTs are relatively rigid, growth or shortening at the end of
the MT abutting the barrier will result in bead movement, which can be tracked
with high precision using interferometry or video processing. The trap position can
be held fixed [Kerssemakers et al., 2006], or it can be moved such that applied force
is constant [Schek et al., 2007], which is termed force clamping. Here we focus on
our force-clamp assay [Schek et al., 2007], but note advantages of other approaches

[Kerssemakers et al., 2006].

5.3 Methods

The assay entails constructing an experimental chamber, flowing in the experimen-
tal solution including NeutrAvidin®-coated beads coupled to biotinylated MT seeds
(short, stable MTs from which growth can be initiated), trapping an MT-linked bead,
orienting the MT against a barrier (Figs. 5.1, 5.2), and collecting position data. Mi-
crofabrication of barriers on glass coverslips is described elsewhere [Schek and Hunt,
2005], and here we focus on execution of the assay.

A coverglass patterned with barriers microfabricated from LOR and SU-8 (Mi-
croChem, Newton, MA) photoresist layers (Fig. 5.1C, section 5.4 on p. 81) is cleaned
with, in succession, methanol, ethanol, isopropanol, 0.1% sodium dodecyl sulfate

(SDS), and purified water. This is incorporated into an experimental chamber using

two aluminum foil spacers, each with a thin coating of vacuum grease, to position
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Figure 5.1:

A: Top view schematic C: Side view schematic

B: Top view DIC image
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Assay overview and experimental geometry. (A) Schematic top view. The
microtubule (gray) tip is constrained in the y direction by the vertex of
the LOR photoresist wall, which also blocks movement or growth in the
negative x direction. The microtubule is pushed toward the barrier by the
laser trap via the bead. A force-clamp feedback loop can move the laser
trap along the z-axis such that the force on the bead is constant, in which
case microtubule length changes result in corresponding trap movement.
This image is after Schek et al. [2007], Fig. 1. (B) Differential interference
contrast image corresponding to (A). An image of the microtubule when
buckled is superimposed on the image of the microtubule under low load,
demonstrating that the microtubule tip remains constrained over a range
of forces. Reprinted from Schek et al. [2007]. (C) Schematic side view.
The laser propagates in the negative z direction. The undercut of the
LOR layer (black) allows the SU-8 layer (gray) and coverglass (hatched)
to constrain the microtubule tip in the z direction. The focus of the
trapping laser beam (gray triangles), which is slightly above the bead
center (not shown), is a distance a above the bottom of the SU-8 layer in
the z direction and a distance ¢ from the SU-8 edge in the = direction.
If ¢ approaches v/2a tan (¢) (assuming the barrier edge is 45°from the
axis), the laser will be clipped by the barrier. This image is after Schek
and Hunt [2005], Fig. 1. (D) Schematic side view at lower magnification.
Beads sink to the bottom of the experimental chamber, which is ~70 pm
below the coverglass. Positioning the trap at increasing depth impairs
trapping due to spherical aberration and interference of the laser with
photoresist structures.
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A: Initial bead movement patterns B: Movement of MT to barrier vertex

/&
¢

Orienting an MT in the barrier. (A) Initial bead movement patterns. The
bead is moved, for instance, in a square pattern (solid arrows) or along
the barrier edge and then toward the center in the y direction (dashed
arrows) to keep the MT in the focal plane and orient it as shown in (B).
(B) Movement of MT into barrier vertex. The MT is maneuvered into the
undercut and along the barrier edge toward the vertex. Final orientation
should be similar to that of Fig. 5.1A.

the coverglass a small distance (~70 pm) above the slide. The foil spacers are spaced
about 6mm apart to create an experimental flow chamber with barriers on the upper
surface, and open ends such that fluids may be introduced by capillary action. Thin
spacing must be maintained between the coverglass and slide: because our micro-
scope is upright, we use silica beads (Section 5.4), which sink to the bottom of the
chamber where they must be initially trapped (Fig. 5.1D); however, with increasing
depth, the beam profile of the trapping laser is increasingly impaired by spherical
aberration and by passage through the photoresist structures that form the barriers
above (Fig. 5.1D). This can be partially remedied by patterning barriers at a reduced
surface density or by increasing power of the trapping laser when searching for a bead.

Before introducing the experimental mixture, buffer is flowed into the experimental
chamber, and if any areas exclude liquid this is remedied by gently pressing the
coverglass. Because beads spontaneously aggregate, they are separated by passage
through a 25-G needle several times immediately before the experiment. Following
this shearing, several chamber volumes of the experimental mixture (buffer, beads,

stable MT seeds, free tubulin, MAPs, and MT-binding drugs as applicable) are flowed
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into the experimental chamber, which must then be sealed to prevent drying and
drying-induced fluid flow during experiments; we use VALAP (a 1:1:1 mixture of
Vasoline, lanolin, and paraffin), which is melted and brushed onto the ends of the
chamber. The chamber is then quickly moved to the microscope, and a single free
bead is trapped. To determine whether one or more MT seeds are attached to a given
trapped bead, the bead is moved laterally relative to the buffer by moving the trap
or microscope stage to bring an MT into the focal plane (the trap is positioned such
that the bead is held in the imaging focal plane).

A bead with an MT seed is moved to the vicinity of a barrier and oriented appro-
priately (Fig. 5.2). The bead can be moved in a pattern (Fig. 5.2A) that keeps the
MT in the focal plane and orients its plus end near an edge of the barrier (Fig. 5.2B),
at which point the bead can be moved such that the MT moves into the undercut
and down the barrier edge to the vertex. The MT tip must be located at the bar-
rier vertex and constrained by the undercut (Fig. 5.1A-C), at which point applying
the force clamp will push the MT against the barrier. From this point onward, trap
movements required to maintain constant force correspond to changes in MT length.

To establish whether the plus end or the minus end is in the barrier, the growth
of both ends is observed by light microscopy. If experimental conditions require a
relatively low growth rate, the investigator may more easily determine MT polarity
by inducing high growth at the end of an experiment by flowing in buffer with a
high tubulin concentration. An alternative approach for establishing MT polarity
is to substitute axonemes for seeds, as MTs preferentially grow from the plus ends
of isolated axonemes. These provide tighter control over protofilament number and

allow the MT to be oriented using a keyhole trap [Kerssemakers et al., 2006].
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5.4 Materials

All chemicals are obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise

specified.

5.4.1 Buffer

We perform experiments in BRB-80 [80 mMm pipes, 1 mMMgCl,, 1 mMm ethylene
glycol tetraacetic acid (EGTA), pH 6.8]. Because MT growth [Khan and Luduena,
1991] and flexural rigidity [Mickey and Howard, 1995] are influenced by the oxida-
tion state, we supplement the buffer with oxygen scavengers: 0.12 mg/mL catalase,
0.6 mg/mL glucose oxidase, 30 mM glucose, and 2 mM dithiothreitol. We also sup-

plement buffer with an additional mm MgCl, per mM of guanine nucleotide.

5.4.2 Experimental Apparatus

The optical tweezers apparatus [Brouhard et al., 2003; Schek and Hunt, 2006;
Visscher and Block, 1998] should have several features. First, it should detect bead
position with high spatiotemporal resolution using, for instance, back-focal-plane in-
terferometry (BFPI) [Gittes and Schmidt, 1998b]. High temporal resolution allows
thermal noise to be suppressed by filtering, which improves spatial resolution (see
section 5.5). Second, the apparatus should be able to apply a time-averaged constant
force (force clamp) by moving the trap, which has several advantages (section 5.5),
including tracking MT length changes over a larger range and minimizing the effect
of force on results. Finally, it should allow simultaneous light microscopy appropriate
for visualizing MTs, such as video-enhanced differential-interference contrast (VE-
DIC) microscopy. For VE-DIC, contrast enhancement, background subtraction, and
frame averaging can be achieved with a Hamamatsu ARGUS (Hamamatsu Photonics,
Hamamatsu City, Japan) or with equivalent commercial or custom digital image ac-

quisition and processing. The setup should ideally simultaneously process and record
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video at 30Hz, allowing the user to record MT movement while observing it in real

time.

5.4.3 MT Length Constraints: Applied Force and Barrier Design

The MT used for the experiment must be short enough that it will not buckle
under the trapping force [Schek and Hunt, 2005]. The force at which a segment of
MT buckles under compression is proportional to its flexural rigidity and inversely
proportional to the square of its length, and has been estimated at 2 pN for a 10-pm
MT [Gittes et al., 1993], though smaller values have been measured (e.g., [Kikumoto
et al., 2006; Kurachi et al., 1995]). The length of MT between the bead and barrier
in our experiments is generally ~5 pm.

The MT must also be long enough that the experiment can be conducted without
impairing measurements of the bead position [Schek and Hunt, 2005]. The geometry
of both the barrier and laser beam must be considered (Fig. 5.1C). The laser must not
pass through photoresist upstream of the trap, as this would change the beam profile,
thereby introducing an error in the applied force. In the case of BFPI detection,
the laser beam should not pass through photoresist downstream of the trap either,
since this affects the bead position measurement. Relatively thin layers of photoresist
allow the assay to be conducted with the trap closer to the barrier. The effect of the
barriers on the trap and bead detection at a given position can be determined exper-
imentally by performing a power spectrum calibration [Gittes and Schmidt, 1998al:
if the power spectrum is Lorentzian and the parameters yielded by the calibration
are consistent with those obtained in the absence of barriers, then the effect of the

barrier on measured bead position is negligible.
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5.4.4 Preparation of Biotinylated MT Seeds

For taxol-stabilized seeds, 50 pm tubulin and 1 mMm GTP in buffer (see above)
are incubated at 37°C for 25 min, brought to 10uM taxol, and immediately vortexed.
These MTs are centrifuged (Beckman Airfuge; Beckman Coulter, Brea, CA), the
supernatant is discarded, and the pellet is rinsed and resuspended in BRB-80 with
10 pm taxol. Biotin succinimidyl ester (B1606; Invitrogen Corporation, Carlsbad,
CA) is added at 1.7 mMm, and the sample is incubated at 37°C for 15 min. To quench
the reaction, three volumes of 400 mM glycine (in BRB-80) are added, followed by
an additional 10 min of incubation. The sample is centrifuged, the supernatant is
discarded, and the pellet is rinsed and resuspended in BRB-80 without taxol. It is
then sheared several times through a 30-G needle. Finally, in order to deplete taxol,
the seeds are centrifuged, rinsed, and resuspended two more times in buffer. The
resulting seeds should be ~2 pm long. The amount of free biotin in the experimental
solution must be minimal, as it may compete with seeds for NeutrAvidin®-binding
sites.

For guanylyl-(«,3)-methylene-diphosphonate (GMP-CPP; NU-405S; JenaBioscience,
Jena, Germany) stabilized seeds, the above protocol is altered as follows. The initial
tubulin concentration is 2 um to reduce spontaneous MT nucleation [Hyman et al.,
1992]. The 1 mM GTP is replaced with 0.2 mm GMP-CPP (this five-fold reduction in
concentration reduces expense). Only one centrifugation is performed after shearing.

For experiments in which a relatively low polymerization rate is expected, seeds
can be made longer by adjusting the shearing protocol (e.g., see [Farrell et al., 1987;
Melki et al., 1993; Williams and Rone, 1989; Yamauchi et al., 1993]), or short seeds can
be elongated before the experiment by incubating with tubulin (pulsed if necessary).
Seeds will anneal to form longer MTs over longer time periods (hours). We generally
begin a day of experiments by making seeds and stop collecting data when the seed

concentration and length are no longer appropriate.
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5.4.5 Preparation of NeutrAvidin®-Coated Beads

A solution of ~0.6-pum silica beads (SSO03N; Bangs Laboratories, Fishers, IN) at
10 mg/mL in BRB-80 is sonicated and vortexed (a few minutes each), and 20 pg mL ™!
biotin—BSA is added, followed by 5 min of vortexing. The beads are then centrifuged.
The supernatant is discarded and the pellet is rinsed three times with BRB-80 gently
and without resuspension. It is then resuspended in 10 times the original volume
(~1 mg/mL beads) and vortexed. This solution is brought to 20 pgmL~! NeutrA-
vidin® (A2666, Invitrogen) and vortexed gently for 5 min. During this step, a low
bead concentration reduces the chances of NeutrAvidin® binding two biotinylated
beads to each other. The beads are centrifuged, the supernatant is discarded, and
the pellet is rinsed and resuspended in the original volume (~10 mg/mL beads). The
beads are centrifuged, rinsed, and resuspended three additional times. Silica beads
will slowly sediment, so when making aliquots, the beads should be mixed frequently
to ensure all aliquots have roughly the same concentration. Aliquots are flash-frozen
in liquid nitrogen and stored at —80°C.

Most beads should be attached to zero, one, or occasionally two seeds, and the
concentration of bead—seed complexes must be low enough to prevent the formation
of networks of beads and seeds. In the experimental solution, we generally use taxol-
stabilized biotinylated seeds at ~1/50 dilution and beads at ~1/80 dilution, but these

quantities vary significantly.

5.5 Discussion

Here we discuss advantages of force clamping, approaches to data analysis, assess-

ment of detection limits, and potential sources of artifacts.
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5.5.1 Advantages of Force Clamping

In contrast to stationary-trap experiments, a force-clamp experiment [Finer et al.,
1994; Gittes and Schmidt, 1998a; Visscher and Block, 1998] uses a feedback loop in
which the trap is moved in response to changes in the bead position such that the
time-averaged force is constant. This offers several advantages. In a stationary-trap
experiment, the MT lengthens against the barrier, pushing the bead from the trap
center. Data collection terminates when the MT pushes the bead out of useable range
of the trap or force becomes high enough to buckle the MT or induce a catastrophe.
Also, because the force changes with bead movement, its effect on M'T polymerization
dynamics is variable. With force clamping, data can be collected over a much larger
range of displacement because the trap moves to accommodate bead movement, and
the force can be tightly controlled as an experimental variable or kept low to minimize
its effect on polymerization dynamics. Also, stationary-trap data underestimates MT
growth because MT displacement is partially accommodated by stretching of the
bead—MT linkage. The stiffness of the bead—MT linkage must be obtained to correct
this underestimation [Kerssemakers et al., 2006], and this can be challenging due
to nonlinear compliance and variability of compliance between bead—MT complexes
[Svoboda et al., 1993; Visscher and Block, 1998]. Force clamping obviates the need
to correct for this compliance [Visscher and Block, 1998]; it maintains a constant
stretch of the bead—MT linkage so that changes in bead position directly correspond
to changes in MT length [Schek et al., 2007].

5.5.2 Data Analysis: Bead Position Relative to Trap Center

The raw bead position data allow assessment of force-clamp performance and can
allow detection of events that occur more quickly than the force clamp responds. Al-
though the position of the bead can be detected at kHz frequencies with subnanome-

ter precision using techniques such as BFPI [Gittes and Schmidt, 1998b], much of
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the high-frequency movement is due to thermal motion, and must be filtered to ob-
tain a precise estimate of MT length changes. Applying a low-pass filter yields a
good signal-to-noise ratio and allows examination of events occurring on a timescale
longer than the reciprocal of the filter cutoff frequency (see “Detection limits” below).
To minimize phase distortion, forward—backward filtering may be appropriate (e.g.,
[Gustafsson, 1996]).

Bead position data also allow forces experienced by the bead and MT to be as-
sessed. For instance, if the bead is subjected to a combination of thermal, Hookean,
and drag (proportional to velocity) forces, the power spectrum of the bead position
versus time trace will be Lorentzian and will yield spring constants and damping
coefficients [Gittes and Schmidt, 1998a]. In addition to allowing the stiffness of the
optical trap to be verified, this type of analysis can identify artifacts resulting from,
for instance, the MT becoming stuck to the barrier, or the laser beam being clipped

by a barrier.

5.5.3 Data Analysis: MT Length Changes

A subunit addition will change MT length by 0-8 nm: given the 13 protofilament
lattice structure of an MT, addition of a single subunit increases the MT length by
at most 8 nm if the subunit adds to the leading protofilament, and various smaller
amounts including no length change if the subunit adds to a lagging protofilament.

Several approaches are available for analysis of length changes. Most simply,
length changes Az and growth rates r are computed for each fixed time interval of
length t. For analysis of the distribution of Az or r, variance may be of particular
interest because the variance of MT growth rate is higher than expected from conven-
tional linear polymer growth theory [Oosawa, 1970], and there has been substantial
interest in determining the mechanism behind this (e.g., [Dye and Williams, 1996;
Howard and Hyman, 2009; Odde et al., 1996; Pedigo and Williams, 2002]). In cases
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where it is difficult to choose an appropriate timescale, 1, of interest a priori, analysis
can be repeated for multiple values of T [Svoboda et al., 1994], an algorithm can be
applied that computes growth or shortening rate using time intervals of varying length
as it proceeds through the time series [Schek et al., 2007], or a timescale-independent
approach such as spectral analysis can be applied [Odde et al., 1996]. To detect re-
peated displacement events (e.g., steps), the distance between relatively stationary
periods can be examined, for example, by forming a pairwise-distance distribution
function [Svoboda et al., 1993]. Searches for steps must be approached cautiously
however: without fundamental expectations for speed and size of steps to form a null
hypothesis, it is difficult to design a statistical test to establish that a noisy data
stream contains “steps,” and related errors have repeatedly plagued biophysical stud-
ies of nanoscale movements. Limits to detection of steps in noisy signals are discussed

further in Moffit et al. [Moffitt et al., 2008].

5.5.4 Detection Limits: Forces, Bandwidth, and Resolution

For experiment design and data interpretation, it is crucial to understand the
forces to which the bead is subjected: trap, bead—MT linkage, viscous, and thermal.
These forces and their implications for detection limits are discussed in detail else-
where [Gittes and Schmidt, 1998a; Moffitt et al., 2008; Visscher and Block, 1998].
Briefly, in a force-clamp assay, theoretical spatial resolution can be computed, and is
predicted to improve with decreasing bead—MT linkage compliance, bead drag coeffi-
cient, and filter cutoff frequency used by the force clamp [Gittes and Schmidt, 1998a].
Therefore, resolution may improve with a smaller bead, which should decrease drag
and bead—-MT compliance due to bead rocking, or with higher applied force, assum-
ing the bead—MT linkage compliance exhibits strain hardening [Svoboda et al., 1993].
Furthermore, high bandwidth facilitates stationary-trap or forceclamp data analysis,

in which case filtering may be required to suppress thermal noise and achieve desired
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spatial resolution, though at the cost of lowered temporal resolution (e.g., see supple-
mental material accompanying [Schek et al., 2007]). Temporal resolution is therefore
determined by detector bandwidth or by the filter cutoff, and events that cannot be
resolved in time will be detected with a delay or, if they do not result in a persistent
displacement, will be missed or underestimated: for example, a spike caused by rapid
addition and loss of subunits may not be apparent in filtered data, but still be visible
in the raw high-bandwidth data.

In addition to theoretical considerations, data should be collected using a control
MT in which length changes are suppressed, such as a GMP-CPP-stabilized MT
without free tubulin, in order to experimentally assess detection limits and potential

artifacts [Schek et al., 2007].

5.5.5 Potential Sources of Artifacts

Several potential sources of artifacts should be considered.

1. An MT may become stuck to a barrier. To verify that this has not occurred, the
MT should be pulled slightly (~500 nm) away from the barrier wall at the end

of each experiment, and the trace should be inspected for evidence of sticking.

2. If substantial MT nucleation occurs during the experiment (this is easily ob-
served under VE-DIC), the concentration of free tubulin may fall rapidly toward
the critical concentration. Nucleation of pure GTP-tubulin is highly coopera-
tive; the rate of nucleation is extremely sensitive to free tubulin concentration
(e.g., [Carlier and Pantaloni, 1978; Fygenson et al., 1995; Voter and Erickson,
1984]). Furthermore, nucleation is stimulated in the presence of, for instance,
v-tubulin or y-tubulin complexes (reviewed in [Job et al., 2003]), taxol (e.g.,
[Schiff et al., 1979]), certain MAPs (e.g., [Gupta et al., 2009; Moores et al., 2006;
Slep and Vale, 2007]), or a slowly-hydrolysable GTP analog such as GMP-CPP
[Hyman et al., 1992; Sandoval and Weber, 1980].
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3. MT ends other than the one in the barrier may impair measurements. For
instance, the end of the MT opposite that under investigation may strike a
different wall. Also, an MT that is out of plane, and therefore not visible, may
strike the barrier. Data should be inspected for signs that such events occurred

(e.g., a drop in thermal movements or movement of the bead in the y direction).

4. Drift may impair measurements. Barrier movement in the x direction due to
stage drift may result in underestimation or overestimation of MT growth rates.
Depending on the design of the tweezers apparatus, drift in the z direction may
affect trap stiffness and bead-position detection sensitivity. It may also change
the zero position of the bead detection system, thereby introducing error in the

applied force.

5. Small details in the shape of the barriers may cause artifactual length change
measurements. With sufficient forces and appropriate barrier design, this can
be addressed or avoided: this is discussed in the supplemental material accom-

panying Schek et al. [2007].

5.6 Summary

We have described an assay for studying MT polymerization dynamics with high
spatiotemporal resolution and discussed interpretation of the data. This technique
promises to yield a wealth of insights into MT polymerization dynamics and their

modulation by MAPs and MT drugs.
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CHAPTER VI

Fluctuations in growth rate support a 2D model

for microtubule self-assembly kinetics

This chapter* provides evidence that the classic Oosawa 1D model (section 4.3.1.1,
p. 63) is an inadequate representation of microtubule assembly kinetics, and that a
2D model [Hill, 1986; VanBuren et al., 2002] (p. 64, p. 148) is a practically significant
improvement over the 1D model.

Symbols representing physical quantities match those of Table 4.2 (p. 62).

6.1 Introduction

The tubulin subunit association rate constant, kon pr (pM_1 s_l) and dissociation
rate constant, kog vt (s71) have been previously estimated from in vitro measurements
of the net microtubule assembly rate, v, (subunits/s; with ~1625 subunits/pm of MT
length) as a function of the free tubulin concentration [Tub] (um) (Table 6.1). These
rate constants have been estimated by fitting the microtubule assembly data to the
1D model of Oosawa [1970]. A key, but untested, assumption of this model is that

the tubulin subunit dissociation rate is constant regardless of [Tub]. As described

*This chapter is largely identical to a typescript that was accepted for publication [Gardner et al.,
2011]. This publication, on which I am second author, is the result of a collaboration described in
the acknowledgements (p. iv).
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by Hill [1986] (p. 64, p. 148), this assumption cannot be strictly correct since it
requires that the microtubule tip structure is on average constant over varying [Tub],
which is not thermodynamically tenable. In addition, Chrétien et al. [1995] found
experimentally that microtubule tips shift from relatively blunt tip structures at low
[Tub] to relatively tapered tip structures at high concentrations. However, the 1D
model might still serve as a reasonable approximation if the microtubule tip structure
is only weakly dependent on free tubulin subunit concentration. Thus, the canonical
view of microtubule polymerization implicitly rests on the assumption that all tubulin
subunits at the tip of a growing microtubule are on average energetically similar to

one another, so that kog v is independent of [Tub].

Table 6.1: Published ko, vr and kog vr estimates for growing microtubule plus ends

konyr (M~1s™)  kogar (s71) Reference
39+1.8 25.7+£7.1 Engelborghs et al. [1977]
7.2 17 Bergen and Borisy [1980]
1.00 + 0.36 2.00 £0.18 Farrell and Jordan [1982]
4.2 2.3 Carlier et al. [1984|
3.82 0.37 Mitchison and Kirschner [1984]
14 — Gard and Kirschner [1987]
8.94+0.3 44 + 14 Walker et al. [1988]
6.8 25 — 30 O’Brien et al. [1990]
3 0.1 Drechsel et al. [1992]
6.9+0.5 32+6.0 Trinczek et al. [1993]
5 0.1 Hyman et al. [1992]
5.7 14.1 Chrétien et al. [1995]
*4.9 + 2.3 0.49+0.12 Brouhard et al. [2008]

* denotes use of GMPCPP either at the lowest [Tub][Brouhard et al., 2008] or for
the entire data set [Hyman et al., 1992]. Walker et al. [1988] excluded “pause” phase
time intervals from their growth-phase data analysis, complicating comparison of
their results with those of others, but they report that pauses were rare.

To test whether thermodynamic differences between tubulin subunits at the mi-
crotubule tip are important for interpreting growth data, we studied microtubule as-
sembly at near-molecular resolution using total internal reflection fluorescence (TIRF)

microscopy, and with our high temporal and spatial resolution nanoscale laser tweezer
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assay (Chapter V, [Schek et al., 2007]). To simplify our initial analysis, we inhibited
GTP hydrolysis by performing experiments in the presence of the slowly hydrolyzable
GTP analogue GMPCPP. Preventing GTP hydrolysis suppressed transitions to rapid
shortening that present potentially confounding variables for interpreting microtubule
growth dynamics.

By analyzing the variance of the microtubule growth rate v, at high spatiotem-
poral resolution, we show that the kinetics of microtubule assembly are much more
rapid than previously assumed, even when GTP hydrolysis is inhibited. This data is
explained by a 2D model of the tip structure, and interpreted in this context shows
that a non-homogeneous tip structure has a significant impact on tubulin subunit dis-
sociation rates from the tip of a growing microtubule. In summary, we show (1) that
tubulin subunit dissociation rates kog yr from the tip of a growing microtubule depend
on the [Tub], and (2) that dissociation rates increase substantially at higher [Tub],
which requires that growth-phase subunit on-off events occur much more rapidly than
previously appreciated. This reassessment of microtubule assembly kinetics leads to
a new perspective on microtubule assembly regulation via MAPs and drugs, where
weak and infrequent interactions with tubulin subunits at the growing microtubule

tip can strongly affect net assembly.

6.2 Results

6.2.1 The 1D Model Predicts Fewer Large Shortening Events at Higher

Tubulin Concentration

In a linear (1D) model [Oosawa, 1970], a key assumption is that the departure
rate of tubulin subunits from the microtubule tip (kogmt) is a [Tub]-independent
constant. As shown in Fig. 6.1A (left), this model specifies that, for a time interval

At, the number of subunit associations, A, is determined by the on rate constant
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kon,mt and the free tubulin concentration [Tub]. The number of departure events from
the tip (A_) in this time interval depends only on the off rate constant, kog vr. Thus,
for the 1D model, the departure rate of tubulin subunits from the tip will remain
constant, regardless of subunit arrival rate or [Tub].

Given the number of arrivals, A, , and the number of departures, A_, (both Poisson
distributed) the resulting difference, (Ay — A_), gives the distribution of incremental
microtubule length changes (Fig. 6.1A, right). A strong but untested prediction of the
1D model is that the likelihood of large microtubule shortening events will decrease
as the subunit arrival rate (A;) becomes larger (Fig. 6.1A, right). In the example
shown in Fig. 6.1A (right), the probability of a shortening event whose magnitude is
larger than some arbitrary value (e.g., larger than the vertical dashed line located at
Ay — A_| = |—4| in Fig. 6.1A, right) decreases with increasing [Tub]. This is because
microtubule growth increments will be strongly favored over shortening increments
as the subunit arrival rate increases with increasing [Tub], while the departure rate
remains constant. Thus, the 1D model can be tested by quantifying the distribution
of microtubule length increments as a function of [Tub]. In particular, the 1D model

predicts that the frequency of large shortening events should decrease at higher [Tub].

6.2.2 The Frequency of Large Microtubule Shortening Events Increases

at Higher Tubulin Concentration in TIRF Experiments

To test the 1D model predictions, we performed in vitro GMPCPP-tubulin ex-
periments to measure microtubule assembly dynamics at nanometer scale resolution.
Using GMPCPP allowed us to focus on the intrinsic variability in the microtubule
growth rate without the potentially confounding effects of nucleotide hydrolysis. As
shown in Fig. 6.1B, assembly of GMPCPP-tubulin labeled with Alexa-488 (55 %
labeled, Invitrogen Corp.) onto Rhodamine-labeled GMPCPP-tubulin seeds was im-

aged by TIRF microscopy (section 6.4 on p. 6.4 and [Gell et al., 2010]). We measured
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Figure 6.1:

A 1D Model =} A=3 Increased B
A, =k g [Tublar & A=4 /. A=5 [Tubulin]
— § 0 .-'/?\\ A7 \ ;
FR=] AR iy
0 4— ° g I // ;‘\ 2 ! p‘tip
A=k, Ar // AN 5 {
- = RogarAl @ \ &=
o ° ¢4 N =] N
e 0 5 0 5 10 b A
Increments, AL=L{t+At)-L{t) MT Length
C TIRF Experiment
Dilution GMPCPP Tubulin 0.8 uM GMPCPP tubulin 1.5 uM GMPCPP tubulin
_ 150 _ 150
E [ E:‘
£ 100 £100 £10
B e =
R W TYRT A E“SUM B 5 ‘M
3 g 3
0 0 0
0 20 40 0
Time (s) Time (s) Time (s)
D TIRF Experiment
Live: Live: Live:
1.8% 3.6% 9.1%
0.25  <-32nm 025 1 <-32 nm 1] 035 <-32 nm
02 Fixed: Z 02 Fixed: ! Fixed:
= O 1a% § oq5 | 14% § 18% | ‘.
g 015 4 <3 nm z -32 nm f ] 0 <-32 nm i
S 01 g 01 z
£ 005 [ “ 00s £ |
= ,,,,A|I [N 0 ,,,__:11 HL-‘ 0 n rJ'H Ilh
-84 -60-36-12 12 36 60 84 -84 -60 -36 -12 12 36 60 -84 60 36 -12 12 36 60 84
Increment length (nm) Increment length (nm) Increment length (nm)

TIRF microscopy reveals kog yrincreases with [Tub]. (A) A 1D model
(left). In a time interval At, the number of subunits added to the tip is
A4+ o [Tub], while the number of subunits lost, A_, is [Tub]-independent.
The 1D model predicts (right) that large shortening events (e.g., left
of vertical dashed line) decrease in frequency as [Tub| increases (i.e., as
A, increases). (B) Microtubule length measured at high spatial resolu-
tion using TIRF microscopy. Microtubule extensions (green), grown from
GMPCPP microtubule seeds (red), are visualized during growth at vary-
ing [Tub]. Tip position is measured by fitting the decay in fluorescence
intensity to the error function [Demtchouk et al., 2011]. (C) Typical
growth traces at different [Tub]. v, variability increases with [Tub]. Fur-
thermore, the magnitude of large shortening events increases at higher
[Tub] (e.g., blue arrows). (D) Quantification of v, variability. Length in-
crements over 1.4s intervals are summarized for each concentration. The
fixed-microtubule increment distribution is narrower than the live incre-
ment distribution for both 0.8 and 1.5pM (p = 0.018 and p = 0.002 by
t-test, respectively). In contradiction to 1D model predictions (see A),
large negative (shortening) increments are more common at higher [Tub].
For example, shortening events < —32nm account for 1.8 % of all length
increments in the dilution experiments, but 9.1 % of such increments at a
[Tub] = 1.5 uM. As a control, we show the distribution of increments ob-
tained from fixed microtubules (gray dashed line). The fraction of length
change increments for fixed microtubules remains relatively unchanged
(1.4 % for a pre-fix [Tub] of 0.6 uMm, and 1.8 % for 1.5 pM).
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the length of microtubule extensions at 700 ms intervals in the presence of two dif-
ferent non-zero concentrations of GMPCPP tubulin, and in a dilution experiment
in which the residual [Tub] was estimated to be ~0.1 M. Although the time-lapse
interval between subsequent images was 700 ms, all of the images were collected using
100 ms exposure times, regardless of concentration.

The positions of microtubule ends were estimated by fitting the error function to
the fluorescence intensity at microtubule end, where the microtubule end was defined
as the position at which the error function fell to 50 % of the signal (sp, Fig. 6.1B)
[Bicek et al., 2009; Demtchouk et al., 2011; Pearson et al., 2006; Wan et al., 2009].
Because GMPCPP tubulin spontaneously nucleates at ~2pM tubulin, we selected
[Tub] for analysis from ~ 0.1 M (dilution experiments) to 1.5 pM GMPCPP tubulin,
which represents a ~15-fold range of concentration.

As expected, the rate of net assembly increased as the [Tub] increased from di-
lution experiments to 1.5 M (Fig. 6.1C). Due to the low [Tub], the net microtubule
growth velocity is slow even at the highest concentration tested (maximum value of
~0.15 pm min~! at 1.5 pM GMPCPP tubulin), which is consistent with the previously
reported value of 0.07 pmmin~! at 0.5 pM GMPCPP tubulin [Brouhard et al., 2008].

We found that microtubule growth trajectories in dilution experiments and at
0.8 M GMPCPP-tubulin (Fig. 6.1C, green and red) showed steady growth or short-
ening with small length fluctuations, while microtubule growth trajectories at 1.5 uM
GMPCPP-tubulin (Fig. 6.1C, blue) appeared to grow “noisily” with larger length
fluctuations. These fluctuations were quantified by calculating the net length change
increments for each 1.4s interval during the first 30 s of growth for each microtubule
(Fig. 6.1D).

We note that the measurement error can be readily estimated from the increment
distribution for fixed microtubules (gray), where the standard deviation of increments

is ~20nm (corresponding to single time point position estimates of £20nm/v/2 =
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+14nm), and so the measurement accuracy is on the nanoscale. To account for
potential microtubule tip tracking accuracy changes as a function of microtubule tip
structure, we fixed microtubules after having grown them in the correct corresponding
[Tub] in each case.

Using the TIRF system, we found that the experimentally observed frequency of
large shortening events (e.g., < —32nm, equivalent to 4 dimer lengths and signifi-
cantly above measurement error) increases at higher [Tub] ((1.8 4+ 0.4) % in dilution
experiments to (9.1 & 0.8) % at 1.5 pM tubulin, Fig. 6.1D). This result stands in direct
conflict with the 1D model, which predicts that the frequency of large microtubule
shortening events should decrease with increasing [Tub] (Fig. 6.1A, left). We note
that for fixed (non-dynamic) microtubules the frequency of “shortening” events aris-
ing from measurement noise alone is approximately independent of [Tub], ranging
from (1.4 £ 0.4) % at low concentration to (1.8 +0.4) % at high concentration. Thus,
the increase in the frequency and magnitude of shortening events at higher [Tub]
strongly suggests that the tubulin subunit dissociation rate from the microtubule tip

increases at higher [Tub], which violates a basic assumption of the 1D model.

6.2.3 The Frequency of Large Shortening Events Increases at Higher

Tubulin Concentration in Laser Tweezers Experiments

To examine microtubule growth rates with higher resolution, we measured the vari-
ability in growth rates using our high temporal and spatial resolution nanoscale laser
tweezers assay (Chapter V, [Schek et al., 2007]). Here, a spatial resolution of < 3.5nm
at 10 Hz temporal resolution is achieved by measuring the position of microtubule-
attached beads as microtubules grow into a microfabricated barrier (Fig. 6.2A). We
observed variability in microtubule growth at three different [Tub], with variabil-
ity increasing substantially at higher [Tub] (Fig. 6.2B). By quantitatively comparing

the growth increment sizes at 0.1s time intervals, we found that the frequency of
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large shortening events (e.g., < —8nm) increased from (1.4 £ 0.3) % of all events at
0.5pM tubulin, to (6.3 £0.5) % of all events at 1.5 pM tubulin (Fig. 6.2C). As de-
scribed above, this stands in marked contrast to the expectation from the 1D model,
which predicts that the frequency of large shortening events should decrease at higher
[Tub]. Because of the higher spatial-temporal resolution in the tweezers experiment,
we were also able to test for the possible addition of oligomers [Kerssemakers et al.,
2006; Schek et al., 2007]. Here, we never observed increments equal to or larger than
16 nm (i.e., two subunits) at 0.5 M and 1.0 pm (N = 4998 increments), and only very
rarely at 1.5 pM (0.93 %, N = 2567 increments). In addition, these rare instances of
increments larger than 16 nm could be explained by rapid successive addition events
of single subunits [Schek et al., 2007], particularly considering our estimates (below)
of subunit exchange rates. Thus, similar to the TIRF data, the optical tweezers data
indicates that the tubulin subunit dissociation rate from the microtubule tip increases
at higher [Tub], which is inconsistent with the 1D model.

In addition, the laser-tweezers data was collected using unlabeled tubulin, which
provides an important control for the labeled tubulin in the TIRF experiments, as sim-
ilar results are obtained in both experiments. Because results are consistent between
the laser-tweezers data, which used unlabeled tubulin, and the TIRF experiments,
this argues that differently labeled tubulins are not a significant source of growth

variance.

6.2.4 Concentration-Dependent Tubulin Subunit Dissociation Rates are

Explained by Accounting for Both Lateral and Longitudinal Bonds

Because the tubulin dissociation rate from the microtubule tip increases at higher
[Tub], it seems necessary that the state of the microtubule tip is on average shifted
to a less stable configuration at higher [Tub]. To explicitly account for the energetic

states of individual tubulin subunits in the microtubule, we performed computational
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Figure 6.2:
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Nanoscale optical tweezers experiments confirm increasing growth rate
variability and frequency of large shortening events at higher [Tub] (A)
In high temporal and spatial resolution laser tweezer experiments, the po-
sition of a microtubule-attached bead is monitored as the microtubule tip
grows against a microfabricated barrier. (B) Net assembly rate variability
is measured with increasing [Tub]. In experimental traces shown at right,
the microtubule growth rate variability becomes larger (i.e., “noisier”)
with increasing [Tub]. (C) Histograms of microtubule length change in-
crements at 0.1 s intervals show increased variability with increasing [Tub).
Importantly, large microtubule shortening events increase in frequency at
higher [Tub] (percentages of increments that are < —8 nm shown in red),
consistent with the TIRF measurements, but in direct contradiction to
both intuitive expectation and the 1D model prediction.
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simulations using our previously published “2D” model for microtubule assembly
[VanBuren et al., 2002]. In contrast to the 1D model, where protofilaments are
regarded as independent with a single kog pr, the 2D model explicitly accounts for the
bonds in both the lateral and longitudinal directions. Together, these bonds stabilize
a subunit. As the number of these bonds varies, the koq pr will also change. Since
the number of lateral bonds between subunits at the tip depends on the tip structure,
kos,pr averaged over time and all protofilaments yields kog vr. This value for kog v
could increase at higher [Tub], consistent with our experimental observations (Figs.
1 and 2). Therefore, we asked whether the 2D model predicts an increase in kog vt
at higher [Tub].

The 2D simulation accounts for (1) subunit arrivals at the tip of the microtubule,
and (2) subunit departures from the tip (Fig. 6.3A). For arrivals, the subunit arrival

rate at the tip of a protofilament (k7 pp) is given by

zn,PF = Kon,pr[Tub] (6.1)

~1 such

where ko, pr is the on rate constant per individual protofilament (pM~'s
that konnr = 13konpr), ki pp is the arrival rate per individual protofilament (s7,
similarly &%, \yr = 13K, pr), and [Tub] is the free tubulin subunit concentration. This
expression for tubulin subunit arrival rate to each protofilament is identical to the
1D model. However, to account for energetic differences between tubulin subunits

at the microtubule tip, in the 2D model the subunit departure rate from a given

protofilament, kog pr, depends on the equilibrium constant, where

Kon PF 0
Kog = 25 = ¢ ACow/kol (6.2)
koff,PF

Therefore, by rearrangement:
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k o kon,PF
Off,PF - e_AGO /kBT

total

(6.3)
where, kg pr is the off rate per individual protofilament (s™!), kg is Boltzmann’s con-
stant, T is absolute temperature, and AGY., , is the total free energy of the stabilizing
bonds on a specific subunit, given by

AGY = > AGT: +Y AGY (6.4)

Longitudinal Lateral

In this way, tip subunits will (by definition) have one longitudinal bond (Fig. 6.3A),
and therefore the total value for AG%’gngitudmal will be identical for all subunits at
the tip. However, the lateral bond energy (AGY,,...;) Will vary, such that subunits
with two lateral neighbors will have a two-fold more negative value for AGY, . ., than
subunits with only one lateral neighbor.

As the stochastic 2D model computer simulation proceeds (see movies accompa-
nying Gardner et al. [2011]), the tip structure naturally evolves as subunits arrive
and depart from the tip of each protofilament, and the behavior averaged over time
can be calculated for a given [Tub] (simulation parameters in Table 6.2 and Fig. 6.4).
The steady-state subunit off rate from the microtubule tip (averaged over time and
summed over all protofilaments) can then be calculated as a function of the free sub-
unit concentration. Consistent with our experimental data, we found that interactions
between neighboring protofilaments can result in a strong concentration-dependent
subunit dissociation rate from the microtubule tip (Fig. 6.3B). As a result, the 2D
model predicts that net microtubule assembly (Fig. 6.3B, blue) results from the rela-
tively small difference between a large subunit arrival rate that increases with [Tub]
(Fig. 6.3B, green), and a large subunit departure rate that also increases with in-
creasing [Tub] (Fig. 6.3B, red). Thus, the 2D model assumes that subunits at the tip

of a growing microtubule are not energetically identical, and therefore predicts that
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Figure 6.3:
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A 2D model predicts that tubulin subunit dissociation rates are depen-
dent on [Tub] (A) Microtubules grow and shorten via the addition and loss
of af-tubulin subunits. A 2D model includes the effect of both lateral
bond interactions between neighboring protofilaments and longitudinal
bonds along the protofilament. In the 2D model, subunit on rates and
off rates can be calculated, such that the on rate depends on the [Tub],
while tubulin subunit off rates depend on their stability in the polymer,
as calculated by summing all of the lateral and longitudinal bond ener-
gies for a given tubulin subunit. (B) The 2D model predicts that tubulin
dissociation rates increase at higher [Tub] (red). Thus, the net assem-
bly rate (blue) is given by the small difference between the large on rate
(green) and the large off rate (red). (C) Left: Lattice thermodynam-
ics dictate that dissociation rates at growing microtubule tips vary for
each protofilament based on the number of lateral neighbor interactions
at the protofilament tip. Here, dissociation rates are high for tubulin sub-
units with fewer lateral neighbors, while increasing the number of lateral
neighbors (and thus increasing the number of stabilizing lateral bonds)
results in reduced dissociation rates. Right: The 2D model predicts that
1-neighbor protofilament tip interactions increase in likelihood at higher
[Tub], while 2-neighbor interactions decrease with increasing free subunit
concentration.
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Fi 6.4:
1ure Constraint of ko, vr in 2D Model Simulations. By quantifying the mi-

crotubule length change increment variance as a function of time step,
kon vt is constrained in the 2D model simulation. The range of tested
values for kon vt is 39-78 nM~ts7! and values of 52 and 65 pM !t s™! are
consistent with experimental results.
the average kog vt increases at higher [Tub]. This result provides an explanation for
the discrepancy between the 1D model and our experimental observations.

Why do the subunit dissociation rates increase at higher [Tub]? The protofilament
dissociation rate constant is dependent on the number of neighboring protofilaments
available for forming stabilizing lateral bonds (Fig. 6.3C), which must on average be
shifted toward less stable configurations as the [Tub] increases. For example, tubulin
subunits with two lateral neighbors (Fig. 6.3C, left) have a low dissociation rate
constant, while subunits with one lateral neighbor have a moderate dissociation rate
constant, and tubulin subunits with no lateral neighbors have a high dissociation rate
constant due to the lack of any stabilizing lateral bonds (Fig. 6.3C, left). Thus, if the
probability of the configurations were known, the dissociation rate constant averaged

over the entire microtubule tip (Kog ) would be given by

Ko vt = fokc()(f)f),PF + flké}f),PF + f2k(()?f),PF (6.5)

102



SIUSUWIOINS'OWL UOT)
-e1Adp prepue)s diy [ejuowirodxo

sjuaure[ojord

01 SuIy-[opoul AQ poUIRIISUO)) GT surgse] 10y Ayeuod ojeI-U) @
ALEIIRET ] M 608 amyerodwoy, [
HCRER EIp)
lL00g] T TS —uuNd 17070 de1y 107 yueisuod Surrdg ey
2002] T8 10 OIS 98eyUI[ S[NYNJOIITU
(~wuNd1z0'0 -peeq 103 juejsuod  Jurrdg Uy
LIN'toy o Sut
-puadop onyea Yirm SHMNSAI [RIUSU
-edxo JIDJIND Aq pourenysuo))  [Iy()°G— 0} GH—  UOIPIRIAUL [RId)R[ JO ASIoud o1 *Wlny
SYNSOI [RJUSUL uorjezirqowrwt jo Ajeusd
-L1odxo Mou [[e 0} Sul)jy-[opout ordorjue Surjyerodioour UOIORIDY)
A4 ddDIIND 0] pourensuo) L84S 6— -ur ewpnyiSuo] jo £8rue verg MPMHIoy
9[qISI[SoU pawINSSy 1-S0 9JRI SISA[OIPA]  SiopAdy
9OURLIRA JUIWRIOUT JJDJIND
[ejuowitiodxe  AQ  pouIRIISUO)) -8 TSE G9 03 76 JURISUOD 2)RI-U() Hz"qo&
JuomIIodxr] Wil g1 03 ¢ UOTJRINTOOUOD JTUNgns 9ol [qnT)]
9OURIOJOY oneA uonpdiIoso(]  IojomreIRJ

Soni[e/\ Iojotuele] UOIJe[IiIS [9POIN (16 ¢ 9 998l

103



where f; are the mean probabilities of tubulin subunits at the tip with ¢ lateral
neighbors, and kgg’PF are the individual protofilament dissociation rate constants for
a tubulin subunit with ¢ lateral neighbors [Hill, 1986].

We then examined in what way the relative fractions of tubulin subunits with 0, 1,
or 2 lateral neighbors change with increasing [Tub] in the 2D model. We found that
the fraction of tubulin subunits at microtubule tips with 0 lateral neighbors remains
relatively constant at all concentrations (Fig. 6.3C, right, yellow). However, there is
an increase in the probability of relatively unstable 1 lateral neighbor subunits at the
microtubule tip with increasing [Tub] (Fig. 6.3C, right, blue), and a corresponding
decrease in the probability of relatively stable tubulin subunits having 2 lateral neigh-
bors (Fig. 6.3C, right, magenta). This result explains why the subunit dissociation
rate accelerates with increasing [Tub] in the 2D model. It is important to appreciate
that the off rate is enslaved to, or dependent upon, the on rate. This means that as
the on rate goes up, the tip becomes more extended (i.e., protofilament lengths are
more variable with increasing tendency toward only one lateral neighbor), which in
turn increases the off rate. Thus, the off rate is in fact dependent on the on rate, and

they rise together.

6.2.5 The 1D and 2D Models Both Predict the Linear Dependence of
Growth Rate on Tubulin Concentration But With Differing Rate

Constants

To quantitatively test both the 1D and the 2D models, we first constrained their
association rate constants based on mean microtubule growth rate as a function of
[Tub]. For the 1D model, the average association rate constant for an entire micro-
tubule tip, kon Mt (mm~1s71) and the average tip dissociation rate constant, Eoge T
(s71) have been previously estimated from experimental measurements of the net as-

sembly rate, v, (subunits/s; with ~ 1625subunits/pm of microtubule length) as a
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function of the free subunit concentration, [Tub] (M), using:

Vg = konyr[Tub] — kKo ir (6.6)

Using equation 6.6, the 1D model average association rate constant (konr) is the
slope of a linear fit to the net assembly rate vs. [Tub], while the 1D model average
dissociation rate constant (kegmr) is the y-intercept (Fig. 6.5A). Numerous in vitro
studies have confirmed the predicted linear relationship for growing GTP-tubulin
microtubules, and for GMPCPP-tubulin microtubules, which do not undergo transi-
tions to rapid shortening due to very slow hydrolysis of this GTP analogue [Dye and
Williams, 1996]. These studies, summarized in Table 6.1, have consistently yielded

~! (range 1-9 pMm~ts™!) and

average association rate constants of ko, v ~ 5uM~1ts
average dissociation rates of kog vt &~ 157! (range 0.1-44 s71).

Similar to these studies, we experimentally measured the microtubule growth ve-
locity as a function of [Tub] using both the in vitro TIRF and the nanoscale laser
tweezers assays (Fig. 6.5A).

We then calculated the 1D model association and dissociation rate constants using
the combined results from both experiments (Fig. 6.5A). From the slope and inter-
cept, the 1D model microtubule association rate constant for GMPCPP-Tubulin was
konyt = 5.1puM 571 and the dissociation rate constant was kogyr = 3.9s71. Thus,
our observed growth velocity dependence on [Tub] was within the range previously
observed and yields similar 1D model rate constants to those previously reported
(Table 1).

The 2D model also predicts a linear dependence of microtubule growth rate on
tubulin concentration (Fig. 6.5B). However, the 2D model predicts that the aver-
age dissociation rate increases approximately linearly with [Tub] due to evolving tip

structures (Fig. 6.3B). This in turn requires that the association rate constant is

substantially larger than in a 1D model in order to produce the observed net micro-
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Figure 6.5:

Lateral interactions require rapid on-off kinetics for subunits at the mi-
crotubule tip. (A) 1D-model estimates of kogyr and ko vt based on
laser-tweezers and TIRF-microscopy data. (B) Similar to the 1D model,
a 2D model predicts v, increases linearly with [Tub]. However, to produce
the correct v, it requires kon e an order of magnitude higher because of
increasing kog v at higher [Tub] as tip structures become more extended.
(C) A 2D model with rapid subunit exchange predicts experimental mi-
crotubule growth variability in the TIRF assay, as quantified by D,, (dis-
cussion of equation 6.7), while a first-order Poisson process (derived from
the 1D model) with slow exchange fails to reproduce the experimentally
observed variability in vg. Here, D, is estimated by fitting equation 6.7
to mean squared microtubule length increment ((AL?)) vs. time interval
(At). The experimental estimate and 2D model value of D,, are both
at least an order of magnitude larger than predicted for a 1D model.
(D) Similar analysis to (C) at varying [Tublyields &}, \ip = konmr[Tubl,
Ko, and v, estimates (main text, Table 6.3, and (E)). (E) Experimen-
tal k%, \r and ko e as a function of [Tub]. Similar to the 2D model
prediction (Fig. 6.3B), kogmr increases with [Tub] (red). v,y (blue) is
given by the small difference between the large on (green) and large off
(red) rates. (F) A 2D model with fast subunit exchange predicts experi-
mental microtubule growth variability in the laser-tweezer assay, while a
first-order Poisson process (derived from the 1D model of Oosawa) with
slow exchange fails to reproduce the experimentally observed growth rate
variance at higher [Tub]. The 1D model predicts the variance is smaller

than the measurement variance, and so should appear constant across all
[Tub].
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tubule growth rate (Figs. 3B and 4B). As a result, the 2D model association rate
constant must be approximately an order of magnitude higher than the association
rate constant estimated for the 1D model (kopnr ~ 52pM—'s™! with a 2D model,
see Fig. 6.4 and Table 6.2) (Fig. 6.5B). This 2D model association rate constant,
when considered on a per protofilament basis (konpr = konmr/13 = 4pM—ts™1),
is consistent with theoretical predictions for rotational-translational diffusion-limited
protein-protein association reactions [Northrup and Erickson, 1992] and is similar
to that estimated for F-actin (2 protofilament) self-assembly on a per protofilament

basis, kon filament = 11.6 nM ™t s7! or ko pp = 5.8 pM ! 571 [Pollard, 1986].

6.2.6 The Variability in Growth Rate is Significantly Underpredicted by
the 1D Model, But is Correctly Predicted By the Rapid On-Off

Kinetics Required in the 2D Model

For a stochastic process the variance in the number of events per time interval
is equal to the mean number of events. Therefore the variability in the rate of mi-
crotubule growth should reflect the underlying rates of subunit addition and loss.
As described above, since the 2D model predicts rate constants that are an order
of magnitude higher than the 1D model, it also predicts a much larger variance in
microtubule assembly rate. To quantitatively compare the predictions of the 1D and
2D models to our experimental results, we calculated the mean squared displacement
of microtubule length increments for increasing time steps, and plotted the results
for each model with the 1.5 pM TIRF experimental data (Fig. 6.5C). By plotting the
results in this manner, the length fluctuations of filament growth can be described by

a diffusion with drift equation, as given by:

(AL?) = v2A + 2D, At + 0 (6.7)
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where AL is the microtubule length change increment (in nm) over a given time
step At (in s), vy is the net growth rate (nms™'), and D, is the effective diffusion
coefficient for the microtubule polymerization, which provides a quantitative measure
of the variability in microtubule growth increments. Finally, o2 is the experimental
measurement noise.

By fitting the experimental data and both models’ predicted data to a quadratic
equation, the diffusion coefficient (D,) can be estimated, which provides a quanti-
tative measure of the microtubule growth variability. The 1D model diffusion co-

I and

efficient D, (constrained by mean growth rate data to konur = 51umts
Eog mT = 3.9 s, as in Fig. @A) is an order of magnitude lower than the experi-
mental diffusion coefficient (Fig. 6.5C). In contrast, the 2D model, constrained by
the mean growth rate experiments to a 10-fold higher association rate constant than
in the 1D model (kopmr = 52pM~'s71), predicts a diffusion coefficient D,,, that is
similar to the experimental data (Fig. 6.5C, 2D model parameters as in Table 6.2).

Thus, microtubule assembly is too variable to be consistent with the 1D model, but

is consistent with the 2D model.

6.2.7 Experiments Confirm Rapid Tubulin On-Off Kinetics Predicted by

the 2D Model

The tubulin subunit on rate (K}, ;yr = konr[Tub]) and the off rate (kog nvr) from
the microtubule tip can be directly estimated from the mean-squared displacement
versus time data (Fig. 6.5D). The diffusion coefficient, Dy, relates the microtubule
length mean squared displacement due to diffusion alone, (Al%), to the time interval,
At, via

(AlR) = 2D, At (6.8)
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Figure 6.6:

TIRF microscopy measurements show that microtubule tip structure de-
pends on free GMPCPP-tubulin concentration. (A) A 2D model predicts
that kog Mt increases at higher [Tub] because of increased incidence of
I-neighbor subunits at the tip (greater disparity in protofilament length),
which are promoted at high k7, \ip = Kon,yr[Tub]. (B) The standard devi-
ation of protofilament lengths for a given microtubule provides a measure
of the variability in protofilament lengths. The 2D model predicts that
the standard deviation of protofilament lengths will, on average, be large
in 1.5 M tubulin relative to 0.8 uM tubulin. (C) Fitting the error func-
tion to the decay in fluorescence intensity at the microtubule end yields
estimates of the mean (f;,) and the standard deviation (o)) of the er-
ror function. pu, represents the microtubule tip position (as described
above), while oy, reflects the variability in protofilament lengths at the
microtubule tip. A low oy, (left) suggests that microtubule tips are blunt,
with low variation in protofilament length. Conversely, a high oy, (right)
suggests that tips are extended, with a higher variation in protofilament
length. (D) In TIRF experiments, the tip standard deviation increases
with increasing free GMPCPP-tubulin concentration. At [Tub] = 0.8 pM,
the mean=sd of oy, is (99 =+ 22) nm (n=700), while at [Tub] = 1.5 pM it is
(140 4+ 55) nm (n=1120; p < 10~%) (similar length microtubules at both
concentrations). This experimental result shows that tips of microtubules
growing in the presence of GMPCPP at [Tub] = 0.8uM are relatively
blunt with low protofilament length variation, while at [Tub] = 1.5um
they are more extended, with a larger variation in protofilament lengths.
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and the growth rate variance due to diffusion is described by a Skellam distribution

[Oosawa, 1970; Skellam, 1946], so that
(AR = a? (konarr[Tub] + kog arr) At (6.9)

where a is the change in microtubule length contributed by a single dimer, which is

on average 0.615nm. Combining equations 6.8 and 6.9 and solving for D, we obtain,

CL2

D, =

p 5 (kon,MT [Tub] + koH,MT) (610)

In addition, by definition,
ﬁg =a (kon,MT[Tub] — koH,MT) (611)

Thus, through these two equations 6.10 and 6.11, the two unknowns, ko, nmr and
kot mT, can be calculated at a given [Tub] using the experimental estimates of D,
and vg. (Stukalin and Kolomeisky [2004] recommended this type of analysis. It is
thoroughly explained by [Mirny and Needleman, 2010], but a factor of Npp ~ 13 is
not accounted for.)

To calculate the values for ko, mr and kog mr from the experimental data, and
to confirm concentration-dependent tubulin subunit dissociation rates, we completed
the mean-squared displacement analysis as described above for a range of [Tub] in the
TIRF analysis (Fig. 6.5D). Detailed results are summarized in Table 6.3 and shown in
Fig. 6.5E. The experimentally estimated tubulin dissociation rate increases substan-
tially as the [Tub] is increased, and the relatively slow net experimental microtubule
assembly rate (blue) represents the difference between a large experimental on rate
(green) and a large off rate (red), similar to the 2D model prediction (Fig. 6.3B).

For example, at 1.5 1M, the net microtubule assembly rate (blue) represents the dif-
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ference between a large on rate, konmt[Tub] ~ 77s7! (green), and a large off rate,
kogr ~ 75 g1 (red). In addition, the dilution experimental results demonstrate
that the off rate collapses to very near the 1D model estimate when microtubule

1

tips are blunt (1D model kognmr ~ 457!, estimated experimental kog vt in dilution

experiment, ~ 8s71).

6.2.8 Growth Variability in the Laser-Tweezer Assay is Consistent with

Rapid Tubulin Subunit On-Off Kinetics

We then asked whether, consistent with the TIRF assays, the variance in the
growth rate measured using the optical tweezers assay is quantitatively larger than
expected for the 1D model. As shown in Fig. 6.5F, the 1D model, constrained by
mean growth rate data to kepymr = 5.1uM's™! and k.gur = 3.9s57 (Fig. 6.5A),
predicts a microtubule growth rate variance in the laser tweezer assay of aissembly =
1.0nm? at 0.5 pM tubulin (K}, \p = 2.557") and 03 qeupyy = 1.70m? at 1.5 pM tubu-
lin (%, yp = 7.6571). Our laser tweezers assay has a measurement variance due to
Brownian motion of the microtubule-bead complex of 02, ... = (3.5nm)* = 12nm?
(at 10 Hz) [Schek et al., 2007]. Thus, the 1D model predicts that the experimentally
observed variance, 03 ved = OAssembly T OThermal = 131m?, will be dominated by
the thermal measurement noise and so will not depend on free subunit concentra-
tion (Fig. 6.5F, orange line). Contrary to this expectation, the microtubule growth
increment distribution from the laser-tweezer assay increases with the [Tub], and is
inconsistent with the 1D model at 1.0 uM (p < 1078, Two-tailed F-test) and 1.5uMm
(p < 1078, Two-tailed F-test).

The 2D model, constrained by the mean growth rate experiments to a 10-fold
higher association rate constant than the 1D model, predicts a substantial increase in
growth rate variance with increasing [Tub]. For the 2D model at 0.1s time intervals,

the growth rate variance is predicted to increase from 15nm? at 0.5 M tubulin to
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25nm? at 1.5 1M tubulin (Fig. 6.5F, blue, 2D model parameters as in Table 6.2) which
is consistent with experimental results (1.0 pM, p = 0.47; 1.5um, p = 0.31; Two-tailed
F-Test). Thus, the experimentally measured microtubule growth variance at higher
[Tub] is inconsistent with the relatively slow kinetics predicted by the 1D model, but

is well described using a 10-fold higher tubulin association rate constant.

6.2.9 Experimentally, Microtubule Tips Are More Tapered At Higher
Tubulin Concentration, Consistent with Concentration-Dependent

Subunit Dissociation Rates

In shifting from low [Tub] (i.e., favoring 2 lateral neighbors, Fig. 6.3C) to high con-
centration (i.e., favoring 1 lateral neighbor, Fig. 6.3C), the microtubule tip structure
shifts from being relatively blunt, where protofilaments are typically the same length,
to a more tapered tip in which protofilament lengths are more variable (Fig. 6.6A).
The 2D model simulations predict that at high [Tub] (i.e., when subunits arrive
rapidly to the tip), protofilaments will tend to grow independently of their neighbors,
which results in tip subunits that are more likely to have only 1 lateral neighbor.
Specifically, the tip structures at higher [Tub| will exhibit greater disparity in protofil-
ament length (i.e., higher protofilament length standard deviation), with more single-
neighbor protofilament extensions (Fig. 6.6B, blue). In contrast, at low [Tub], the
relatively higher off rate will favor blunt ends (i.e., lower protofilament length standard
deviation), where two lateral neighbors predominate (Fig. 6.6B, red). These predic-
tions are consistent with cryoelectron microscopy images of microtubules formed from
GTP-tubulin, where the mean microtubule tip taper lengths increase with increasing
[Tub] in the presence of GTP [Chrétien et al., 1995].

To test this prediction for GMPCPP microtubules, we estimated tip structures
using TIRF microscopy by fitting the error function to the green Alexa-488 fluo-

rescence intensity at microtubule ends, which yields both the mean protofilament
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length (p,) (Fig. 6.1B) and the standard deviation of protofilament lengths (o)
(Fig. 6.6C) [Demtchouk et al., 2011]. Specifically, we expect that tips with small
standard deviations have relatively “blunt” tips (Fig. 6.6C, left), while tips with
larger standard deviations have more tapered tips (Fig. 6.6C, right). Using this ap-
proach, we quantified the distribution of tip standard deviations (opr) for similar
lengths of Alexa-488 microtubules grown at 0.8 M and 1.5pM GMPCPP-Tubulin
(Fig. 6.6D). We found that the distribution of microtubule tip standard deviations
at a concentration of 0.8 uM GMPCPP-Tubulin is (99 + 22) nm (mean+sd; n=700),
while the mean microtubule tip standard deviation at 1.5 M GMPCPP-Tubulin is
(140 & 55) nm (mean+sd; n=1120) (Fig. 6.6D). This difference in tip standard de-
viations (p < 107%9) suggests that microtubule tips are relatively blunt (with low
protofilament length variation) in 0.8 pM GMPCPP-Tubulin, while at 1.5 pM they
are more extended, with a larger variation in protofilament lengths. These results
are consistent with the prediction that a decrease in the mean number of subunit
lateral neighbors at the microtubule tip causes the mean subunit dissociation rate to

accelerate with increasing [Tub].

6.2.10 GTP-Tubulin Growth Variability is Consistent with Rapid Tubu-

lin Subunit On-Off Kinetics

To test whether the conclusions from our GMPCPP tubulin experiments would be
consistent with GTP-tubulin experiments at nearer to physiological concentrations,
we performed TIRF experiments with GTP-tubulin at 7, 9, and 12 pM, and also as-
sessed the variability of dynamic GTP-tubulin microtubules with the laser-tweezer
assay (results of Schek et al. [2007]. As is the case with GMPCPP-tubulin, the 2D
model predicts that both kg, \ip and kog vt will increase at higher [Tub] (Fig. 6.7A).
According to the 2D simulations, the increment variance will then increase propor-

tionate to the tubulin concentration. Therefore, in our previous study with ~ 5um
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GTP-tubulin in an in vitro laser tweezers microtubule assembly assay [Schek et al.,
2007] we should have observed a variance of ~3-fold larger than in our present 1.5 pMm
GMPCPP-tubulin experiments (% ~ 3). As shown in Fig. 6.7B, the variance
is ~23-fold higher at ~3-fold higher [Tub] (5pm GTP-tubulin vs. 1.5uMm GMPCPP
tubulin both sampled at 0.5 intervals).

In TIRF experiments with GTP-tubulin at 7, 9, and 12 1M, we observed an in-
crease in microtubule growth variability and in negative growth excursions in going
from 7pM tubulin to 12pM tubulin (Fig. 6.7C), similar to the GMPCPP tubulin
data. As described above, we then fit the mean-squared-displacement data to the
diffusion-drift model for each concentration (Fig. 6.7D). Using this method, the tubu-
lin subunit on rate (k7 \yr) and the off rate (kogvt) from the microtubule tip can be
directly estimated from the data (Fig. 6.7E, Table 2). Consistent with the GMPCPP
tubulin experiments, the experimentally estimated tubulin dissociation rate increases
substantially as the GTP-tubulin concentration is increased, and the net experimen-
tal microtubule assembly rate (blue) represents the small difference between a large
experimental on rate (green) and a large off rate (red), similar to the 2D model pre-
diction (Compare Fig. 6.7A and Fig. 6.7E). In these experiments, the measured range

of [Tub] is consistent with in vivo tubulin concentration estimates (supplemental data

accompanying Gardner et al. [2011]).

6.2.11 In Vivo Microtubule Growth Variability is Consistent with Rapid

Tubulin Subunit On-Off Kinetics

To assess how our in vitro data compare with microtubule growth in wvivo we
measured microtubule growth at 0.5s intervals near to the periphery of live LLC-
PKla cells, as previously described [Bicek et al., 2009] (Fig. 6.8A). To assess the
measurement error, we also measured the length of microtubules in fixed LLC-PK1«

cells at 0.5s intervals (tubulin concentration estimate 5-15 uM, supplemental data

115



A 2D Model

1200

On Rate (k

B Laser-Tweezer Experiment

“anm7) — 500

Off Rate (k) )] T
), / E o
900 =
o / 2 300
2 600 / 3
£ § 00
=300 o 100
o(# & o
0 5 10 15 20 0.5uM 1.0 uMm 1.5pM 5 pM GTP-
. GMPCPP GMPCPP  GMPCPP  Tubulin
C [GTP-tubulin] (uM))
TIRF Experiment D TIRF Experiment E TIRF Experiment
7 UM GTP-Tubulin 12 pM GTP-Tubulin  5pox10® 12 uM GTP-tubulin Experimental Off Rate
1200 1200 400 9 pM GTP-tubulin 900 - Experimental On Rate
— 7 UM GTP-tubulin Net Growth Rate —1
E 800 E 800 £ 300 y e
E = £ T
= = N o200 @
B 400 & 400 t %
3 g 37 100 Z
0 0 0
0 . 100 0 50 100 T I I T T T 1
Time (s) Time (s) 0 10 20 30 40 50 €0
At (s) [GTP- tubulin] (uM)
Figure 6.7:

Higher [Tub] result in increased growth variability in vitro. (A) A 2D
model predicts that subunit association rates and subunit dissociation
rates will continue to increase for GTP-tubulin at higher [Tub]. (B) Be-
cause of rising association and dissociation rates at higher [Tub], the
microtubule growth rate variability continues to increase for higher [Tub]
(5nM GTP-tubulin data from Schek et al. [2007], downsampled to 0.5 s
intervals) (C) TIRF experiments with GTP-tubulin qualitatively show in-
creasing growth variability at 12 pM tubulin as compared to 7 pM tubulin.
(D) The polymerization diffusion coefficient (D,) and the microtubule
growth velocity (vg) for three different concentrations of GTP-tubulin are
estimated by fitting a quadratic curve to a plot of mean squared displace-
ment (in microtubule length increments) vs. time step (At) as given by
Eqn. 6.7. By analyzing the mean-squared displacement vs. time-step data
at different [Tub], the subunit on rates, off rates, and net rates can be
estimated in each case, as described in the text and summarized in Table
2 and (E). (E) Experimental subunit on rates and off rates are plotted as
a function of GMPCPP-tubulin and GTP-tubulin concentration. Similar
to the 2D model prediction (Fig. 6.7A), the subunit off rate rises with
increasing [Tub] (red). The net assembly rate (blue) is given by the small
difference between the large on rate (green) and the large off rate (red).
Please see Fig. 6.8 for confirmation in vivo.

116



A B C

In vivo Experiment In vivo Experiment In vivo Experiment

=
o
'

2 -2 2 ~ 2
1500 - —e—Fixed Cell et = O°tneO%rned ™ 1600 M

-m-Live Cell
1000 -

0.25

Live Cell

ﬂateﬂw stg ] Fixed Cell

— -L i

Rate=600 s 005 4 .. l I II
Ty 8 I]l "N e

0 5 10 -100 -80 -60 -40 -20 0 20 40 60 B0 100 120 140
Time (s) 0.5 sec Increment length

o
= 2
woa

500

Length (nm)
Frequency

— Live Fixed
Cell Cell

Figure 6.8: o | | |
[Tub] and growth variability in vivo. This figure is further to Fig. 6.7.

(A) Microtubule growth rates are measured near the cell periphery in
both live and fixed LLC-PK1a cells to measure the variance in growth
rate at 0.5 s intervals (green: GFP-tubulin). (B) Microtubule length as
a function of time for live and fixed microtubules. Growing microtubules
frequently shift the net rate dramatically on a time scale of seconds. In
this example, the net rate shifts from 600s~! to 110s~! in a period of a
few seconds. (C) In wvivo microtubule growth rate variance is nearly 5-
fold higher than GTP-tubulin in vitro data at 5uM. In vivo growth rate
variances are calculated by subtracting the fixed-cell measurement error
variance from the live-cell data. Thus, the kinetic constants in vivo are
at least as large as those estimated in vitro for GTP-tubulin at similar
concentrations.

accompanying Gardner et al. [2011]). As shown in Fig. 6.8B, there is high variability

in live-cell microtubule growth rates, consistent with previous reports [Shelden and

Wadsworth, 1993]. With our high-resolution tracking accuracy (~36 nm) [Demtchouk

et al., 2011], we can now readily detect nanoscale changes in microtubule length,
including periods where the growth rate abruptly shifts (Fig. 6.8B). That the net

rate is commonly ~600s!

, at least transiently, strongly suggests that the in vivo
on-off dynamics are on the scale of 1 kHz. The in vivo variance in growth rate
at 0.5s intervals is ~1600nm? (after subtracting the fixed microtubule variance),
which is nearly 5-fold larger than the in vitro growth rate variance for GTP-tubulin

microtubules at ~5pM tubulin (downsampled to 0.5s intervals). Thus, the kinetic

rate constants in vivo are at least as large as we estimate for in vitro assembly.
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6.3 Discussion

Using nanometer-resolution measurements, we confirm that microtubule assembly
is highly variable and find this is due to the coordinate increase of both the on and off
rates of tubulin with increasing [Tub]. By using GMPCPP-tubulin we demonstrated
that the observed nanoscale variability is not the consequence of GTP hydrolysis-
associated effects. The increasing off rate at higher concentrations is incompatible
with a fundamental assumption of the classic 1D self-assembly model of Oosawa
[1970], and requires a large revision of the rates of addition-loss during overall net
microtubule growth (Fig. 6.9). Our analysis implies that the rates of tubulin addition-
loss have been consistently underestimated in the literature by at least an order of
magnitude. The analysis leads us to conclude that the on and off rates are nearly equal
at experimental and physiologic [Tub], so that net microtubule assembly results from
a modest difference between two large rates. This in turn implies that, in principle, a
cell can significantly alter net microtubule assembly via relatively weak modification
of the off rate, which was previously viewed as too small (relative to the on rate) to
serve as a significant point of control over microtubule assembly.

To explain our results, we find that a 2D model that accounts for both longitudi-
nal and lateral bonds in the microtubule naturally gives rise to an increasing off rate
at higher [Tub]. The origin of this effect in the 2D model is the increasing tendency
toward more tapered tips at higher [Tub], which we confirmed experimentally via
TIRF microscopy (Fig. 6.6). We also found that the variability of microtubule as-
sembly with GTP tubulin in vitro and in vivo is largely accounted for by the revised
kinetic rates, which under typical conditions occur at kHz frequency. In summary,
we found, using integrated experiments and computational modeling, that the kinet-
ics of microtubule assembly are far more rapid than previously thought. In light of
our findings, it will now be of interest to re-examine how microtubule assembly is

regulated by MAPs and therapeutic drugs, such as the anticancer drug paclitaxel.
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Figure 6.9:

The Kinetics of Microtubule Assembly
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Revised view of microtubule assembly kinetics. By accounting for a non-
homogeneous tip structure in a 2D model of microtubule assembly, we
find that (1) the association rate constant for tubulin subunits during
microtubule assembly is an order of magnitude higher than previously
thought, (2) the tubulin subunit dissociation rate is not constant, as pre-
viously assumed, but rather increases at higher [Tub], and (3) micro-
tubule assembly is driven by rapid on and off events of individual tubulin
subunits, the rates of which increases with the increasingly tapered tip
structures observed at higher [Tub]. Under typical assembly conditions,
~10pM GTP-tubulin, the combined kinetic rates are estimated to occur
at nearly 1000 per second. At all [Tub] the association and dissociation
rates are nearly equal to each other.
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6.3.1 Relationship to previous studies

Previous studies have noted surprisingly high variability of microtubule assembly
using relatively low resolution transmitted light microscopy imaging (/~100-150 nm
resolution at ~0.2-1 Hz) [Dye and Williams, 1996; Gildersleeve et al., 1992; Odde
et al., 1996; Pedigo and Williams, 2002]. From the study of Dye and Williams [1996],
it appeared that GTP hydrolysis was not responsible for the high variability, since
their studies were conducted using GMPCPP-tubulin. However, the relatively low
spatial and temporal resolution imaging techniques in this study limited the strength
of the conclusions that could be drawn. In agreement with our findings, Dye and
Williams proposed that the variability was likely due to structural configurations at
the microtubule tip, but they did not identify the rapid kinetics and variable off rates
from these lower resolution results. Recent advances in optical tweezers and digital
fluorescence imaging have enabled measurement of microtubule assembly dynamics
with nanoscale resolution at 1-10 Hz temporal resolution [Demtchouk et al., 2011;
Kerssemakers et al., 2006; Schek et al., 2007]. Our previous study using laser tweezers
to measure microtubule assembly from GTP-tubulin with 3.5 nm spatial resolution
and 10 Hz temporal resolution revealed surprisingly large fluctuations in assembly
at the nanoscale. The fluctuations presented themselves as substantial shortening
episodes during periods of overall net growth, corresponding in many cases to multiple
layers of tubulin dimers. However, these nanoscale-resolution studies examined GTP-
tubulin assembly, leaving open the possibility for variability due to GTP hydrolysis
[Howard and Hyman, 2009]. The present study now removes potential ambiguities
due to either low resolution or GTP hydrolysis by reporting the first measurements of
microtubule assembly in a single nucleotide state (GMPCPP) with nanoscale spatial

resolution.
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6.3.2 Possible alternative explanations for high variability in microtubule

assembly

While the use of GMPCPP-tubulin, rather than GTP-tubulin, argues against
hydrolysis-mediated fluctuations, the surprisingly large variability in assembly could
potentially be explained without invoking rapid assembly kinetics.

We considered whether the mixed isotypes of tubulin, which was purified from
bovine and porcine brain, might contribute to variability in growth owing to a dis-
tribution of thermodynamic parameters for different tubulin isoforms or tubulin with
different post-translational modifications. However, in this case we would expect the
variability to remain approximately constant with increasing tubulin concentration,
since the concentrations of all isotypes would increase in constant proportion to the
total tubulin concentration. However, we observed by both TIRF microscopy and
by the laser tweezers assay that the variance increased with [Tub], arguing against
a significant role of tubulin isotype heterogeneity. We note also that a recent study
of variability in assembly found no significant differences between brain-derived (-
tubulin isoforms [Rezania et al., 2008]. Similar arguments apply to trace contamina-
tions from GTP and/or GDP in the S-tubulin subunit, rather than GMPCPP in the
[-tubulin, as the relative proportions should remain constant with increasing [Tub].
In addition, our results with GTP-tubulin yield the same on-rate constant as obtained
for GMPCPP-tubulin, and together show an increase in on-rate and off-rate across a
100-fold range of [Tub]. Finally, it has been shown that the fraction of GDP-tubulin
necessary to appreciably alter microtubule assembly is ~40% [Vandecandelaere et al.,
1995].

In addition, while it is formally possible that defects incorporated into the lattice
could contribute to the observed microtubule growth variability, it is not clear why
there should be an increased fraction of defects between 0.8 and 1.5 umM GMPCPP-

tubulin, as the growth rate is only marginally more rapid at 1.5puM as compared
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to 0.8 pM (3.4nms~! and 2.4nms~!, respectively). We also note that defects are
relatively rare, with estimates ranging from ~1 per pm [Davis et al., 2002] to 1 per
4pum [Chrétien et al., 1992]. Therefore, defects are expected to be too rare (< 1 per
1600 subunits) to be the dominant source of variability.

It could be argued that thermal fluctuations of the leading protofilaments could
drive the observed length fluctuations, but the expected deformations based on the
mechanical stiffness of protofilaments would be too small to give rise to the observed
variance, as described previously [Elie-Caille et al., 2007; Kerssemakers et al., 2006;
Schek et al., 2007]. The consistency of the laser tweezers and TIRF experiments also

argues against this possibility.

6.3.3 The 2D model for microtubule assembly

While it is possible to construct complex alternative explanations for variability
in assembly, the 2D model [VanBuren et al., 2002] provides a physically direct and
simple explanation. It also predicts that tips will be more tapered at higher [Tub],
which we confirmed experimentally for GMPCPP-tubulin, and has previously been
observed for GTP-tubulin in cryo-electron microscopy studies [Chrétien et al., 1995].

The 2D model provides a link between the structural observation of increasing
taper at higher [Tub] and the increasing off rate. The off rate increases at high
[Tub] because the protofilaments grow more autonomously from each other due to
the greater frequency of addition events, which do not depend on the neighbor’s state.
The resulting variability in protofilament length increases the frequency of subunits
with 1-neighbor (i.e., tapered) relative to subunits with 2-neighbors (i.e., blunt) at
the tips of each protofilament. Thus, while the 1D model is appealing in its simplicity,
it is inadequate to explain the variability in microtubule assembly. By contrast, the
2D model explains both the mean and the variance in microtubule assembly, as well

as the longer microtubule tip taper at higher [Tub].
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One might wonder whether the transient binding events that we detected are
perhaps not productive in the sense that they may not contribute to GTP hydrolysis.
However, because of the stochastic nature of thermal forces, it is not possible to
predict how long a given subunit will remain in a microtubule after it has added
at the tip. Given our current lack of understanding of the hydrolysis reaction, it
is possible that every addition event could potentially stimulate hydrolysis of GTP-
tubulin. Therefore, in order to understand the hydrolysis reaction it is important
to first establish a firm understanding of the subunit addition-loss kinetics. Our
findings strongly support the use of a 2D assembly model for further investigation of

microtubule dynamics, including the hydrolysis reaction.

6.3.4 Implications for the Regulation of Microtubule Dynamics by MAPs

and Drugs

The finding that tubulin association and dissociation rates are substantially higher
than has been previously recognized significantly changes the conceptualization of
microtubule growth. For example, under typical GTP-tubulin concentrations of 10 pMm
in vitro, we estimate an on rate kg, \yp = 520 s~! and an off rate kog yr = 480571, for a
net rate of 40s™! (1.5 pmmin~) (Fig. 6.7E). Thus, the total number of events is about
1000s~!. These estimates stand in marked contrast to previous kinetic rate constant
estimates, which would yield an order of magnitude lower on rate of k%, i = 505" at
10 pM GTP-tubulin and a fixed off rate of kg = 10 s~1. In addition, our analysis
and experiments imply that the on rates and off rates are nearly equal at all [Tub],
and the net microtubule growth rate is a small difference between similarly large
association and dissociation rates.

The near equality of on and off rates implies that infrequent and/or weak sup-
pression of the off rate should lead to dramatic shifts in net assembly for single

microtubules in vivo. Using our nanoscale resolution image analysis, which has single
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time-point accuracy of 36 nm in LLC-PKla cells [Demtchouk et al., 2011], we can
now see that such shifts are in fact the norm in living epithelial cells. As shown in
Fig. 6.8A, a growing microtubule shifts from a net rate of 600s™! to 110s™! in a mat-
ter of a few seconds. This sequence clearly shows a “hypersensitivity” of assembly,
where the net growth state fluctuates wildly, perhaps due to weak and infrequent
interactions with MAPs.

The near equality of on and off rates also implies that a slight tipping of the
balance by a single MAP at the microtubule tip might significantly affect catastrophe
and rescue in vivo. For example, weak suppression of the off rate by a stabilizing MAP
would lead to a rapid and significant increase in the microtubule GTP-cap size, and
a corresponding substantial decrease in catastrophe frequency. Furthermore, a much
larger off rate allows a substantial range of growth regulation to be exerted purely
through suppression of tubulin loss from the microtubule tip. This has important
implications for explaining how a MAP such as XMAP215/chTOG, which is over-
expressed in colon and hepatic tumors, promotes assembly. Growth rates in vivo and
with this MAP in vitro are commonly 2-10 fold higher than with pure tubulin at
~ 10puM GTP-tubulin [Cassimeris et al., 1988; Charrasse et al., 1998; Pryer et al.,
1992; Rusan et al., 2001; Shelden and Wadsworth, 1993; Vasquez et al., 1994]. In the
context of the 1D model, a 10-fold increase in growth rate can only be achieved by
increasing the on rate because, for example, suppressing tubulin dissociation entirely
(i.e., decreasing the off rate from 10s™! to 0s™!) would only achieve a 25 % increase
in net assembly rate. However, in the 2D model, a ten-fold increase in net growth
rate by a MAP can be achieved simply by suppressing the off rate by a factor of two.
Such a mechanism of growth enhancement is similar to that proposed by VanBuren
et al. [2002] and Brouhard et al. [2008] to account for the 5-fold acceleration of growth
rate by XMAP215.

Other possible examples include the neuronal MAPs, tau and MAP2, which pro-
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mote microtubule assembly in wvitro at sub-stoichiometric concentrations [Drechsel
et al., 1992; Pryer et al., 1992]. This could then be important in maintaining the
neuronal phenotype without requiring high MAP expression levels.

Conversely, a weakly destabilizing MAP would be expected to tip the balance
strongly toward catastrophe. The best understood catastrophe-promoting MAP,
MCAK, seems to at least partly fulfill this description. The catalytic effect of MCAK
is to increase the tubulin off-rate by 100-fold [Hunter et al., 2003], which corresponds
to a modest free energy increase of AG? = In 100 = 4.6kgT. Interestingly, this energy
turns out to be nearly equal in magnitude to our estimate of the lateral bond energy
in the 2D model (—4.5kgT to —5.0kgT’; Table 6.2). In addition, MCAK’s catalytic
effect on the off-rate is only weakly cooperative, so that even a single molecule is able
to affect the off-rate (Hunter et al., 2003). The in vivo expression level of MCAK is
crucial to maintenance of proper ploidy, which is important to avoid progression into
a cancerous phenotype [Bakhoum et al., 2009a,b].

One example of high sensitivity to limited numbers of MAPs in wvivo is the
length-dependent disassembly of budding yeast kinetochore microtubules mediated
by kinesin-5 motors, Cin8p and Kiplp, which establishes the congressed state char-
acteristic of metaphase mitotic spindles [Gardner et al., 2008b]. In the metaphase
budding yeast spindle, there are an estimated 40 microtubules and 50 kinesin-5 mo-
tors bound to the spindle [Gardner et al., 2008b; Winey et al., 1995]. This ~1:1
microtubule:motor stoichiometry implies that even a single kinesin-5 motor at the
plus end has a significant impact on the microtubule assembly state. From modeling
studies, it was estimated that the presence of a single motor at the plus end was suffi-
cient to promote catastrophe ~10-fold [Gardner et al., 2008b]. Given that metaphase
yeast kinetochore microtubules contain on average about 600 tubulin dimers, the ef-
fect of the motor can be regarded as even more potent, with about one motor per

~600 tubulin dimers.
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Slight tipping of the balance between addition and loss may play a role in rescue
as well. For a rapidly disassembling microtubule in wvitro, the net shortening rate
is ~—30 pmmin~! (=500nms~1), or —800s™!' [Walker et al., 1988]. In this case, we
estimate that at 10 pM GTP-tubulin the on rate is ~ 600s™!, so the off rate is 1400571,
or about a 2-fold difference. This stands in marked contrast to the 1D model, which
views the same —800s™! net disassembly rate as being due to an on rate of nearly
zero and an off rate of 800s~!. The 1D model explanation is problematic, as it implies
that the on rate, which is presumably driven by translational and rotational diffusion
of subunits [Northrup and Erickson, 1992], suddenly goes to zero once catastrophe
has begun. With the 2D model, it now becomes relatively easy to understand how
rescue can occur in the absence of MAPs or drugs (because the on rate is not near
zero in the 2D model), and furthermore how these agents can in turn alter the rescue
rate under substoichiometric conditions.

Hypersensitivity of assembly can also potentially facilitate rapid cell-wide micro-
tubule array reorganization. A prime example of a dramatic microtubule reorgani-
zation process is Drosophila embryo mitosis, where a mitotic spindle forms, segre-
gates a genome, and subsequently disassembles in a matter of minutes [Stiffler et al.,
1999]. Such dramatic transitions in vivo occur under conditions of fixed total tubulin
concentration, which serves to buffer perturbations to net assembly [Mitchison and
Kirschner, 1987]. For example, if an assembly-promoting MAP is upregulated, then
the initial response will be potent. However, as net assembly is promoted, the free
concentration will drop, which will mitigate the assembly-promoting activity. Thus,
constant total tubulin concentration will act to buffer and mitigate perturbations
to microtubule dynamics, and confer a degree of robustness and homeostasis on the
microtubule cytoskeleton. To overcome the built-in cell-level buffering effect and per-
form highly dynamic operations such as mitosis, the microtubule array needs to be

hypersensitive.
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To summarize, it will be important to revisit current models for microtubule reg-
ulation in vivo via MAPs and therapeutic drugs in light of our findings. In particular,
because both on and off rates are rapid and nearly equal, MAPs that promote net
microtubule assembly could work through a modest suppression of tubulin subunit
off-rates [Brouhard et al., 2008; Murphy et al., 1977; Pryer et al., 1992; VanBuren

et al., 2002, 2005].

6.3.5 Implications for Other Multi-stranded Filaments

More generally, our results identify a fundamental theoretical limitation to the
1D model of Oosawa, which has been used for nearly 40 years to interpret kinetic
self-assembly data of microtubules, F-actin, viruses, and amyloid aggregates [Cannon
et al., 2004; Collins et al., 2004]. It will be important to revisit earlier 1D model-based
studies to confirm that the assumption of constant subunit dissociation rate holds for
self-assembled polymers containing both longitudinal and lateral interactions, since
presently established kinetic estimates for these biological assemblies may need to be

revised as we have found with microtubules.

6.4 Methods

6.4.1 Tweezers experiments

A microtubule linked to a 0.57-pm diameter silica bead was trapped by optical
tweezers and oriented toward a microfabricated barrier. A weak force clamp was ap-
plied (~0.2 pN) to abut the microtubule against the barrier. Schek et al. [2007] (their
Fig. 6B) showed that the applied force of 0.2 pN has only a modest effect on the net
growth rate. Experiments were conducted at 34 °C. In the laser-tweezer experiments,
we detect microtubule length changes without large variability at 0.5 nMm GMPCPP

tubulin, and then observe increasing growth variability with increasing GMPCPP
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tubulin concentration. Therefore, the laser-tweezer data is internally controlled by

using a range of GMPCPP-tubulin concentrations.

6.4.2 TIRF microscopy experiments

Assembly of GMPCPP-Tubulin labeled with Alexa-488 (55% labeled, Invitro-
gen Corp.) onto Rhodamine-labeled GMPCPP-Tubulin seeds was imaged by TIRF
microscopy as described [Gell et al., 2010]. Images were collected with an Andor
iXon camera on a Zeiss Axiovert 200 M microscope using a Zeiss100X/1.45 NA Plan
FLUAR objective. A 2.5X Optovar was used to provide additional magnification and
to limit pixel size to 64 nm. An objective heater was used to warm the flow channel
to 35°C for GMPCPP experiments. Although the time-lapse interval for collecting
images was 700 ms, all of the images were collected at 100 ms exposure times, regard-
less of concentration. GTP experiments were performed at 1mM GTP at 30°C. At
higher tubulin concentrations where the growth rate becomes rapid, we found that
the drift term is dominant even over short times, and the diffusive term is difficult to
accurately estimate within the experimental TIRF data temporal resolution.

Fixation experiments were performed by flowing in a mixture of BRB80 with
0.05% Glutaraldehyde once microtubule extensions achieved the appropriate length.
Similar tip structure distributions were used for each concentration to accurately

compare fixed and live microtubule growth increments.

6.4.3 Simulations

Simulations were performed as described Schek et al. [2007]; VanBuren et al. [2002]
with a hydrolysis rate of zero. For the rare cases where a lagging protofilament had
two longer neighboring protofilaments, we also included an on-rate penalty to account
for steric hindrance. Here, the on rate constant was described as ko, pr/0, where ¢ is

the on-rate penalty.
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CHAPTER VII

Summary and recommended future directions

7.1 Summary

The present work demonstrates a new assay for probing the mechanics of a mitotic
spindle pole and provides, to our knowledge, the first measurements of the mechanics
of isolated spindle poles. We find that microtubules undergo bidirectional motor-
driven movement and are attached to the pole by cross links (which may be motors)
that have a compliance suited to spindle-pole attachment. We also find that the
kinesin-5 Egb decreases pole compliance.

The present work also provides evidence that the exchange of a-tubulin subunits
at the tips of microtubules is an order of magnitude faster than has generally been
believed, with the net growth rate resulting from high on and off rates that are
roughly equal. Models of subunit exchange must, unlike the 1D Oosawa model, take
into account differences in lateral interactions between subunits at the tip in order to

provide an adequate description of microtubule polymerization.

129



7.2 Recommended future directions

7.2.1 Mechanics of the mitotic spindle

The data on the mechanics of asters suggest new avenues of investigation. Several
established biochemical depletions [Chakravarty et al., 2004] were not attempted in
this study. For comparison across species, a study of asters formed in Xenopus ex-
tracts [Ohba et al., 1999] may yield important new data, though such extracts may
not be appropriate for optical trapping due to excessive debris (Henry Schek, personal
communication). A study of the mechanics of centrosomes might yield new insight
into their mitotic functions. For instance, they might be found to be far stiffer than
HeLa mitotic asters, suggesting that they act as the firm anchors of the spindle while
compliant acentrosomal connections provide malleability. Effects of centrosome mu-
tations and changes in centrosome mechanics over the course of their maturation in
the cell cycle might also be of interest. Finally, a study of asters formed from simple
sets of purified components [Hentrich and Surrey, 2010; Surrey et al., 2001] would
allow a more quantitative reductionist approach in which mechanics could be related
to the concentrations of components present. (For mitotic extract studies, complete
depletion of a component and partial restoration of its concentration by exogenous

addition might also be of interest.)

7.2.1.1 Technical considerations

To obtain stiffness and drag coefficient for any aster (as opposed to only those
with fortuitous breakage events), it should be possible cause an exponential jump in
position by abruptly changing the applied force. This would complement or replace
the thermal noise approach.

An alternative protocol in which beads are attached to asters by mixing before

addition to the experimental chamber should be considered. The advantage of such an
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approach would be ease of assay execution and, therefore, increased data collection.
The disadvantage would be inferior estimation of the equilibrium bead position in the

trap and, therefore, of applied force.

7.2.2 Microtubule polymerization dynamics

The effect of buffer conditions, an isoform change, or the presence of a MAP or
drug on kon mr and Kog nvir, obtained from D, and 9, may yield information about its
mechanism of action. (Also of interest would be its effect on surface roughness, related
to its effect on AGLagera.) Considering that some differences between tubulin isoform
sequences tend to be located in regions of lateral contact, it would be interesting to
predict by analysis of sequence and structure, and also by computation [Mitra and
Sept, 2008; Sept et al., 2003], which isoforms would have the strongest and weakest
lateral interactions, and to assess experimentally whether these isoforms differ in their
polymerization dynamics and their tip structure. The MAP doublecortin appears to
have little effect on the mean or variance of 9y, which suggests it may not affect
konyr and kogyvr [Moores et al., 2006]. In contrast, in one study, tau appears to
have increased both the mean and the variance of 9y, which would seem to suggest
an increase in both koynvr and ko mr Drechsel et al. [1992], though increasing the
(presumably nearly diffusion limited) kon vt seems unlikely. In neither of these studies
were the authors focusing on analysis of the variance of 7, and precise estimation
of Konmr and Kog vt requires Dy, and 9, from root-mean-squared length increment
analysis. Studies on the effects of microtubule-targeted drugs Jordan and Wilson
[2004] may find that their mechanism of action includes, for instance, suppression of
konmr and kog vr, which would suggest the importance to mitosis of rapid subunit
exchange.

A natural extension of Chapter VI is to observe the evolution of tip structure

over time by TIRF microscopy and attempt to correlate events in this evolution

131



with catastrophe. This has been done by cryoelectron microscopy [Chrétien et al.,
1995] in a population-based approach that does not allow observation of a change
in the structure of one tip that is followed by catastrophe. Catastrophe kinetics are
consistent with a multistep process [Odde et al., 1995], so it would be reasonable to
hypothesize that one of these steps involves evolution of tip structure. For instance,
that blunting may be correlated with catastrophe, as suggested by Arnal et al. [2000],
was contradicted by the simulations of VanBuren et al. [2005] and is inconsistent with
the experiments of Hoog et al. [2011]. Considering Fig. 4.9A and C (p. 4.9), it may
be difficult to predict whether an initially blunt or tapered tip would be more stable
as the tip structure develops over time. For the tapered tip (C), a large fraction of
the GTP subunits have one lateral neighbor and, therefore, a high dissociation rate;
on the other hand a large fraction of vacancies have a neighbor so that new subunit
additions would be relatively stable, in contrast to the many futile additions to a blunt
tip. The VanBuren et al. [2005] simulations indicate the blunt tip should be more
stable (the authors suggested that the tips Arnal et al. identified as growing were
actually rapidly shortening). Supporting this lack of correlation, the tips observed
by Ho0g et al. [2011] were relatively blunt, but it is difficult to interpret these results
because they were obtained in cells in which MAPs may be assumed to have had a
pronounced effect. In the event that, in agreement with Arnal et al. [2000], blunting
is correlated with catastrophe, it may be interesting to consider that the tips observed
by Hoog et al. [2011] were also curved. That curvature might reduce hydrolysis rate
has been given some consideration [Howard, 2001}, with indirect evidence obtained
by Wang et al. [2007], and this might resolve the disagreement: blunting would be
correlated with catastrophe because the subunits in a blunt tip cannot fully close the
tip and simultaneously have outward curvature, whereas a tapered tip would contain
subunits partially protected from hydrolysis due to their curvature. However, this is

highly speculative.
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Direct measurement of subunit exchange would be possible with an assay* similar
to that of Needleman et al. [2010] combined with more conventional TIRF microscopy
microtubule polymerization assays Gell et al. [2010], in which the fraction of subunits
labeled is low enough to resolve individual association and dissociation events. Asso-
ciation and immediate dissociation of zero-neighbor subunits would probably not be
observable, but a portion of the distribution of subunit lifetimes could be obtained,
particularly for low [Tub] in the presence of GMPCPP. It might be useful to repeat
observations at varying illumination intensity to assess the effects of photobleaching.
An advantage of this assay is that it would provide one of the most direct possi-
ble observations of fast subunit exchange, independently verifying the conclusions
of Chapter VI. The Oosawa 1D model would predict loss of signal due primarily to
photobleaching, whereas the 2D model would predict a broad distribution of subunit
lifetimes. This assay would also allow further validation of VanBuren-type simu-
lations. Mirny and Needleman [2010] provide a biased-random-walk framework for
subunit lifetime (here, the time for the random walker to return to the origin) that
predicts mean lifetime given by 4D,/ f)g. In a related assay with a much higher la-
beling ratio, it might be possible to assess fluctuations in exchange rate based on
fluorescence intensity.

A review of the literature will reveal studies in which conclusions are based on
tubulin subunit exchange rates obtained using the Oosawa model. These conclusions
may need to be revised. For instance, Caplow and Shanks [1996] base one of their
arguments on the assumption the number of subunits added to the tip in an incubation
should not be sufficiently variable to explain variability in cap lifetime, but a rough

calculation suggests this argument may, based on the present work, not be valid.

*The possibility of this assay was described to me by Edgar Meyhofer.
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7.2.2.1 Technical considerations

A large fraction of the computational expense in VanBuren-type simulations is
presumably due to futile zero-neighbor addition-loss events that shorten the variable-
length timestep. It may be useful to reduce computational expense by replacing zero-
neighbor additions with pair additions, the statistics of which would be determined
by theory or by simulation. However, implementation, if valid, would be complicated
and would make the model less elegant.

It may be advantageous to fabricate barriers entirely out of glass, making fine
features by femtosecond-laser machining. The arbitrary geometry made possible by
laser machining would allow a design in which a much shorter microtubule could be
used, allowing the application of higher forces and, for experiments at lower forces,
increasing success rate because a larger fraction of microtubule-linked beads found
would be useable. In the case experiments in the presence of microtubule stabilizers,
this would also increase the quantitity of data collected because one could start with
the shortest possible microtubule and allow it to grow as long as practically possible.
These all-glass barriers might also have longer shelf life and be reusable, whereas
LOR3B/SU8 barriers seem to become sticky after 1.5 to 2 weeks, possibly due to
delamination. A further advantage of glass is that adjustment of its surface chemistry
is well established, and the barrier would be made of 1 material instead of 3. However,
if gross features in the all-glass (or quartz) barriers are made by hydrofluoric acid
etching, it might make the glass unsuitable for microscopy and trapping.

The mask presently used for barrier fabrication is the original mask from the
earliest stages of development of the barrier assay. A redesign of the mask would be
a cost-effective way to increase throughput. This mask current is patterned far more
densely than is necessary, and this makes it more difficult to trap beads at depths of
tens of pm, which likely increases the failure rate of experiments. Furthermore, the

barriers are triangular, with a back wall that serves no purpose but tends complicate
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positioning of a microtubule in the barrier; a diamond shape may be more appropriate.

Not entirely explicit in the present work are two recommended technical adjust-
ments: The piezoelectric mirror that steers the trapping laser focus in the focal plane
is provides analog strain gage sensor monitoring output. These have been recently
connected so that mirror position changes can be recorded in all experiments. There
are two advantages of doing so: it makes explicit to the user whether the mirror’s
dynamic response is adequate for the experiment being performed, and it may reveal
failure of the piezo-controlled mirror or amplifier before resources are wasted attempt-
ing assays. For instance, a large data set was recently discarded due to noise issues,
and it later became apparent that the piezo mirror was oscillating due to malfunction
of its power supply. A second adjustment is the collection of raw video data rather
than background-subtracted video data, allowing vastly superior automated drift-
tracking in barrier experiments. Background-subtracted video allows visualization
of the microtubule but because the barrier is part of the background image (this is
likely unavoidable), its drift becomes difficult to track automatically in background-
subtracted images.

This section has summarized a small sample of the possible avenues of future

investigation and made technical recommendations.
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APPENDIX A

Mechanics of Mitotic Asters: supplementary data

and discussion

A.1 A simple model of pole compliance and force transfer

Strictly speaking the data of Chapter III does not address flux, as the microtubules
in the asters are not dynamic. However, it is useful to consider how the compliances
we observe could influence flux, while recognizing that asters are a model system
that does not capture all aspects of spindle poles (e.g., centrosomes and dynamic
microtubules). We therefore restrict the following discussion to “order of magnitude”
arguments. As depicted in Fig. 3.4A (p. 45), compliant cross-links spanning between
microtubules fluxing poleward will distribute loads such that the speeds of micro-
tubule movements become similar. However, the ability of fluxing microtubules to
bear loads ultimately depends on transfer of these loads to the relatively stationary
overall structure of the pole: the microtubules must be anchored to the pole, even if
the anchors are dynamic, and the location of the pole within the cell is relatively im-
mobile. To mediate force transfer between continuously fluxing microtubules and the

relatively stationary pole, cross-links must periodically detach, rearrange to relieve
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accumulated strain, and rebind. Moreover for the poles to maintain their structure
in quasi-steady-state, the rate of detaching must approximately equal the rate of
rebinding (see discussion of equation (A.1) below).

As discussed in section 3.2.5 (p. 43), for the compliance we observe the cross-links
between a fluxing microtubule and relatively immobile components must detach after,
on average, about one second (for flux at 10 nm/s) to avoid loads that would substan-
tially slow a typical motor protein. To illustrate the importance of compliance for
maintaining the structure of the pole, consider what happens if the compliance were
abruptly decreased 10-fold, similar to an actomyosin cross-bridge. Stress would build
more quickly, and the detachment rate would have to increase 10-fold to avoid slowing
microtubule movements. This would in turn decrease the time that the cross-links are
bound by a factor of 10, and similarly decrease the effectiveness of force distribution.
Furthermore the large fraction of time that the cross-links are unbound will increase
the likelihood that the microtubule can be pulled out of the pole altogether. Thus the
stiffness must be matched to the other physical characteristics to maintain the polar
architecture. Possibly a different compliance could be accommodated by changing
the structure of the pole (e.g., such that the steady-state number of cross-links is
restored), and this may in part explain pronounced changes in structure that accom-
pany disruption of spindle components that cross-link microtubules [Gaglio et al.,
1995, 1996, 1997; Mountain et al., 1999].

A more quantitative treatment of these arguments follows. To obtain an expression
for the number of cross-links at steady state, suppose there are N possible cross-links,
of which N, are attached, and suppose attachments form at rate (N — N,) ko, and
detach at rate N,kog. At steady state, these rates are equal, so number of attachments,
N, is given by:

Ne = Nbkion/ (Kon + kor) (A1)

Initially we consider the behavior of a single cross-link to obtain expressions for how
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transmitted force is affected by cross-link stiffness, x; motor speed, v;; maximum
motor force, Fl.x; and the maximum force cross-links can bear, Fy.,... Consider
Fig. 3.4A (p. 45) without motor 2 and with microtubule 2 fixed. Motor 1 moves
microtubule 1 at speed v; > 0 (so the x axis is inverted). We assume the cross-link is a
Hookean spring with stiffness x, stretched by a force F. Suppose that as microtubule
1 moves, the cross-link is stretched so Fj increases from 0 to Fi,ax, at which point
the cross-link detaches from one of the two microtubules, relaxes, and reattaches at
a different position with F; =0. The resulting Fy vs. time (or transmitted force vs.
time) curve would consist of cycles (Fig. A.l) in which Fj rises, abruptly drops to
zero, and rises again. The downward curvature reflects the motor(s) slowing as the
force builds. The average amount of time the cross-link is attached in one cycle is
given by 7, = 1/kog, and 74 = 1/k,y, is the average time it is detached. If (Fj), is
the average stress on the cross-link when it is attached to both microtubules then the

time-averaged force transmitted from one microtubule to the other is

(F)ara (R,
Ta + T4 1+ 74/7a

Pr= (A.2)

Following the approximately linear force versus speed relations that have been ob-
served for single motor proteins, we assume motor speed decreases with force accord-

ing to:

F
V1 = Vlmax <1 - F ) (AS)

where v1may is the unloaded motor speed, Fj,.. is the force at which motor speed
reaches zero, and Fs; > 0 is the inhibitory load on the motor due to the cross-link
(= k& where ¢ is the strain of the cross-link). If a cross-link attaches at time t = 0

with strain £ = 0, using dxr = v1dt and dz = d€, we have

ﬁ V1 maxk
dt Frax

g = VUl max (A4)
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Solving equation (A.4) and multiplying by x to obtain the spring force yields
Fiy () = Fiax (1 = e70rmesst/ ) (A.5)

The average spring force during the attached time 7, is

Fmax

Ta

(Fs)a =

Ta F
1 _ U0 max’ft/Fmax dt — Fmax Ssmax A6
|- ) iy (A9

From equation (A.6), the mean force stretching the cross-link while it is attached
depends on the maximum force the motor can generate and on the force at which the

cross-link detaches. Noting that F.x = Fs (7.), we obtain from equation (A.5) that

Ta — Fmax ]n (1 _ Fsmax) (A?)

U1 maxk max

From equation (A.7), since 7, o< 1/x, an order of magnitude change in stiffness would
cause an order of magnitude change in attachment time. This would result in either
failed aster formation or aster formation at a new steady state. Thus the specific
steady state structure of an aster depends on the values of KU1 max, Fymax, and Flax.

Consider a microtubule attached to the aster via one cross-link. From equation
(A.7), assuming Frpax = 7PN, Fomax = Finax/2, £ = 0.025 pN/nm, and vyyax = 30 nm/s,

we have 7, ~ 657!

*. This is long enough to allow the motor to move the microtubule
a substantial distance, but short enough to allow rearrangements quickly relative to
the timescale of mitosis. More consistent with our estimate of a handful of cross-links
would be, say Ny = 5, and the stiffness would be divided between these. Taking

1

kot = 1/7a, the overall steady-state detachment rate is ko Ny = 157!, and new at-

tachments must form at this same rate. To get a feeling for the sensitivity of the polar

*Here we assume Fp,ax consistent with one or two motor proteins, in keeping with our estimate
of a handful of cross-links total, including cross-links formed by motors. Fipax is taken as half this
value since flux does not exhibit overt variations in speed, suggesting the load on the motors rarely
approach the stall force. v1max Was chosen to be similar to the speed of flux or unloaded Eg5.
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Figure A.1:

time

Quantitative model of force transfer. Cross-link force, Fj, vs. time over
cycles of detachment and reattachment based on the supplemental dis-
cussion of force transfer; see equations (A.5)-(A.7). As a motor moves
one microtubule relative to the other, the inhibitory force, F§, due to
the cross-link between them slows the motor. When F; reaches Fj.x,
the cross-link detaches and, after time 74, reattaches. Inset: graphical

depiction of &.
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structure to cross-link stiffness, consider the effect of an order of magnitude change.
An order of magnitude increase in stiffness would reduce 7, and increase kg such that
the average number of cross-links Ny would drop below one, severely compromising
the transfer of loads between microtubules to the point where loaded microtubules
would frequently detach from the pole, if the structure of pole could be maintained
at all. Note however that the distribution of cross-links might shift so that the rate of
attachment increases, or the microtubules might rearrange so that more microtubule
lengths come in close proximity to accommodate more cross-links. Thus compliance
changes might be accommodated by changing the structure of the pole, though it is
not possible to predict the nature of such a structural change without more informa-
tion on the spindle structure and the kinetic behaviors of the cross-links. An order
of magnitude reduction in compliance would not compromise force transfer, but the
attached time would increase to 7, ~ 60 s, over which time the cross-link would be
strained about 2 pm. It is difficult to envision that any of the known nanometer-scale
cross-linking proteins could be strained this much, and such large distortions of the
polar structure are not observed in our assays or during mitosis. Thus we conclude
that the observed stiffness is well-matched to maintaining the structure of the pole
— substantially different stiffness would either result in failure to form or maintain a
microtubule focus, or produce substantial alterations of the overall structure and/or

cross-link dynamics at the pole.

A.2 Supplemental data
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Figure A.2:

Position vs. time traces for ATP, AMPPNP, monastrol. Color coding of
experimental conditions as in Figs. 3.2 and 3.3A, p. 32 and 37. Position
vs. time, formatted as Fig. 2a with each set of axes corresponding to
one aster for (A) AMP-PNP, (B) ATP (control), (C) monastrol. Each
set of axes contains a set of plots from one aster in sequence, beginning
with the earliest trace at the bottom. These asters correspond to those
used for stiffness analysis (Fig. 3.3A) except that 3 were not used for Fig.
3A because pre-attachment data were not available. The force applied
by the optical trap for each is also marked. In some cases we changed
the applied force between subtraces, but this did not have any obvious
effects over the range of forces applied.
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Figure A.3:

Position vs. time traces for Egb depletion and assessment of Egb deple-
tion. (A) Egb depletion plots formatted as Fig. A.2. (B) Immunoblot
analysis of Egb in cell extracts. Following depletion of the extract, beads
were recovered and the extract was separated into 10,000 g soluble (S)
and insoluble (P) fractions after the induction of microtubule polymer-
ization. PA beads refers to Protein-A agarose beads. These fractions
were subjected to immunoblot analysis using antibodies against NuMA,
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Estimated Az and v, distributions. Estimated probability density (up-
per) and cumulative distribution (lower) functions for (A) Az and (B)
time-weighted wv,. For estimated probability density, the MATLAB
ksdensity function was used with the triangle kernel and with width
2.5 nm/s for v, and 5 nm for Az.
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Figure A.5:

Additional exponential jump data. (A) Second exponential jump ob-
served in the AMP-PNP recording. Fit formatted as Fig. 3B showing
the second jump of microtubule position in a pole in AMP-PNP. (B-C)
Force clamp performance during exponential jumps. (B) Plots formatted
as Fig. 1C-D but for the time interval used for the exponential fit of Fig.
3B. In the upper panels, each trace is shifted vertically such that they
pass through the same point at the beginning of the interval. The aster
(green) moves little. The middle plot (xbead vs. time) shows that the
force clamp initially does not maintain constant force, with a 16.5-nm
jump at 88.6 s. This had a small effect on the applied force and did
not affect the measurement of changes in bead position relative to the
aster. To minimize phase distortion in the filtered traces, forwardback-
ward filtering was used (MATLAB filtfilt function). (C) As (B), but
corresponding to Figure S2A and with a 24.5-nm jump at 142.3 s.
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Figure A.6:
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Exponential fit to joined segments between jumps. From the trace in
which the jumps occurred, segments (1, 2, 3) between jumps were ex-
tracted and aligned by forcing the = position at the end of one segment
to match the mean of the first two points in the next segment. Selection
of segment start and end points was arbitrary. The resulting curve was
fit to an exponential representing another viscoelastic element in series
with those that broke. This fit yielded values x, = 0.062+£0.002 pN nm !
and v = 3.54 0.3 pNsnm~!.
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APPENDIX B

The Hill 2D model

Further to section 4.3.1.2 (p. 64), this appendix summarizes, for a simple case,
the 2D model of Hill [1986] and describes some of its implications. For reference,
Table B.1 summarizes some of the key adaptations of Hill’s nomenclature. Several

symbols (e.g., vy, konnit) defined in Table 4.2 (p. 62) are used.

Table B.1: Comparison of Hill’s nomenclature and that of the present work

Hill Present work Relationship

c [Tub] equal

Npp equal

Whp, AGLauteml equal

7 J equal
m; L; equal (Hill set the minimum L; to

0, which is not explicit below)

1 . . .
a, 3 Eon PF, k:,gff) pr similar depending on assumptions
x r r=1I"
Ay by Yoff ¢ similar?

Hill used AGTLongitudinal a1d AGateral, Neglecting the entropic penalty of subunit
immobilization, presumably implicitly recognizing that, as done by VanBuren, the
penalty can be incorporated into the longitudinal term when considering subunit

exchange at the tip. VanBuren used free energies under standard conditions (see

0
Lateral*

erratum accompanying VanBuren et al. [2002]), but implicitly AGLaterar = AG
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We follow very closely the treatment of Hill [1986]. Early material provides some
of the basis for the model of VanBuren et al. [2002] used in Chapter VI. Much of
the remainder is a quantitative discussion of the fact that mean dissociation rate
depends on tip structure, and tip structure depends on [Tub], so that dissociation
rate depends on [Tub]. Chapter VI addresses whether these dependencies are of

practical significance.

B.1 Surface free energy and roughness at equilibrium

Consider a hypothetical simplified Npg-protofilament microtubule lattice, such as
the that of Fig. B.1, in which the helix pitch is reduced to zero (a zero-start helix).
If the bulk of the lattice had a vacant site, addition of a subunit at this position from

infinity would involve a free energy change
AGsubunit = (2AGLateral + 2AGLongitudinal + AC;Irnmobilization) (B1>

where these terms are, respectively, due to the two lateral interactions, two longitu-
dinal interactions, and entropic penalty of immobilization. AGupunit < 0.

If the microtubule were broken in two, the free energy change per newly formed
end would be

Npp >

AGjbreak = (_QAGLongitudinal - mAGLateral (BQ)

where m, which Hill termed “an index of molecular roughness,” is half the number
of lateral interactions lost as a result of the breakage. m is only half of the lost
interactions because the interaction energy is divided between the two subunits that

lost the interaction. AGhex > 0 is the free surface energy. In equation B.2, the

Npr

term — B

AGLongitudinal 1S the same for any break. Fluctuations (due to subunit
exchange) in the surface free energy of a microtubule tip are therefore independent

of AG1ongitudinal. A subunit that associates with the tip may increase or decrease the
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j=13
j=1
j=13
j=1

Figure B.1:
& Examples of subunit-addition transitions and definition of L;. L;, which

appears in the expression for Hill’s index of molecular roughness (equa-
tion B.3), is the length of protofilament j measured, in this case, relative
to the shortest protofilaments (e.g., L1 = Lg = 1). Further to equa-
tion B.6, the state A, shown as light subunits, could, by addition of 1
subunit (dark), undergo one of several A — v, transitions, of which 3
are shown. Circles and semi-circles indicate contributions to m,. Semi-
circles indicate lost contributions. Gained contributions are not marked.
This figure is based on Hill [1986].

number of lateral bonds available at the tip, but it creates a new longitidinal bond
site that replaces the one it takes up.

m can be defined algebraically, letting the end of protofilament j be at a distance

L; along the microtubule measured in units of subunit length (Fig. B.1):

Nprp
2m = |Lnpe — Lo| + Y |Lj — Lj—| (B.3)

Jj=2

At the critical concentration, there is equilibrium between the microtubule and the
free subunits. The microtubule tip “..will pass, stochastically, through (in principle)
an infinite number of discrete surface structures [tip structures], each with a definite
value of m..” [Hill, 1986] as determined by the Boltzmann distribution, so that the
probability of a tip structure with m is proportional to e”ACrateral/ksT with larger m
having lower weight and corresponding to a rougher tip. The distribution of m at

[Tub] = C. depends entirely on lattice geometry and AGyageral/kpT -
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B.2 Minimizing surface roughness

It would useful determine a value of AGpatera1 that would result in predominantly
low-roughness tips (as would be the case with helical/cozy-corner growth in the 3-
start 13-protofilament lattice not considered here). Letting the degeneracy be R (m)
(the number of structures with m), the equilibrium probability, P (m), that m = m
is

R (1) eMACraterat kT

Zm R (m) emAGLateral/kBT
R ()
Zm R (m) e(m_m)AGLateral/kBT

One would expect that for the lowest value of m to dominate would require

AC;’Lateral/'I{;B,-T < _17

even ignoring the fact that the degeneracy of structures with the lowest m is relatively
low. Away from equilibrium, this would presumably become more extreme. Hill [1986]
computed mean m as a function of AGpateral/kpT for several simple lattices that
differ markedly from microtubules (small number of protofilaments, large stagger for
lattice with largest number of protofilaments), finding perhaps AGrateral/kT < —3
resulted in small mean m, but presumably a more realistic lattice would require a more
extreme AGrpaterar t0 force mean m to approach minimum m. Presumably computer
enumeration of tip structures (following Hill) for a reasonable range of protofilament

lengths would allow approximate evaluation of equation B.5 for limited Npp and m.

B.3 Rate constants for a specific transition

Obtaining overall rate constants requires the consideration of transitions between

the above-mentioned surface structures. Consider the association of one subunit to
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the tip (Fig. B.1). Let the states of the tip before and after association be, respectively,
A and v,. As implicit in Fig. B.1, ¢ is the number of lateral interactions made by the
newly added subunit. For most states A, there are multiple states v, for each value
of q. The reaction is

A—rvg

MT, + Tub =2— MT,,_ (B.6)

A—vgq
koff

where the rate constants marked are per-protofilament.
If states A and v, have surface roughness indices my and m,, , the change in surface

free energy is, from equation B.2,

AGY = (my —my) AGrageral (B.7)
AGM™ = —AGpateral > 0 (B.8)
AGM™" = 0 (B.9)
AGM" = 4+ AGLatera < 0. (B.10)

Letting the equilibrium probability of states A and v, be p} and p; , the ratio of

probabilities for the two states is

Py _ gmac ot (B.11)

j2

The rates at which transitions occur is proportional to the probabilities of the states

from which they occur. Invoking detailed balance,
A=V, e 1AV e
kow 1Cep = kog Dy, - (B.12)

Combining equations B.11 and B.12,

ko "1Ce = ko e G kT (B.13)
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For ¢ = 1, equation B.9 yields
kMO, = B (B.14)

For reasons described in section B.5 (p. 155), we assume association rate is indepen-

dent of the number of neighbors,

kXY = konpr V4, (B.15)

A—vg ]{?

and we make the change in notation £ g oft,pp- Equation B.13 gives

k(()fEPF k(l) (AGHVq/kBT) (B.16)

which, combined with equation B.7, gives

]{/'(()(f)f{PF — k(();‘) PF B_AGLatcral/k:BT (B 17)
kjé?f)VPF — k.(g;f)’PFeAGLatcral/kBT . (B . 18)

The change in off rate with addition of a lateral interaction, koﬂ pr/ kog}:}F (g=0

or ¢ = 1) is extremely sensitive to

@)
[ = ¢ ACratera/kpT — k;(zgle qe{0,1}. (B.19)
off, PF

and may therefore be extremely sensitive to changes in temperature and AGpateral-
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B.4 Overall rate constants

To obtain the overall rate constants at equilibrium or steady state ([Tub] # C.),

consider the reaction of p. 152 but with v, replaced by a general state 7:
MT) + Tub = MT,

For a given A, each of the Npp states n belongs to {1y, 1,12} and corresponds to
a subunit at the end of one of the Npr protofilaments. 7 can be thought of as an
index over the Npr tip vacancies of A\, but also the n are states from which A can be
produced by subunit dissociation.

In a population of tips, the rate of A <— n transitions per instance of 7 is k,/\en'
Let n occur in this population with probability p,. Consider one state A and its

corresponding 7 states, of which there are Npr. The rate at which transitions to A

occur by dissociation is

Z kc))\f? "pn,

n

where the sum is over the the Npp n states. This is a rate per microtubule tip in the

population. Taking into account all A\, the overall off rate per protofilament is

kot pr = NiPF Z Z k’gf?"pn (B.20)

An

The sum can be expanded and grouped into factors of koﬂ PP koff pr, and kc(jf)’PF,
corresponding to equation 6.5 (p. 102).

Hill [1986] went on to conclude that, in general, neither the rate of subunit asso-
ciation nor the rate of subunit dissociation is necessarily expected to be proportional
to [Tub]. Each rate (arguably only the dissociation rate) may be affected by changes
in tip structure with [Tub], which appear as changes in the probabilities in equa-

tion B.20.
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B.5 Aside: Rate perturbation factors

The assumption used in equation B.15 (p. 153) is important in that it may have
a large effect on the rate constants, but it is not central to this appendix.

For g # 1, we define rate perturbation factors ~:

kA =y, ko (B.21)
R oa (B.22)

Equation B.13 becomes

Yondk 1Oy = o ki e NG (B.23)

and, applying equation B.14, we have
_ A—v,
Yon,g = TVoff,q€ AG ‘. <B24)

This implies that there are infinite ways that the ¢ # 1 rate constants can be perturbed
relative to ¢ = 1. For instance, for A — 15 transitions the association of subunits
might be slowed by a steric barrier presented by the two neighbors already present.
This same barrier would also reduce the off rate. Both these effects would be reflected
in the Yon2 and Yo 2. Hill noted that the “most realistic assumption is probably”
Yoff.q = 1, corresponding to diffusion-limited association events such that “the full
effect of [the change in surface free energy] is felt by the off rate constants (neighbor
interactions must be broken for a subunit to escape).” [Hill, 1986].

For a vacancy with two lateral neighbors, one could argue that the association
rate should be lower due to steric limitations on accessibility of the vacancy by dif-
fusion. Considering the geometry of the microtubule and the putative localization of

binding surface area toward the lumen, it seems possible that subunits encountering
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the tip might have a reduced probability, in terms of the description of Northrup and
Erickson [1992], to achieve a nearly-correct orientation corresponding to a partial
bond formation that stabilizes the subunit, making full bond formation likely. On
the other hand, with 3 binding surfaces, the subunit might be more likely to form
one of these partial bonds. Also, considering the possibility of A- and B-type joins,
one might postulate that the subunit has an additional binding site roughly 4 nm
away from the vacancy in which weak lateral interactions might stabilize the correct
orientation of the subunit, and upon dissociation from this site it might diffuse to
the correct location faster than its rotational diffusion would cause misorientation,

forming a longitudinal bond in addition to lateral bonds.
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