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INVESTIGATION OF THE MECHANOCHEMICAL CYCLE
OF THE MITOTIC KINESIN EG5
Jared Clinton Cochran, Ph.D.

University of Pittsburgh, 2005

Cytoskeletal motor proteins utilize the energy from ATP turnover to perform work along their
filament tracks. Eg5 is a microtubule-based motor of the Kinesin-5/BimC family that is essential
for bipolar spindle formation during eukaryotic cell division. I have performed a detailed kinetic
analysis to define the minimal Eg5 ATPase mechanism. Eg5 association with the microtubule,
ADP product release, and ATP binding are rapid steps in the mechanism, while ATP hydrolysis,
phosphate product release, and detachment from the microtubule occur relatively slowly.
Phosphate release coupled to MteEg5 dissociation represents the rate-limiting step. Therefore,
Eg5 remains tightly associated with the microtubule during most of the ATPase cycle, thus
adapting the motor for its function within the mitotic spindle.

Monastrol is a small molecule that specifically inhibits Eg5. I performed experiments to
define the mechanistic basis for Eg5 inhibition by monastrol. The ATPase activity of Eg5 is
reduced with weakened binding to microtubules. Monastrol also stabilizes a subpopulation of
“non-productive” complexes that slowly hydrolyze ATP. After ATP hydrolysis, phosphate
product is rapidly released coupled to detachment from the microtubule. Therefore, monastrol
inhibits Eg5 force generation to yield a motor that cannot function properly in the mitotic
spindle.

I have purified Eg5 in the nucleotide-free state to perform a detailed kinetic analysis in
the absence of microtubules. ATP hydrolysis and phosphate product release are rapid steps in
the mechanism, and the observed rate of these steps is limited by the relatively slow
isomerization of the Eg5°ATP collision complex. A conformational change coupled to ADP
release is the rate-limiting step in the pathway. These studies provide insight into how the
microtubule guides the structural transitions needed to form the ATP hydrolysis-competent state
and for rapid ADP release. In addition, monastrol appears to bind weakly to the Eg5<ATP
collision complex, but after tight ATP binding, the affinity for monastrol increases, thus

inhibiting the conformational change required for ADP product release. Taken together, we
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hypothesize that loop L5 of Eg5 undergoes an “open” to “closed” structural transition that
correlates with the rearrangements of the switch-1 and switch-2 regions at the active site during

the ATPase cycle.
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1.0 CHAPTER ONE: INTRODUCTION

One of the essential mechanisms for the sustenance of life is the capability of a cell to accurately
segregate its genetic material during cell division. The intricacy and complexity of cell division
rests in the necessary and proper interactions between molecular motor proteins and the cell’s
architectural framework. Molecular motor proteins utilize the energy from ATP binding, ATP
hydrolysis, and product release to perform mechanical work along its filament track. The
nucleotide state at the motor active site is thought to dictate the affinity of the motor for its
filament partner. However, it is not clear how different motor proteins confer specific properties
based on the modulation of the rate and equilibrium constants that define the ATPase
mechanism. A detailed kinetic analysis of a mitotic kinesin motor protein called Eg5 will
provide insight into how this motor functions to establish and maintain the bipolar spindle during
cell division. In addition, studying the inhibition of Eg5 by a selective small molecule can offer
mechanistic insight into the ATPase cycle of Eg5, as well as providing knowledge for the design

of more effective chemotherapeutic agents for the treatment of cancer.

1.1 EUKARYOTIC CELL DIVISION

Mitosis is a biological phenomenon that has been studied since the late nineteenth century, yet a
detailed molecular description remains incomplete. Mitosis (from Greek mitos meaning
“thread”) is the phase of the cell cycle where the nucleus of a eukaryotic cell containing
duplicated chromosomes is divided into two daughter nuclei, each containing a copy of the
genetic information. A complex machine called the mitotic spindle is responsible for segregating
replicated chromosomes and dividing the cell with high fidelity. Although there are >800

different proteins that function during mitosis (/), the mitotic spindle is composed primarily of



microtubules and microtubule-based motor proteins. The current model for spindle organization
and morphogenesis during the different stages of mitosis centers on the balance of forces that are
generated by dynamic microtubules and motor proteins (2). However, the mechanism of force

generation by motor proteins remains largely uncharacterized.

1.2 MOLECULAR MOTOR PROTEINS

Molecular motor proteins are a diverse set of mechanochemical machines that convert the energy
stored in different nucleotide triphosphates into molecular motion. This motion produces
unidirectional force upon the associated track, which is utilized differently depending on the
function of the motor. There are many mechanochemical systems that have been identified in
nature. Remarkably, three distinct families of motor proteins — myosin, dynein, and kinesin — are
responsible for powering most eukaryotic cellular movements. These motor proteins share
similarities in their capability to catalyze the conversion of the substrate ATP to ADP+P;
products. Yet, each superfamily is diverse in sequence and structure, which leads to differences
in their function in vivo.

The myosin superfamily comprises 18 different classes of proteins that cyclically interact
with actin filaments. Myosins display a variety of functions including muscle contraction,
vesicle transport, membrane trafficking, cell locomotion, and signal transduction [reviewed in (3-
6)]. The dynein superfamily of microtubule-based motors includes 15 “axonemal” forms
(motors associated with ciliary and flagellar movements) and 2 “cytoplasmic” forms that
participate during retrograde axonal transport, vesicle transport, mitotic spindle organization, and
nuclear and cell migration [reviewed in (7, 8)]. The kinesins, which also interact with
microtubules, consist of 14 groups plus 1 orphan group. The different kinesin families are
organized based on similar sequences within the conserved motor domain as well as similar in
vivo functions. These proteins perform various functions in eukaryotic cells including
anterograde axonal transport, intracellular transport of organelles, mRNAs and multisubunit
protein complexes, mitotic spindle establishment and maintenance, chromosome and spindle
movements, signal transduction, as well as regulation of microtubule dynamics [reviewed in (9-

14)]. Several kinesins and cytoplasmic dynein participate in the organization, maintenance, and



morphology of the mitotic spindle between the stages of prophase and telophase. However, all
three families of motor proteins drive movements during cytokinesis — the final stage of mitosis

— to fully separate the two daughter cells (75).

1.3 MICROTUBULES

In eukaryotic cells, the cytoskeleton or cell architecture is primarily composed of three
structures: filamentous actin, intermediate filaments, and microtubules. Microtubules are very
large, non-covalent polymers built from the protein tubulin. Tubulin exists as a stable
heterodimer containing a non-exchangeable (a-subunit) and exchangeable (-subunit) guanine
nucleotide-binding site. Each subunit consists of three domains: a N-terminal nucleotide-binding
domain, an intermediate domain that is the site of Taxol binding in the B-subunit, and a C-
terminal domain, composed of helices ot11/a12 and the acidic C-terminal “tails”, which together
comprise the binding region for microtubule-based motor proteins (/6) (Figure 1.1). The aff
tubulin heterodimers interact with each other longitudinally (head-to-tail) to form long, rod-like
polymers called protofilaments. Approximately 10—15 parallel protofilaments interact laterally
(side-by-side) to form a hollow cylindrical structure analogous to a drinking straw. The
structural polarity of the microtubule gives rise to different rates of polymerization (growing) at
either end (/7). The rapidly polymerizing end of the microtubule is designated as the plus-end,
while the slow growing end is called the minus-end. Different microtubule-based motor proteins
have been shown to move along the microtubule track in either direction, as well as regulating
the polymerization/depolymerization dynamics at either end. During mitosis, different members
of the kinesin superfamily function to establish and maintain the dynamic structural arrangement

of microtubules within the bipolar spindle (/8).
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Figure 1.1 Tubulin structure and microtubule assembly

(A) Ribbon diagram of the tubulin heterodimer illustrating the o-subunit (left) with bound GTP, and the -subunit
(right) with bound GDP and Taxol (/6). The structure is oriented such that the plus-end of the microtubule points
right, the minus-end points left, the outside surface of the microtubule is positioned at the top, and the inside is at the
bottom. The N-terminal domain (cyan), the intermediate domain (orange), and the C-terminal domain (red) are
highlighted. The flexible, acidic C-terminal tails of tubulin are not visible in the crystal structure. (B) Model for
microtubule assembly (/9). Heterodimers of tubulin are thought to first interact longitudinally to form long
protofilaments. These protofilaments interact laterally to form curved sheets. Eventually a sheet wraps around into
a microtubule with 10-15 protofilaments. The plus-end of the microtubule shows faster polymerization kinetics
compared to the minus-end.



1.4  KINESIN SUPERFAMILY OF MICROTUBULE-BASED MOTORS

The kinesin superfamily of microtubule-based motors has received much attention over the past
20 years since the discovery of the first kinesin (termed conventional kinesin or Kinesin-1) in
1985 (20, 21). All kinesins share a ~350 amino acid motor domain that contains the ATP
binding site and the microtubule-binding region [reviewed in (22, 23)]. A third region that is
somewhat conserved within kinesin families is the ~14-20 amino acid sequence adjacent to the
motor domain called the neck-linker. Together, the motor domain and the neck-linker make up
the core domain, which represents the minimal structure that is necessary and sufficient to
hydrolyze ATP and produce force in vitro (24, 25). However, outside the core domain, the
sequence similarity between kinesins diverges. Most kinesins contain a long a-helical coiled-
coil stalk domain, which is often utilized for the stabilization of higher order oligomers. Finally,
at the end of the stalk domain resides a small, non-catalytic globular domain (often called the tail
domain), which has not yet been well studied in comparison to the kinesin core domain. The
differences between the tail domains in the kinesin superfamily are correlated to different
functions (e.g. cargo binding and core domain regulation) (26-28). In addition, several kinesins
interact with non-motor polypeptides, which also affect the regulation of motor activity and

function (29-35).

1.4.1 Kinesin Family Organization and Nomenclature

The kinesin superfamily can be divided into three broad classes depending on the location of the
core domain at the N-terminus (KinN), at the C-terminus (KinC), or at an Internal position (Kinl)
of the primary structure (Figure 1.2). Within these three major classes, a standardized kinesin
nomenclature based on 14 family designations has been set forth (36). Family members from
Kinesin-1 through Kinesin-12 reside in the KinN class. The Kinesin-13 family represents the
Kinl class, and Kinesin-14 denotes the KinC class. KinN kinesins share similar plus-end-
directed motility properties such that the motor moves to the plus-end (fast-growing end) of the
microtubule, whereas KinC kinesins display minus-end-directed motility, thus moving toward
the minus-end (slow-growing end) of the microtubule. The directional preference of kinesins

seems to be dictated by the neck-linker region and not solely the motor domain (37-42). Kinl



kinesins appear to lack the ability to move unidirectionally along the microtubule, but instead

utilize their generated force to destabilize the microtubule ends (43, 44).
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A representation of the 14 families plus 1 orphan family that comprise the kinesin superfamily of microtubule-based
motor proteins (45). The tree was built from a kinesin motor domain sequence alignment using the heuristic seach
method of PAUP v4.0b10 (Swofford, 2002), a maximum parsimony program. This classification is based on the
new standardized nomenclature, yet the previous naming of the various families is also included. In addition, the
proposed quaternary structure of each family is included.

1.4.2 Kinesin-5 / BimC Family

The Kinesin-5 or BimC family of kinesins are relatively slow, plus-end-directed motors that are
required for proper establishment and maintenance of the mitotic spindle — the cytoskeletal
machine used to segregate the genetic material during eukaryotic cell division (46). The first
identified member of the Kinesin-5 family (called BimC) was discovered in a genetic screen in
Aspergillus nidulans as a mutation in a mitotic gene that resulted in a phenotype described as
“blocked in mitosis” (47). This mutated gene product lead to failure of the duplicated spindle
pole bodies to separate, thus the mitotic spindle could not be established and the nucleus could
not be divided properly. Other members of the Kinesin-5 family that are required for proper
spindle assembly and maintenance in different organisms include Schizosaccharomyces pombe
Cut7 (48, 49), Saccharomyces cerevisiae Kiplp and Cin8p (50-52), Drosophilia melanogaster
Klp61F (53, 54), Xenopus laevis Eg5 and Eg52 (55-57), Mus musculus Kifl1 (58), and Homo
sapiens Eg5/KSP (59). These nine genes share considerable sequence identity (~50-60%)
within their N-terminal motor domain and neck-linker, but virtually no similarity in the stalk and
tail regions except in a ~40 amino acid sequence near the C-terminal end of the protein called the
“BimC box” (46). This “BimC box” contains the consensus sequence for the mitotic cyclin-

dependent kinase p34°®

, and both Xenopus and human Eg5 have been shown to require
phosphorylation of a single threonine within the sequence to regulate Eg5’s interaction with the
microtubule lattice (59, 60).

Eg5 has been shown to localize along the entire length of the mitotic spindle, from each
spindle pole toward the metaphase plate where the chromosomes are positioned (Figure 1.3).
The microtubules that make up the bipolar spindle are oriented such that the minus-ends are
located at the centrosomes or spindle poles, while the plus-ends emanate toward the cell
periphery and toward the chromosomes at the metaphase plate. Eg5’s function at the different

regions of the mitotic spindle remains unclear; however, there appears to be a more pronounced

staining of Eg5 at the spindle poles compared to the interpolar region. Nevertheless, the rate of



spindle assembly in vivo correlates well with the rate at which Eg5 can glide microtubules in
vitro (61). In addition, when Eg5 is inhibited by specific antibodies, the mitotic spindle is
monopolar containing two or more non-separated spindle poles, thus implicating this motor

protein in centrosome separation as well as spindle maintenance.

Figure 1.3 Localization of Eg5 in the mitotic spindle

Immunolocalization of Eg5 within bipolar mitotic spindles in vitro (62). The merge shows the chromatin (blue),
tubulin (red), and Eg5 (green) in a Xenopus spindle. Eg5 stained along microtubules throughout the entire spindle
and showed enrichment at the spindle poles.

Kinesin-5 family members are thought to share a similar quaternary structure (Figure
1.4A). FElectron microscopy studies of Klp61F suggest that these kinesins exhibit a
homotetrameric structure with two N-terminal motor domains positioned at each end of a coiled-
coil stalk (63, 64). It is hypothesized that this structure assembles by two parallel heavy chains
interacting through their stalk domains to form a coiled-coil, then two anti-parallel dimers
interacting through their coiled-coil regions to form the bipolar tetramer. It is intriguing to

speculate that the C-terminal tails, each containing a “BimC box” and located in close proximity



to the opposite motor domains, physically interact and somehow regulate the motor’s ability to

associate with microtubules. Nevertheless, this bipolar homotetrameric structure facilitates the

ability of Kinesin-5 members to interact with and slide adjacent microtubules during mitosis (67,
65-67) (Figure 1.4B).
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Figure 1.4 Eg5 homotetrameric structure and function in the mitotic spindle




(A) Model for the homotetrameric quaternary structure of Eg5. This model was generated using the x-ray crystal
structure coordinates for tubulin (Nogales et al. (16) PDB 1JFF) and Eg5¢ADP (Turner ef al. (68) PDB 1116; red and
blue) and monastrol*Eg5<ADP (Yan et al. (69) PDB 1Q0B; green and yellow) for the motor domains, tropomyosin
(Whitby et al. (70) PDB 1C1G) for the coiled-coil stalk region, and the N-terminal domain of ribosomal protein L9
(Luisi et al. (71) PDB 1CQU) for the C-terminal globular domains of each Eg5 heavy chain. This model is not
meant to convey the exact structure of the stalk and C-terminal domains of Eg5. In addition, this model is also not
to scale with respect to the length of the stalk region. (B) Proposed model of Eg5’s function within the bipolar
mitotic spindle based on the structural studies with the Kinesin-5 member from Drosophila, KIp61F (65).
Depending on the localization of Eg5 within the spindle, the probability to interact with and slide parallel
microtubules increases at the spindle poles, whereas the probability to bind and slide anti-parallel microtubules
increases toward the spindle midzone.

1.5 THE STRUCTURE OF KINESIN MOTOR PROTEINS

In order to better understand the different working parts of a motor protein, a high resolution
structure of the core domain is needed to define the three dimensional arrangement of secondary
structure elements. The first high-resolution crystal structure of a Kinesin-1 motor domain was
solved by Kull et al. in 1996 (72) (Figure 1.5). To date, there are more than 28 kinesin crystal
structures from several different families deposited in the Protein Data Bank
(http://www.rcsb.org/pdb/). The six kinesin families represented include Kinesin-1
(conventional kinesin) (72-76), Kinesin-3 (Kifla/Unc104) (77, 78), Kinesin-5 (BimC) (68, 69,
79), Kinesin-7 (CENP-E) (80), Kinesin-13 (MCAK) (81, 82), and Kinesin-14 (Ncd/Kar3/KCBP)

(40, 83-88). Kinesin motor domains display a three-layer (affa) sandwich architecture, where the
central eight-stranded parallel B-sheet is surrounded by three a-helices flanking either side (89,
90). The core domain of each structure consists of a relatively open nucleotide-binding cleft
containing MgADP bound. Exceptions include the Kinl motor core from Plasmodium
falciparum, which lacks nucleotide at the active site (8/), and Kifla with either AMPPCP,
AMPPNP, ADP+Vi, or ADP+AlF4 bound at the active site (77, 78). The nucleotide is positioned
among four motifs, N1 to N4, also found in other nucleotide triphosphate-binding proteins, such
as myosins and G-proteins (73). The nucleotide state at the active site is thought to trigger a
switch in conformation that is then transmitted to the adjacent regions of the core that interacts
with the microtubule, which results in changes in binding affinity (77, 97, 92). In addition, the
change in nucleotide state at the active site is thought to elicit conformational changes in the
motor domain that ultimately generates the force that the motor utilizes for its specific purpose in

vivo.
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Figure 1.5 Conventional kinesin crystal structure

Ribbon diagram of the human conventional kinesin motor domain [PDB 1BG2; (72)]. The a-helices (red), B-sheets
(cyan), and the loops (white) are highlighted to convey the oo architecture. The microtubule binding region of the
molecule is positioned at the bottom of the diagram. The active site containing bound ADP (green) is positioned at
the top. The visible secondary structure elements are labeled.

1.5.1 The Nucleotide-Binding Site

The active site of motor proteins and G-proteins contain four common motifs called N1, N2, N3
and N4 in kinesins. NI is also called the Walker A motif (GQTxxGKT, consensus motif
underlined, “x” = any amino acid) that forms the “P-loop”, which binds oxygen atoms of the a-
and B-phosphates. N4 (RxRP) is involved in interactions with the adenine base. N2 (NxxSSR)
and N3 (DxxGxE) are known as switch-1 and switch-2, respectively, in analogy to G-proteins
and myosins (93). The switches are thought to function as y-phosphate sensors to change
position and conformation depending on the nucleotide at the active site — either ATP, ADP+P;,

ADP, or nucleotide-free (77) (Figure 1.6). The small conformational changes in the switches are
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thought to trigger the motion of adjacent elements to cause a transduction and amplification of
information from the active site to the working regions of the motor including the microtubule-

binding interface and neck-linker (92).
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Figure 1.6 Conformational changes in the “switch” regions during ATP turnover
The “switch” regions of KiflasAMPPCP (A), KiflasAMPPNP (B), KiflasADP+AIF; (C), KiflasADP+Vi (D) are

shown in brown, red, blue, and green, respectively (78). Nucleotides and their coordinating residues are shown as
ball-and-stick models. Sequences not visible in the crystal structure are shown by dashed lines.

1.5.2 The Microtubule-Binding Region

The region of the kinesin core domain that comprises the microtubule-binding interface has been
mapped based on results obtained through alanine-scanning mutagenesis (94) as well as models

generated by superposing crystal structures of kinesin motor domains with low-resolution
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electron density maps obtained through cryo-electron microscopy of motor-microtubule
complexes (74, 95-98). From these studies, the microtubule-binding region consists of 1) the B5-
L8 motif, 2) the “switch-2 cluster” containing helix a4, loop L12, and a5, and 3) loop L11,
which links switch-2 with the “switch-2 cluster” via 15 amino acids (Figure 1.7A). The “switch-
2 cluster” and loop L11 show dramatically different conformations in the different kinesins that
have been crystallized to date (Figure 1.7B). Loop L11 is disordered and not visible in most
kinesins, except for Homo sapiens Kinesin-1 (72), Neurospora crassa Kinesin-1 (74), Mus
musculus KiflasADP+Vi complex (78), the R598A mutant of Saccharomyces cerevisiae Kar3p
(86), and the Plasmodium falciparum MCAK (81). It is thought that loop L11 adopts a rigid
conformation when kinesins bind to microtubules, thus re-connecting the pathway of
communication from the active site to the “switch-2 cluster”. The “switch-2 cluster” shows
dramatic differences in the relative positioning of its components, even between the same
Kinesin-1 protein crystallized under different conditions (72, 73, 75, 76). These differences are
thought to represent conformational states of the motor domain that are mechanistically relevant

during the ATPase cycle of the motor.

Figure 1.7 The microtubule-binding region of a kinesin motor

(A) The microtubule-binding, switch-1, switch-2, and neck-linker regions of Kifla*sAMPPNP are highlighted in red
(78). (B) Superposition of Kifla bound to AMPPNP (red), ADP+AlF; (blue), ADP-Vi (green), and ADP (yellow).
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1.5.3 The Neck-Linker

The “neck-linker” — a ~15 amino acid sequence extending C-terminal to the motor domain of
KinN and Kinl kinesins and N-terminal to the motor domain of KinC kinesins — has been
implicated in the force generation mechanism of kinesin motor proteins (39, 89). It has been
demonstrated that when Kinesin-1 binds microtubules and AMPPNP (a non-hydrolyzable ATP
analog), the neck-linker region becomes immobilized and extended towards the microtubule

plus-end (99) [Figure 1.6 (A and B)]. In addition, Kinesin-1, Kinesin-3, and Kinesin-5 structures

show different orientations of the neck-linker (68, 69, 72, 75, 77-79), which appear to correlate
well with the conformation of the “switch-2 cluster”. Recent studies demonstrate that the
Kinesin-5 neck-linker conformation is tightly linked to the mechanochemical cycle (700).
However, it is still debated whether kinesins utilize a “power stroke” mechanism (non-processive
motors) to generate force, or a “stepping” mechanism (processive motors) to account for the

unidirectional movement.

1.6 EGS STRUCTURE

1.6.1 EgS5°ADP Crystal Structure

The x-ray crystal structure of the Eg5 core domain was published early in 2001 by Turner et al.
(68). The construct expressing human Eg5 (residues 1 to 368) contained the motor domain and
the entire neck-linker region. The Eg5 active site contained MgADP, similar to other kinesin
crystal structures, as well as displaying the afo sandwich architecture (Figure 1.8). After
superimposing Kinesin-1 with Eg5 using the atoms from the P-loop region, the core B-sheets
were nearly identical; however, subtle differences were found throughout the regions that

flanked this core.
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Figure 1.8 Eg5°ADP crystal structure




The crystal structure of Eg5¢ADP is shown from different view points (68). (A) The microtubule binding interface
is positioned at the bottom of the molecule and loop L10 is oriented to the right which points towards the plus-end of
the microtubule. The o-helices (red), B-sheets (green), and loops (white) are highlighted. Several secondary
structure elements are labeled based on the naming scheme for Kinesin-1 (72). “NL” corresponds to the neck-linker.
MgADP nucleotide is shown in space-fill. (B) Rotate Panel A approximately 90° around vertical axis. (C) Rotate
Panel A approximately 180° around vertical axis. (D) Rotate Panel A approximately 270° around vertical axis. (E)
View down the vertical axis of Panel A. (F) View up the vertical axis of Panel A, showing the microtubule-binding
region of the motor.

The switch-1 region in Kinesin-1 was found to be a short a-helix, whereas in Eg5,
switch-1 was a loop (Figure 1.11A). These two conformations of the switch-1 region are thought
to be relevant states that exist during force generation. For Kinesin-3, the motor domain was
crystallized with several different nucleotides bound at the active site, and the conformation of
switch-1 appeared to change depending on the progression of states through the ATPase cycle
(78). However, the Kinesin-3 crystal structure was a chimera with the catalytic motor domain of
Kifla fused to the neck-linker of Kinesin-1 (77, 78). The Eg5 relay helix a4, which is part of the
“switch-2 cluster” and microtubule-binding region, shows an increased length and slight rotation
compared to Kinesin-1. These differences are thought to reflect structural intermediates that
have been trapped in the crystal state.

The most distinctive difference between the structure of Eg5 motor and other kinesins
was a unique conformation of the neck-linker (Figure 1.8). Unlike Kinesin-1, where the neck-
linker is disordered in the MgADP state (Figure 1.5), the Eg5 neck-linker is ordered in a position
perpendicular to the long axis of the motor domain. This neck-linker position was not stabilized
by crystal lattice contacts, but a clustering of hydrogen bonds between the neck-linker and B1/32
lobe it docks against. In addition, a number of Kinesin-5-conserved residues lined the
perpendicular docking site for the neck-linker, thus supporting the notion that this orientation of
the neck-linker is relevant for the mechanochemical cycle. However, it is not clear whether this

neck-linker conformation is relevant to the MteEg5 ATPase mechanochemical cycle.

1.6.2 InhibitorsEgS*ADP Crystal Structures

Recently, two crystal structures of Eg5 have been solved with MgADP bound at the active site
and a specific inhibitor bound at an allosteric site distant from both the active site and the

microtubule-binding region (69, 79). The Yan ef al. structure was determined with monastrol
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bound, the first identified selective inhibitor of Eg5 (Figure 1.9). The Cox et al. structure was
solved with a more potent inhibitor, Dihydropyrazole 15. Both inhibitors occupied a similar
allosteric pocket and stabilized a similar conformation of the entire motor core. Given the
similarity of these two crystal structures, I will refer primarily to the Yan et al. structure when
discussing the differences between the Eg5¢ADP and the Inhibitor*Eg5¢ADP structures. The
nucleotide-binding site and the core p-structure remained relatively unchanged when the
inhibitor was bound to the motor domain; however, significant rearrangements in the functional

regions of the motor (switch-1, switch-2, and the neck-linker) were observed (Figure 1.10).
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Figure 1.9 Monastrol’Eg5°ADP crystal structure
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The crystal structure of monastrol*Eg5¢ADP is shown from different view points (69). (A) The microtubule binding
interface is positioned at the bottom of the molecule and loop L10 is oriented to the right which points towards the
plus-end of the microtubule. The oa-helices (red), B-sheets (green), and loops (white) are highlighted. Several
secondary structure elements are labeled based on the naming scheme for Kinesin-1 (72). “NL” corresponds to the
neck-linker. MgADP nucleotide and monastrol are shown in space-fill. (B) Rotate Panel A approximately 90°
around vertical axis. (C) Rotate Panel A approximately 180° around vertical axis. (D) Rotate Panel A
approximately 270° around vertical axis. (E) View down the vertical axis of Panel A. (F) View up the vertical axis
of Panel A, showing the microtubule-binding region of the motor.

When comparing the Eg5¢ADP structure (Turner et al.) with the inhibitoreEg5«ADP
structures (Yan et al. and Cox et al.), the conserved switch-1 region, which is responsible for
nucleotide binding and recognition, shows a structural transformation from a loop to a short a-
helix, similar to the conformation in the Kinesin-1 crystal structure (72). The y-phosphate
sensor, Serine233 (S233), remains in the same “open” position, which is not unexpected given
that MgADP is at the active site for all Eg5 structures solved to date. S233 resides in loop L9,
which is connected to helix a3. Helix a3 shows a shift by approximately 6 A toward the N-
terminal end of this helix, which is located in close proximity of the inhibitor binding cleft. The
mechanistic understanding of these structural rearrangements in the switch-1 region remains
unknown, though this subtle difference in the switch-1 region seems likely to be a significant
alteration in the motor domain.

In addition to the rearrangements of the switch-1 region, there are also major
conformational changes that occur in the “switch-2 cluster” (a4, L12, a5), which composes a
majority of the microtubule-binding region. Helix a4 rotates relative to helix a5, such that the
gap between these helices expands by ~6 A. This rearrangement in the “switch-2 cluster”
permits the neck-linker to “dock” onto the motor core in a similar fashion to the KiflasAMPPCP
and KiflasAMPPNP (“ATP-like”) structures (77, 78). It is unclear whether the inhibitor
stabilizes this conformation of the motor domain, or that the observed structures represent two
possible conformations of the motor domain that are selectively stabilized by different conditions
used for crystallization, as observed for human and rat Kinesin-1/conventional kinesin (72, 73,
75).  Nevertheless, these rearrangments are thought to represent mechanistically relevant

conformations of the Eg5 motor domain that relate to species along the ATPase pathway.
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Figure 1.10 Comparison of Eg5eADP and monastrol* Eg5°ADP crystal structures
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(A) This model was generated using DeepView Swiss Pdb Viewer (version 3.7) to superposition the EgS¢ADP
structure [PDB code: 1116 (68); labeled green] with the monastrol*Eg5*ADP structure [PDB code: 1Q0B (69);
labeled red] based on the position of C, atoms of the P-loop region (F102-T112). The differences in the the switch-
1 and switch-2 regions are highlighted. (B) Rotate Panel A approximately 90° around vertical axis. (C) Rotate
Panel A approximately 180° around vertical axis. (D) Rotate Panel A approximately 270° around vertical axis. (E)
View down the vertical axis of Panel A. (F) View up the vertical axis of Panel A, showing the microtubule-binding
region of the motor.
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Figure 1.11 Detailed structural features of the monastrol* EgS*ADP complex

(A) Comparison of the switch-1, switch-2, and neck-linker regions between the Eg5*ADP complex (red) (68) and
the monastrol*Eg5¢«ADP complex (green) (69). The circled areas are enlarged and shown as insets. (B) Comparison
of the switch-2 “cluster” and neck-linker regions between monastrol* Eg5¢«ADP (green) and KiflasAMPPCP (red)
(77). (C) Stereo view of the 20 side-chains that comprise the monastrol-binding site.
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1.7  SELECTIVE INHIBITORS OF EGS ATPASE

1.7.1 Monastrol — the Prototype EgS Inhibitor

In late 1999, Mayer et al. (101) published the results of a “phenotype-based” screen for small
molecule inhibitors of mitotic spindle bipolarity. This screen selected for inhibitors that caused
mitotic arrest, but did not affect the microtubule cytoskeleton. One of the five potential
compounds that met the criteria of the screen (named monastrol) promoted BS-C-1 (monkey
epithelial kidney) cells to form a monoastral spindle (hence, the drug was named “monastrol”)
during mitosis, with a “rosette-like” microtubule array surrounded by a ring of chromosomes
(Figure 1.12C). Monastrol does not perturb microtubules in interphase cells or microtubule
polymerization in vitro. It also does not disrupt microtubule-dependent lysosome and Golgi
apparatus distribution or chromosome dynamics in cells (/01).

Inhibition of Kinesin-5 with specific antibodies induced a similar spindle phenotype to
those observed after monastrol treatment (56, 59). Mayer et al. hypothesized that Eg5 was the
target of monastrol and obtained in vitro motility results that supported their hypothesis (/01).
The interesting discovery in this study and subsequent studies was the selectivity of monastrol
for Eg5. Monastrol could not bind or inhibit other Kinesin family members tested including
Kinesin-1/conventional kinesin from H. sapiens, N. crassa, and D. melanogaster, as well as
Kinesin-14 members from D. melanogaster (Ncd) and C. elegans (Klpl5) (101, 102).
Surprisingly, even different members of the Kinesin-5 family, including 4. nidulans BimC and
D. melanogaster Klp61F, were not significantly inhibited by monastrol treatment (/02). This
extreme specificity and selectivity by monastrol has piloted the initiative for developing more

potent compounds for anticancer drugs.
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Figure 1.12 Localization of EgS in monastrol-treated spindles
(A) The chemical structure of the 1,4-dihydropyrimidine-based compound called monastrol (/07). (B)

Immunolocalization of Eg5 within the bipolar spindle (control reaction) (62). (C) Immunolocalization of Eg5 in
monastrol-treated spindles (62). Chromatin (blue), tubulin (red), and Eg5 (green) in both Panel B and C.
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1.7.2  Other Eg5-Specific Inhibitors

A tremendous effort has been exerted to synthesize and evaluate new Eg5-specific inhibitors.
Four other classes of Eg5 inhibitors have been published: terpendole E (103), S-trityl-L-cysteine
(104, 105), HR22C16 (106), and CK0106023 (1/07). As of June 2005, several derivatives of
these Eg5 inhibitor classes are at various stages of clinical trials, including Ispinesib
(Cytokinetics), SB-743921 (Cytokinetics), and other Eg5 inhibitors from Merck, CombinatoRx,
and Kyowa Hakko Kogyo Co. (108). These Eg5 inhibitors are expected to have fewer side
effects compared to other drugs that perturb mitosis like vinca alkaloids, Taxol, and epothilone.
A recent study with monastrol demonstrated a lack of neurotoxicity in cultured sympathetic
neurons (/09). In addition, the HR22C16 class of inhibitors do not appear to be substrates for
the “drug efflux pump” P-glycoprotein (PgP), which is suggested as one of the primary causes
for taxane resistance in tumors (//0, 111). These studies provide an optimistic view for the use
of Eg5 inhibitors in the treatment of cancer

Several recent investigations showed that monastrol, S-trityl-L-cysteine, and
Dihydropyrazole 15 all bind the same region of the Eg5 motor domain (69, 79, 105). Together,
these studies provided evidence that these structurally different drugs may utilize a similar
mechanism to inhibit the Eg5 ATPase. Clearly, this inhibitor binding cleft was not engineered
for the binding of small molecules, but this region likely undergoes key structural transitions
during the Eg5 ATPase cycle. By investigating the mechanistic basis for Eg5 inhibition by
monastrol, we will hopefully be able to design more effective chemotherapeutic agents for the

treatment of cancer.
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1.8  THESIS AIMS

The structural and functional aspects of the Eg5 mechanochemical cycle will be explored by
using several biochemical and biophysical techniques. In order to better understand how this
kinesin family member converts the energy of ATP binding, ATP hydrolysis, and the release of
ADP and inorganic phosphate (P;) products into molecular motion that drives force production, I
will utilize several steady-state and presteady-state kinetic as well as equilibrium binding
approaches to dissect the Eg5 ATPase mechanism. 1 will use two truncated, bacterially-
expressed Eg5 proteins that include the primary structure for the core motor domain only (Eg5-
367) and for the core domain plus sequence within the stalk domain (Eg5-437). These two
constructs were designed to yield monomeric and dimeric Eg5 proteins, respectively, and a
comparison of the kinetic and thermodynamic profiles of each protein should provide insight into
the communication between the motor domains in the Eg5 dimer. Moreover, this investigation
plans to define the minimal ATPase mechanism of Eg5 in the presence and absence of its
microtubule filament partner, as well as in the absence and presence of the inhibitor monastrol.
Previous studies have demonstrated that Eg5 is a slow, plus-end-directed molecular
motor from the Kinesin-5/BimC kinesin family (//2). There are remarkable structural
similarities in the catalytic core domain of Eg5, Kar3, Ncd, and conventional kinesin (Figure
1.13) (68, 69, 72, 73, 83, 85, 86), yet these different kinesin family members exhibit different
characteristics in vitro and different cellular functions in vivo (10, 12, 113-116). Each of these
kinesins has been shown to function through a characteristic cyclic interaction with the
microtubule whereby the nucleotide state at the active site modulates the affinity of the motor for
the microtubule. The kinetic mechanisms of conventional kinesin, Ncd, and Kar3 have been
extensively studied (99, 112, 117-146). The aim of this study was to establish the kinetic basis
of Eg5 force generation in direct comparison to conventional kinesin (Kinesin-1) and other well-

characterized spindle motors, Kar3 and Ncd (Kinesin-14).
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Figure 1.13 Multiple sequence alignment of EgS, Kinesin, Kar3, and Ncd

The core motor domain sequences of conventional kinesin (RnKHC-354), Eg5 (HSEG5-368), Ncd (DmNCD), and
Kar3 (ScKAR3) were aligned using CLUSTAL W (v. 1.82). The secondary structure elements are highlighted: o.-
helix (blue) and B-sheet (orange). These proteins share 49% similarity to the Eg5 sequence.
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After defining the minimal ATPase mechanism for monomeric Eg5, I can use this
knowledge as a platform to investigate the mechanistic basis of Eg5 inhibition by monastrol.
Monastrol is a reversible, cell-permeable, small molecule that selectively inhibits the plus-end-
directed Kinesin-5 family member, Eg5 (62, 69, 101, 102, 147). Previous studies with monastrol
have revealed an induced-fit, allosteric binding site outside the nucleotide-binding pocket of the
protein (69, 102, 105, 147). How the conformational changes throughout the catalytic core
domain alter the ATPase mechanism of Eg5 and disturb force generation by the MtsEg5 complex
is not well understood. In this study, I will utilize kinetic and equilibrium binding methodologies
to define the mechanistic basis of MteEg5 inhibition by S-monastrol, the more active enantiomer
for inhibition (69, 102, 147).

The ATPase mechanism of kinesin family members in the absence of microtubules
remains largely uncharacterized. 1 adopted a strategy to purify a monomeric Eg5 motor in the
nucleotide-free state (apoEg5) in order to perform a detailed transient state kinetic analysis. I
have used steady-state and presteady-state kinetics to define the minimal ATPase mechanism for
apoEg5 in the absence and presence of the Eg5-specific inhibitor, monastrol. This study will
provide insight into the microtubule-based activation of steady-state ATP turnover, as well as the

allosteric mechanism of Eg5 inhibition by monastrol.
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2.0 CHAPTER TWO: MECHANISTIC ANALYSIS OF THE MT*EG5 ATPASE'

We have analyzed two human Eg5 motors, Eg5-367 and Eg5-437. These truncations were
engineered based on sequence similarity to monomeric and dimeric Drosophila Kinesin-1
proteins, respectively. However, both Eg5 proteins are monomeric based on results from
sedimentation velocity and sedimentation equilibrium centrifugation as well as analytical gel
filtration. The steady-state parameters were Eg5-367: k., = 5.5 s'l, Kipme = 0.7 uM, and K, 47p
=10 uM and Eg5-437: keor = 2.9 s'l, Koy =4.5 uM, and K, 47p = 4 uM. ATP binding is rapid
at 2-3 uM™'s™ and follows a two-step mechanism with the maximum observed rate being limited
by an isomerization of the MteEg5¢ATP collision complex to tighten ATP binding. ATP
hydrolysis follows the isomerization event at 11-15 s™', which occurs at all Eg5 active sites
during the first ATP turnover. Phosphate product release and ATP-dependent MteEg5
dissociation are coupled in the mechanism and are relatively slow and rate-limiting at 6-8 s
Eg5°ADP binding to the microtubule lattice proceeds rapidly for both motors and occurs via a
two-step mechanism as well, where an isomerization of the Mt*Eg5¢ADP collision complex
tightens Eg5’s binding to the microtubule. Eg5-367 binds microtubules more effectively (11
uM's™) than Eg5-437 (0.7 pM™'s™), consistent with the lower steady-state K,/ and the lower
mantADP release K, for Eg5-367. We propose that ADP release from the MteEgSemantADP
intermediate occurs rapidly at 35-45 s™ and is the result of the isomerization of the MtsEg5+ADP
collision complex to increase Eg5’s affinity for the microtubule. These results indicate that the
ATPase pathway for monomeric Eg5 is more similar to Kinesin-1/conventional kinesin than the
spindle motors Kinesin-14/Ncd/Kar3 where ADP product release is rate-limiting for steady-state

turnover.

! Reproduced in part with permission from 148. Cochran, J. C., Sontag, C. A., Maliga, Z., Kapoor, T. M.,
Correia, J. J., and Gilbert, S. P. (2004) Mechanistic analysis of the mitotic kinesin Eg5, J Biol Chem 279, 38861-70.
Copyright 2004 American Society for Biochemistry and Molecular Biology.
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2.1 BACKGROUND AND SIGNIFICANCE

Eukaryotic cell division requires proper assembly and maintenance of the bipolar spindle, an
intricate protein complex composed of a dynamic array of microtubules and microtubule-based
motor proteins [reviewed in (2, 149-154)]. Bipolar spindle formation requires a specific balance
between counteracting forces generated by cytoplasmic dynein and several families of kinesins
to organize and position opposite spindle poles (/2, 66, 155-160). Kinesin-5/BimC family
members contribute to the plus-end-directed force necessary to separate microtubule asters, thus
aiding in the establishment and maintenance of the bipolar spindle (47, 49-52, 55, 56, 59, 60,
64).

Electron microscopy studies of Drosophila melanogaster Kinesin-5 (Klp61F) suggest
that these proteins exhibit a unique homotetrameric structure with two N-terminal motor domains
positioned at each end of a coiled-coil stalk, thus facilitating the ability to interact with and slide
adjacent microtubules (63-65, 67). HsEg5/KSP?, the human homologue of Xenopus Eg5, is a
slow, plus-end-directed Kinesin-5 that has been shown to localize along interpolar spindle
microtubules and at the spindle poles (60, 112, 161). This spindle association is regulated by the
cell cycle-dependent phosphorylation of a single threonine within a highly conserved region of
the Eg5 tail domain by p34°“* protein kinase (59, 60, 161). A small, cell permeable molecule,
monastrol, can reversibly inhibit the function of Eg5 to arrest cells in mitosis, providing a useful
model for anti-mitotic drug design (62, 69, 101, 102, 147, 162).

There are remarkable structural similarities in the catalytic core domain of Eg5, Kar3,
Ncd, and conventional kinesin (68, 69, 72, 73, 83, 85, 86), yet these proteins exhibit different
characteristics in vitro and different cellular functions in vivo (10, 12, 113-116). Each of these
kinesins has been shown to function through a characteristic cyclic interaction with the
microtubule (Scheme 2.1) whereby the nucleotide state at the active site modulates the affinity of
the motor for the microtubule. The kinetic mechanisms of conventional kinesin, Ncd, and Kar3
have been extensively studied (99, 112, 120-127, 129-146). The aim of this study was to

establish the kinetic basis of force generation of Eg5 in direct comparison to conventional

2 The abbreviations used are: HsEg5/KSP, Homo sapiens Eg5/KSP; KSP, Kinesin spindle protein; Mt, microtubule;
AMPPNP, adenosine 5'-(B,y-imino)triphosphate; mant, 2'(3')-O-(N-methylanthraniloyl).
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kinesin (Kinesin-1) and other well-characterized minus-end-directed spindle motors, Kar3 and
Ncd (Kinesin-14).

We have utilized kinetic and thermodynamic approaches to define the mechanochemistry
of two truncated human Eg5 motors, Eg5-367 and Eg5-437. Eg5-367, containing the N-terminal
367 amino acids, represents a single Eg5 catalytic domain (68, 69, 147). Surprisingly, we found
that Eg5-437, designed to yield a dimeric motor, was monomeric based on results from
sedimentation velocity and sedimentation equilibrium analytical ultracentrifugation as well as
analytical gel filtration. The kinetics and equilibrium binding characteristics for Eg5 presented
here reveal a unique ATPase mechanism more similar to KinN kinesins, such as conventional

kinesin, compared to the KinC spindle motors, Kar3 and Ncd.

2.2 MATERIALS AND METHODS

2.2.1 Experimental Conditions

Experiments were performed at 25 °C in ATPase buffer (20 mM Hepes, pH 7.2 with KOH, 5
mM magnesium acetate, 0.1 mM EDTA, 0.1 mM EGTA, 50 mM potassium acetate, 1 mM
dithiothreitol, 5% sucrose). MgATP and MgADP concentrations were determined by
absorbance at 259 nm using the extinction coefficient (g) of 15,400 M'em™. All concentrations

reported for experiments are final after mixing.

2.2.2 Expression and Purification of Monomeric Eg5

We have expressed two human Eg5 constructs as described previously (/47). Eg5-367 contains
the N-terminal 367 amino acids, Met'-GIn*®’ followed by a 6xHis tag (M, = 41,700 Da without
MgADP and 42,100 Da with MgADP) and Eg5-437 contains the N-terminal 437 amino acids,
Met'-Thr*"’ followed by a 6xHis tag, (M, = 49,800 Da without MgADP and 50,200 Da with
MgADP). Both recombinant Eg5 motors were initially expressed in the Escherichia coli cell

line BL21-(DE3)-pLysS (Stratagene, La Jolla, CA) and purified using column chromatography.

30



However, the protein yield was minimal (1-5 mg of Eg5 protein per 30 g cells). We surveyed
the human Eg5 gene and found several codons that were under represented in E. coli due to
codon usage bias. Therefore, we were able to find the E. coli cell line BL21-CodonPlus(DE3)-
RIL (Stratagene), which supplemented the tRNAs and enhanced expression by greater than 10-
fold.

The column chromatography protocol that was followed for 10 preparations of each
motor is summarized. The harvested cells (30—40 g wet pellet) were diluted after induction to 1
g/10 ml in lysis buffer [10 mM NaPOj, buffer (pH 7.2), 20 mM NaCl, 2 mM MgCl,, 1 mM
EGTA, 1 mM DTT, 2 mM PMSF] and lysozyme (0.2 mg/ml) and incubated on ice for 30 min
with gentle stirring. The cells were lysed with 3 cycles of freezing (liquid nitrogen) and thawing
(34 °C). The cell extract was clarified by ultracentrifugation and the soluble cell lysate was
loaded onto a 25-ml S-Sepharose (Sigma-Aldrich Co., St. Louis, MO) column to select for the
Eg5 motor domain. Eg5 was eluted from the S-Sepharose column using a linear NaCl gradient
(20600 mM NacCl), and the protein eluted between 290420 mM NaCl. Fractions enriched in
Eg5 were pooled and dialyzed against Ni-NTA buffer [10 mM NaPO, buffer (pH 7.2), 20 mM
NaCl, 2 mM MgCl,, 0.1 mM EGTA, 1 mM DTT, 0.02 mM ATP]. The dialysate was loaded
onto a 5-ml Ni-NTA agarose column (Qiagen, Valencia, CA), and Eg5 was eluted using a linear
imidazole gradient (0—200 mM imidazole). Fractions enriched in Eg5 were pooled and dialyzed
against ATPase buffer plus 200 mM NaCl to remove the imidazole. The dialysate was
concentrated by ultrafiltration (Millipore Centriprep 30, Bedford, MA) and further dialyzed
against ATPase buffer with 5% sucrose. Finally, the dialyzed protein was clarified by
ultracentrifugation at 50,000 rpm, and the protein was aliquoted and frozen in liquid nitrogen,
then stored at -80 °C. We determined the Eg5 protein concentration by the Bio-Rad Protein
Assay (Bio-Rad Laboratories, Inc., Hercules, CA) with IgG as the protein standard. This
purification method yielded 40-150 mg of Eg5 protein per 30 g of E. coli BL21-
CodonPlus(DE3)-RIL cells at >99% purity (Figure 2.1).
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Figure 2.1 Summary gels for Eg5-367 and Eg5-437 preparations

(A) Eg5-367 final preparation gel (8% SDS-polyacrylamide) stained with Coomassie brilliant blue. Lane 1: SDS-
PAGE molecular weight standards; Bio-Rad Laboratories, Inc. Lane 2: HsEg5-367 standard. Lane 3: Pre-induced
cell sample. Lane 4: Post-induced cell sample. Lane 5: 18,000 rpm supernatant. Lane 6: 18,000 rpm pellet. Lane
7: 40,000 rpm supernatant. Lane 8: 40,000 rpm pellet. Lane 9: Pooled S-Sepharose fractions. Lane 10: Ni-NTA
load. Lane 11: Pooled Ni-NTA fractions. Lane 12: Centriprep 30 retentate. Lane 13: Centriprep 30 filtrate. Lanes
14 through 16: final protein preparation at increasing protein quantities. (B) Eg5-437 final preparation gel (10%
SDS-polyacrylamide) stained with Coomassie brilliant blue. Lane 1: SDS-PAGE molecular weight standards; Bio-
Rad Laboratories, Inc. Lane 2: HsEg5-437 standard. Lane 3: Pre-induced cell sample. Lane 4: Post-induced cell
sample. Lane 5: 18,000 rpm supernatant. Lane 6: 18,000 rpm pellet. Lane 7: 40,000 rpm supernatant. Lane 8:
40,000 rpm pellet. Lane 9: Pooled S-Sepharose fractions. Lane 10: Ni-NTA load. Lane 11: Pooled Ni-NTA
fractions. Lanes 12 through 16: final protein preparation at increasing protein quantities.
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2.2.3 Expression and Purification of MDCC-PBP

A fluorescent protein has been engineered to directly measure rapid inorganic phosphate (P;)
release in real time from enzymes such as molecular motor proteins (/63). This protein utilizes
the A197C mutant of the Escherichia coli phosphate binding protein (PBP) coupled to
attachment of the 7-diethylamino-3-((((2-maleimidyl)ethyl)amino)carbonyl) coumarin (MDCC)
fluorophore to the single cysteine. E.W. Taylor (University of Chicago) and W. Epstein
(University of Chicago) developed an expression methodology where PBP was under the control
of a rhamnose promoter (plasmid pSN5182) in E. coli strain BW 24777 (164). The protocol
from Brune et al. (163) was primarily followed to express, purify, and label PBP with the
coumarin fluorophore; however, H. White invested a significant amount of time into modifying
the purification protocol in order to minimize the duration of the preparation and maximize the
protein yield and purity (unpublished). The detailed protocol that I followed for the MDCC-PBP
preparation is described below.

Day 1: E. coli BW 2477 cells containing plasmid pSN5182 (conferring tetracycline
resistance) were grown in 2x10 ml Luria Broth (LB) supplemented with 12.5 pg/ml tetracycline
for 6 hrs at 37 °C (120 rpm) and then transferred to 2x90 ml LB + tetracycline for 16 hrs at 37 °C
(120 rpm). During the growth, media and reagents were prepared for the remainder of the
preparation, including the supplemented minimal media, the L-rhamnose stock, and the buffers
for osmotic lysis. For all Tris buffers, we used Tris from EM Laboratories (Catalog # 9210), and
we determined the pH of the solutions at their respective temperatures (either 4 °C or room
temperature) as the pH of Tris-HCI buffers changes with temperature.

Day 2: After the 16 hr growth, eight 500 ml minimal media + tetracycline [100 mM
Hepes, pH 7.5 with KOH, 20 mM KCI, 15 mM (NH4),SO4, 1 mM MgCl,, 10 uM FeSOs, 1
pg/ml thiamine, 0.25 % glycerol (v/v), 2 mM KH,PO,4, and 12.5 pg/ml tetracycline] were
inoculated with 10 ml from one of the 100 ml LB overnight cultures. The supplemented minimal
media cultures were shaken at 120 rpm at 37 °C until the optical density at 600 nm (ODggo) was
0.2. When the ODgoy reached 0.2, the cells were induced with 2 mM L-rhamnose (filter
sterilized) and incubated overnight at 37 °C (120 rpm). During the growth, the Q-sepharose

column reagents were prepared.
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Day 3: After the overnight induction (18-22 hrs), the cells were harvested by
centrifugation (Sorvall GSA rotor, 4,000 rpm, 20 min, 25 °C) and were washed twice using Lysis
Buffer 1 [10 mM Tris-HCI (pH 7.6), 30 mM NacCl] at 25 °C. The wet cell pellets were weighed
for record (10-15 g) and were resuspended in 100 ml (total) of Lysis Buffer 2 [33 mM Tris-HCl
(pH 7.6)] at 25 °C. The resuspended cells were incubated with Lysis Buffer 3 [40% sucrose, 0.1
mM EDTA, 33 mM Tris-HCI1 (pH 7.6)] at 25 °C while stirring for 10 min. The cells were
pelleted by centrifugation (Sorvall GSA rotor, 10,000 rpm, 20 min, 4 °C) and rapidly
resuspended in 200 ml ice cold 0.5 mM MgCl, while rapidly stirring for 15 min at 4 °C. At this
point, the cells were disrupted by osmotic lysis and the PBP was in the soluble fraction. The cell
extract was clarified by ultracentrifugation (45 Ti rotor, 10,000 rpm, 20 min, 4 °C), the
concentration of PBP was determined by subtracting As,y from A,z (¢ = 60,880 M'lcm'l; M, =
34,440 Da; yield = 200-250 mg PBP), and the supernatant and pellet samples were resolved on a
12% SDS-polyacrylamide gel (Figure 2.2A). The PBP lysate was either dialyzed against 4 L of
5 mM Tris-HCI (pH 8.0) for 1 hr at 4 °C, frozen in liquid nitrogen, and stored at -80 °C, or
dialyzed against 4 L of 5 mM Tris-HCI (pH 8.0) overnight at 4 °C if the Q-sepharose column
chromatography was performed on the following day.

Day 4: The PBP lysate was clarified by ultracentrifugation (45Ti rotor, 10,000 rpm, 20
min, 4 °C), and the supernatant was loaded onto a 25-ml Q-sepharose column (binding capacity
= ~10 mg PBP/ml resin). The PBP was eluted from the column with a linear NaCl gradient (0—
100 mM NaCl; 100 ml each), and the fractions were analyzed by SDS-PAGE (Figure 2.2B).
Fractions enriched for PBP were pooled, and the concentration of PBP was determined by
subtracting Aspo from Ajgy (¢ = 60,880 M'lcm'l; M, = 34,440 Da; yield = 100 mg PBP). The
pooled PBP fractions were concentrated to 3.5 mg/ml (~100 uM) using Millipore Centriprep 10
(Sorvall GSA rotor, 3,500 rpm, 15 min, 4 °C). The concentrated PBP was dialyzed against 2 x 4
L of 20 mM Tris-HCI (pH 8.0) at 4 °C for 30 min and overnight, respectively. The Q-sepharose
beads were regenerated by washing the resin with 100 ml of 2 M NaCl/5 mM Tris-HCI (pH 8.0)
at 5 ml/min flow rate. The resin was re-equilibrated with 5 mM Tris-HCI (pH 8.0).

Day 5: The concentrated PBP (~100 uM) was dialyzed against 4 L of 20 mM Tris-HCl
(pH 8.0) at 25 °C for 30 min. Samples of unlabeled PBP (3 x 100 ul aliquots) were saved for

mass spectrometry analysis (see below). The PBP solution was adjusted to 0.2 mM 7-
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methylguanosine (MEG) and 0.2 U/ml purine nucleoside phosphorylase (PNPase) to remove
contaminating P; from PBP and was incubated at 25 °C for 30 min using a temperature-
controlled incubator. The PBP solution was adjusted to 150 uM MDCC dissolved in N,N-
dimethylformamide and was mixed end-over-end for 30 min at 25 °C in the incubator. Note:
The MDCC probe (light-sensitive) should be purchased from Molecular Probes (Eugene, OR)
the week of the preparation, and the sample should be stored at -20 °C in anhydrous calcium
sulfate desiccant (Drierite, Xenia, OH). Immediately following the 30 min labeling incubation,
the MDCC-PBP solution was brought to 5 mM Tris-HCI (pH 8.0) by quadrupling the volume
with cold ddH,0O. The diluted MDCC-PBP was loaded onto a 25-ml Q-sepharose column, eluted
with 50 ml of 200 mM NaCl in 5 mM Tris-HCI (pH 8.0) [no gradient], and the fractions were
analyzed by spotting 1.5 pl of each fraction onto a Whatmann filter paper, followed by staining
with Coomassie brilliant blue (Figure 2.2C). The A,gp and A4szo values were determined for all
fractions containing protein based on the spot assay (described above), and the fractions
displaying the Asgy / As3zp ratio between 1.5-1.7 were pooled (a ratio of 1.6 indicates
stoichiometric labeling) (Figure 2.2D). The pooled MDCC-PBP fractions were dialyzed against
2 x4 L of 10 mM Hepes (pH 7.2 with KOH) for 1 hr each at 4 °C. The final MDCC-protein was
diluted with 10 mM Hepes (pH 7.2 with KOH) to reach a concentration approximately 100 uM,
was clarified by ulracentrifugation (70Ti rotor, 40,000 rpm, 30 min, 4 °C), was aliquoted, and
frozen with liquid nitrogen for storage at -80 °C. The final yield from the preparation was

approximately 15 ml at 3.3 mg/ml MDCC-PBP at >99% purity.
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Figure 2.2 MDCC-PBP purification summary
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(A) Coomassie-stained 12% SDS-polyacrylamide gel showing samples of the supernatant (lanes 2-8) and pellet
(lanes 9-15) fractions of the clarifying spin after osmotic lysis. Lane 1: Low range SDS-PAGE standards; Bio-Rad
Laboratories, Inc. (B) Coomassie-stained 12% SDS-polyacrylamide gels resolving the protein isolated in flow-
through (lanes 3-6) and elution (lanes 7-28) fractions from the Q-sepharose column. Fractions enriched in PBP
(lanes 11-21) were pooled. (C) Coomassie-stained filter paper from the spot assay to determine the MDCC-PBP
protein content in flow-through and elution fractions. Fractions enriched for MDCC-PBP (highlighted) were further
analyzed for A,g and Ay. (D) The relative absorbance values (Azg and Ayzp) for the MDCC-PBP enriched
fractions are plotted. The small dashed lines show the fractions that were pooled in the preparation. The average
Ajgo/Aysp ratio for the pooled fractions was 1.58.

2.2.4 Characterization of the MDCC-PBP Preparations

In order to characterize the MDCC-PBP preparations, several experiments were performed to
determine to verify proper labeling of PBP, and to assay the response of MDCC-PBP to binding
P; in solution. We sent samples of the unlabeled and labeled PBP to the PAN Facility (Stanford
University Medical Center, Palo Alto, CA) for MALDI-TOF and MS/MS mass spectrometry
analysis. A virtual trypsin digest predicts that the engineered C197 residue should occur in a
peptide fragment of 1,500 Da that ends in a Lysine, and the mass of the fragment should increase
approximately 383 Da due to the attachment of the coumarin fluorophore. All the samples
yielded excellent matches to the PBP sequence, and a peptide fragment with unlabeled C197 was
reported in all preparations, thus indicating that the labeling procedure was not 100 % efficient,
though with MALDI-TOF quantitative comparisons cannot be made. A search for peaks in the
MDCC-PBP preparations that were not in the unlabeled PBP controls provided a peak at 1948.01
Da (a difference of 401 Da from the unlabeled peptide). MS/MS analysis on these peaks
demonstrated that they were the modified peptide containing C197. Also, there was good
evidence that the modification occurred on the cysteine residue.

The MDCC-PBP preparations were also tested for the ability to bind P; based on the
expected fluorescence increase of the MDCC-PBP+P; complex (/63). The fluorescence emission
spectra for MDCC-PBP in the absence and presence of excess P; were analyzed using an
Aminco-Bowman Series 2 luminescence spectrometer (Thermo Spectronic, Madison, WI)
equipped with a 150-Watt continuous wave xenon arc lamp source. The samples were excited at
425 nm (2-nm halfwidth), and the emission spectrum was scanned from 430-600 nm (2-nm
halfwidth) (Figure 2.3A). We observed a 4.6-fold increase in fluorescence intensity of MDCC-

PBP in the presence of P;, and we also observed a blue-shift in maximum intensity wavelength
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from 474 nm to 466 nm. Thus, these results suggest our MDCC-PBP preparations bind P; in
solution.

We measured the P; concentration-dependence on the observed rate constant for P;
association with MDCC-PBP using a SF-2003 KinTek stopped-flow instrument (KinTek Corp.,
Austin TX). The observed rates at P; concentrations less than 2 uM increased linearly with [P;],
and the data were fit to a simple one-step binding model with a slope of the plot of the observed
rate constants versus P; concentration being the apparent association rate constant at 182 + 24
uM's™ (Figure 2.3B). These data provide evidence for very rapid P; binding to MDCC-PBP,
and it has been shown that P; binds very tightly to MDCC-PBP as well (163, 165), thus providing

an excellent coupled assay for direct measurement of rapid P; release from Eg5 in real-time.
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Figure 2.3 Characterization of MDCC-PBP preparations

(A) Fluorescence emission spectra of MDCC-PBP in the absence and presence of excess P;. Final concentrations: 5
uM MDCC-PBP, 0.1 U/ml PNPase, 150 uM MEG, + 100 uM KH,PO,. There was a 4.58-fold change in
fluorescence intensity (Apyax / Amax) in the presence of P;. (B) P; concentration dependence of the observed rate
constant of P; binding to MDCC-PBP. Final concentrations: 5 uM MDCC-PBP, 0.1 U/ml PNPase, 150 uM MEG,
0.05-2 uM KH,PO,. The data were fit the following linear relationship: ks, = k,, * [Pi] + ko4 where k,, corresponds
to the second-order rate constant for P; binding to MDCC-PBP at 182 + 24 uM's, and ko equals the apparent off-
rate for P;at 212 + 23 s,

2.2.5 Microtubules for Kinetic Experiments

Purified bovine brain tubulin was isolated by two temperature-dependent cycles of
polymerization and depolymerization (166, 167), followed by a modified DEAE column

chromatography method to separate tubulin from microtubule-associated proteins (/68, 169).

38



We received two fresh bovine brains from a local slaughterhouse, and after removing the outer
meninges of the brain, we homogenized ~1 g tissue/ml of PM buffer [100 mM PIPES (pH 6.7), 5
mM MgCl,, 1 mM EGTA, 1 mM PMSF]. The homogenate was clarified by ultracentrifugation,
and the supernatant was adjusted to 1 mM GTP and 25% glycerol to lower the critical
concentration for effective microtubule polymerization. The mixture was incubated at 34 °C for
30 min, and the assembled microtubules were pelleted by ultracentrifugation. The supernatant
was discarded, and the microtubule pellets were resuspended in cold PM buffer containing 1 mM
GTP and incubated on ice for 30 min to depolymerize the microtubule polymers. The soluble
tubulin was further clarified by ultracentrifugation, and the supernatant was adjusted to 1 mM
GTP and 25% glycerol, followed by incubation at 34 °C for 30 min. The microtubules were
pelleted by ultracentrifugation in the presence of 1 mM MgATP and 200 mM KCI to partially
remove some of the microtubule-associated proteins, especially cytoplasmic dynein. The
microtubules were resuspended in PM buffer plus I mM GTP and frozen with liquid nitrogen for
storage at -80 °C. This cycling procedure was repeated.

In order to remove the remaining microtubule-associated proteins from the tubulin, we
employ a column chromatography method to select for the highly acidic tubulin protein (768,
169). On the day of the “tubulin column”, two microtubule pellets (as described above) were
thawed, and adjusted the solution to 1 mM GTP. We incubated the tubulin solution on ice for 30
min, followed by ultracentrifugation to clarify the supernatant. The supernatant was adjusted to
200 mM KCI and loaded onto a 25-ml DEAE anion-exchange column (BioRad Laboratories,
Inc.). Tubulin was eluted from the column with PM buffer + 500 mM KCIl, and fractions
enriched in tubulin were pooled. The pooled fractions were adjusted to 1 mM GTP and were
dialyzed against 2 L of PM buffer + 0.5 mM GTP + 0.5 mM ATP to remove the excess salt. The
solution was adjusted to 7% DMSO and incubated at 34 °C for 30 min to assemble the
microtubules. The microtubules were pelleted in the presence of 1| mM MgATP + 200 mM KCI
to remove trace amounts of cytoplasmic dynein and remaining associated proteins. The
microtubule pellet was resuspended and thoroughly homogenized in PM buffer + 1 mM GTP,
and the purified tubulin was aliquoted, frozen in liquid nitrogen, and stored at -80 °C. This

method yielded >98% pure bovine tubulin based on a Coomassie brilliant blue stained SDS-
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polyacrylamide gel (Figure 2.4). Each tubulin column typically yielded approximately 10 ml of
15 mg/ml tubulin.
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Figure 2.4 Tubulin for biochemical experiments
SDS-polyacryamide gel (10%) stained with Coomassie blue showing the tubulin preparation post-DEAE column as

well as post-cycling that was performed the day of each experiment (see below). SDS-PAGE High Range standards
are shown in left lane.

On the day of each experiment, we cycled an aliquot of tubulin by thawing, diluting 1:2
with PM buffer, and adjusting to 1| mM GTP. The mixture was incubated on ice for 30 min,
followed by centrifugation at 14,000 rpm for 30 min at 4 °C to remove aggregated tubulin. The

supernatant was transferred to a 1.5 ml Eppendorf tube and incubated at 34 °C for 10 min to
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polymerize the microtubules. The polymers were stabilized with 20 uM Taxol (paclitaxel,
Sigma-Aldrich Co.) and incubated at 34 °C for another 10 min. The reaction mixture was
diluted with 1 ml PM buffer + Taxol to dilute the excess GTP, incubated at 34 °C for 10 min,
and then centrifuged at 14,000 rpm for 30 min at room temperature. The microtubule pellet was
resuspended in ATPase buffer plus 2040 uM Taxol. The concentration of this tubulin stock
was determined by the hot Lowry assay (/70, 171) using BSA as the protein standard.

2.2.6 Analytical Ultracentrifugation

It is possible to use sedimentation to analyze purified proteins and determine their oligomeric
state in solution based on a comparison of the expected and observed molecular weights.
Analytical ultracentrifugation experiments were performed to determine the sedimentation
coefficient (S2p,) and the average molecular weight of Eg5-437 in order to characterize its
oligomeric state in the absence of microtubules. In collaboration with Dr. John J. Correia and
colleagues at the University of Mississippi Medical Center (Department of Biochemistry,
Jackson, MS 39216), sedimentation velocity experiments were conducted at 42,000 rpm, and
sedimentation equilibrium experiments at 17,000 rpm in a Beckman Optima XLA analytical
ultracentrifuge (Beckman Coulter Inc., Fullerton CA) equipped with absorbance optics and an
An60Ti rotor. Velocity and equilibrium data were collected at a wavelength of 235 nm. The
conditions for sedimentation velocity experiments included ATPase buffer with and without 50
uM AMPPNP (a non-hydrolyzable ATP analog) at 25 °C (Figure 2.5A). Velocity data were
analyzed by DCDT+ (v. 1.15) (/72) as described previously (/73) and, where appropriate,
SVEDBERG (v. 6.39) (/74) to verify the results. The reported weight average sedimentation
coefficient values (S2w) obtained from DCDT+ are corrected for the solution density and
viscosity (/73) and are calculated by a weighted integration over the entire range of
sedimentation coefficients covered by the g(s) distribution. Equilibrium data were analyzed by

NONLIN (v. 1.035) as described (/73) (Figure 2.5B).
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2.2.7 Gel Filtration and Stokes Radii Calculations

Analytical gel filtration is a form of chromatography in which proteins are separated based on
their molecular size and shape. Therefore, this method can be used to characterize our purified
Eg5 proteins, in comparison to other well-studied kinesin oligomers, to determine the oligomeric
state of the proteins. Proteins were resolved by a Superose-6 HR 10/30 gel filtration column
(Amersham Biosciences, Piscataway NJ) equilibrated in ATPase buffer at 25 °C using the
System Gold high performance liquid chromatography system (Beckman Coulter Inc., Fullerton
CA) (Figure 2.5C). The elution volumes (V.) of proteins were determined by intrinsic protein
fluorescence detection (Jasco FP-2020, Victoria British Columbia). The Stokes radii (R;) of
Eg5-367, Eg5-437, and dimeric Drosophila Kinesin-1 (K401) were calculated as described (/75).
Briefly, the partition coefficients (K,,) were calculated for four standard proteins of known
Stokes radii (R,): ovalbumin, 3.05 nm; aldolase, 4.81 nm; catalase, 5.22 nm; and ferritin, 6.10
nm. The apparent Stokes radius of each motor was determined from interpolation of a semilog

plot of the markers K,, versus the known R; of the markers (Table 2.1).

2.2.8 Phosphocreatine Kinase Coupled Assay

An estimation of the concentration of active Eg5 sites was determined by performing a modified
Hackney coupled assay (/76) that utilized a phosphocreatine kinase ATP regeneration system as
described (/77). Briefly, Eg5 (5 uM final concentration) was incubated with a trace amount of

[oc-3 2P]ATP for 90 min to convert all radiolabeled ATP to ADP (Figure 2.6A., insef). In some

experiments, additional non-radiolabeled ADP was then added to yield a final concentration of 5-
15 uM [a-*P]ADP.  The EgS-[oc-32P]ADP complex was combined with a creatine
kinase/phosphocreatine-based ATP regeneration system to convert unbound [o->*PJADP to [o-
2P]ATP. However, ADP tightly bound at the Eg5 active site was inaccessible to the creatine
kinase, and therefore protected from enzymatic conversion to ATP. This assay measures the Eg5
concentration based on ADP tightly bound at the Eg5 active site. The protected [o-**P]ADP was

quantified as a function of time by incubating the EgS5+[o->’P]JADP complex with the
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regeneration system + 2.5 mM unlabeled MgATP (Figure 2.6B). Each data set was fit to the

following single exponential function,
Equation 2.1
[ADP] =4y * exp(—koijDp Z) +C

where the active site concentration is the sum of the amplitude (4y) and the constant term (C) to
extrapolate to zero time (f). In the experiment with excess non-radioactive MgATP, k,54pp is the
first-order rate constant for ADP release in the absence of microtubules.

This assay was only effective for “estimating” the active site concentration of Eg5-437,
but not Eg5-367 due the inability of Eg5-367 to bind ADP tightly. If the ATP regeneration
system of this assay is significantly faster at converting [o->*P]ADP to [a->"PJATP compared to
the rate of [0->’P]JADP release from the Eg5 active site, then this coupled-assay provides a
means to attain the first-order rate constant of [o->*P]JADP product release from Eg5 in the
absence of microtubules (e.g. Eg5-437). However, as the rate of [a-""P]JADP product release

increases, a significant error is introduced into the assay (e.g. Eg5-367).

2.2.9 Steady-State ATPase Kinetics

Eg5 steady-state ATPase activity was determined by following [a-"*P]ATP hydrolysis to form
[0->*P]JADPeP; as previously described (/78). Briefly, each Eg5 protein preparation was tested
for activity by measuring the steady-state ATPase kinetics as a function of microtubule
concentration at saturating MgATP, and as a function of MgATP concentration at saturating
microtubule concentration. Reactions were carried out at different time domains in order for 20—
30% of the initial substrate to be converted to product. The plot of product formed versus
reaction time provides a linear relationship with the slope of the line correlating to the rate of
ATP turnover at the given substrate concentration. Multiple substrate concentrations were used
to define the K, 47p and the K, y, as well as the k... In Figure 2.7A, the rate of ATP turnover
was plotted as a function of microtubule concentration, and the data were fit to the following

quadratic equation,
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Equation 2.2
Rate = 0.5 * key * {(Bo+ Ky + [Mt]) — [(Bo+ K20+ [Mt])* — (4Eo[Mt])]"*}

where E, is the Eg5 site concentration, K/, is the tubulin concentration as microtubules needed
to provide one-half the maximal velocity, and [Mt] is the tubulin concentration. For the
MgATP-concentration dependence steady-state experiments (Figure 2.7B), the rate was plotted

as a function of MgATP concentration, and the data were fit to the Michaelis Menten equation,

Equation 2.3
Rate = kear * [ATP] / (Kpa7p + [ATP])

where Rate is the amount of hydrolysis product formed per second per active site, k., is the
maximum rate constant of product formation at saturating substrate, and K, 47p is the MgATP

concentration required to provide half the maximal velocity.

2.2.10 MteEg5 Cosedimentation Assays

In order to characterize Eg5 binding to microtubules at equilibrium, we performed
cosedimentation assays based on the pelleting of microtubules, and analyzing the Eg5 protein in
both the supernatant fraction (unbound Eg5) and the pellet fraction (bound Eg5). Holding the
Eg5 concentration constant, and varying the concentration of microtubules, we are able to attain
the upper limit of the dissociation constant for the microtubule (K, ) for each Eg5 motor. Eg5
at 2 uM was incubated with varying microtubule concentrations (0—6 uM tubulin) in the absence
of added nucleotide for 30 min, followed by centrifugation in a Beckman Airfuge (Beckman
Coulter Inc., Fullerton CA) at 30 psi (100,000 x g) for 30 min as described previously (/40).
The microtubule pellet was resuspended in ATPase buffer to equal the volume of the
supernatant. Gel samples for the pellet and supernatant were prepared in 5x Laemmli sample
buffer, the proteins resolved by SDS-PAGE, followed by staining with Coomassie brilliant blue.
The gels were analyzed with a Scan Maker X6EL scanner (Microtek, Carson CA), and the
proteins were quantified using NIH Image (v. 1.62) to determine the fraction of Eg5 in the

supernatant and pellet at each microtubule concentration. The fraction of Eg5 that partitioned to
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the pellet was plotted as a function of microtubule concentration (Figure 2.8), and the data were

fit to the following quadratic equation,
Equation 2.4

MtsE/Eq = 0.5 * {(Eo + Ky + [Mt]) — [(Eo + Kar + [Mt])* — (4Eo[Mt])]"?} / Eo

where Mt*E/E, is the fraction of Eg5 partitioning with the microtubule pellet, Ey is total Eg5

concentration, K,y is the dissociation constant, and [Mt] is the tubulin concentration.

2.2.11 Mt°Eg5°[(x-32P]ADP Cosedimentation Assays

We wanted to directly measure the re-binding of MgADP product to the MteEg5 complex under
equilibrium conditions. To address this question, we performed cosedimentation assays at
constant microtubule and Eg5 concentrations that were sufficient to allow all Eg5 protein to
partition to the pellet, and increasing the concentration of radiolabeled MgADP. In this assay,
we were able to directly quantifiy the concentration MgADP that partitions with the Mt-Eg5
complex; thus, we were able to attain the lower limit of the dissociation constant of ADP (K 4pp)
for both Eg5 motors. Eg5 at 5 uM was incubated with microtubules (6 uM and 8 uM tubulin for
Eg5-367 and Eg5-437, respectively) and with varying concentrations of [a->"P]MgADP (2.5—
100 uM) for 30 min as described previously (/45). The reaction mixture was centrifuged, the
supernatant was removed, the unwashed pellet was resuspended in 4 N NaOH, and the volume of
the pellet was adjusted with buffer to equal the volume of the supernatant. Control reactions
were performed at each microtubule concentration in the absence of Eg5 to determine the
amount of radiolabeled nucleotide that was non-specifically trapped in the microtubule pellet.
The concentration of [a->’PJADP for each MteEg5 reaction was corrected for [0-**P]JADP that
partitioned with microtubules in the absence of motor. Figure 2.9A shows the data fit to the

following quadratic equation,

Equation 2.5

MtsE*ADP = 0.5%{(Eg+Ky1pp+[ADP])~[(Eo+K 4 1pp+[ADP])*—(4Eo[ADP])]"*}
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where MteE*ADP is the concentration of ADP bound to the Mt*Eg5 complex, E, is total Eg5,
[ADP] is the total nucleotide present, and K, 4pp 1s the dissociation constant for ADP. For Figure
2.9B, the fraction of Eg5 that partitioned to the pellet was plotted as a function of MgADP

concentration.

2.2.12 Pulse-Chase Experiments

The presteady-state kinetics of MgATP binding was determined by pulse-chase methodologies
using a KinTek RQF-3 chemical quench-flow instrument (KinTek Corp.) (Figure 2.11). The
quench-flow instrument consists of three syringes controlled by a computerized motor to force
the mixing of the Mt*Eg5 complex with increasing [a-"P]MgATP concentrations plus KCI,
followed a chase solution (excess unlabeled MgATP) to allow time for any tightly bound
radiolabeled MgATP to continue forward in the pathway. Whereas, any weakly bound or
unbound MgATP substrate will be diluted by the unlabeled chase. The reaction was quenched
with formic acid after a chase time sufficient for 8-10 turnovers. Radiolabeled product was
separated from substrate by thin layer chromatography, and the concentration of product formed
was plotted as a function of reaction time. We observed two phases in the kinetics of product
formation: 1) a rapid exponential phase that corresponds to the product formed during the first
turnover event, and 2) a slow linear phase that corresponds to subsequent ATP turnovers. From
the exponential phase, we gain information about the observed presteady-state rate of MgATP
binding, and the amplitude of the exponential, which is correlated to the concentration of Eg5
sites that report during the first ATP turnover. From the linear phase, we obtain an estimate of
the rate of the slow step (downstream in the pathway from MgATP binding) that limits steady-
state ATP turnover.

In the pulse-chase experiments, a preformed MteEg5 complex was rapidly mixed with
increasing [o-"P]MgATP concentrations plus KCI, and the reaction continued for various times
(0.005-0.5 sec) followed by the non-radioactive MgATP chase (10 mM) for 3 sec (~10
turnovers). The additional KCl was added to the MgATP syringe to lower Eg5 steady-state
ATPase activity, without affecting the kinetics of the first ATP turnover [Figure 2.12 (A and B)].

The concentration of [a->"P]JADP product was plotted as function of time, and each pulse-chase

transient was fit to the following burst equation [Figure 2.11 (A and B)],
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Equation 2.6
[Product]ops = Ap * [1 — exp(—kst)] + kst

where A4, corresponds to the concentration of tightly-bound MtsEg5"*ATP complexes that
proceed in the forward direction toward ATP hydrolysis, 4 is the rate constant of the exponential
phase, and ki, is the rate constant of the linear phase (uM ADPes™) defining subsequent ATP
turnovers.

The exponential rate of the presteady-state burst (k,) and burst amplitude (4y) [Figure
2.11 (C and D)] were plotted as a function of MgATP concentration. The rate of ATP binding

was expected to increase linearly with increasing ATP concentration; however, we observed
curvature in the concentration dependence of the rate of the reaction, suggesting (at least) a two-
step binding mechanism (/79). The first step involves the collision of ATP with the Eg5 active
site to form a weakly ATP-bound complex. The second step consists of an isomerization of the

MteEg5+ATP collision complex to form a tightly ATP-bound complex. Both data sets in Figure
2.11 (C and D) were fit to a hyperbola.

2.2.13 Acid-Quench Experiments

The presteady-state kinetics of ATP hydrolysis for the MteEg5 complex were defined in this
assay. When the MteEg5 complex was rapidly mixed with MgATP plus KCI, we observed a
burst of product formation at a rate faster that the rate of a subsequent step in the pathway that
limits steady-state ATP turnover. In acid-quench experiments, the presteady-state burst is
correlated to product formation at the Eg5 active site during the first ATP turnover event. After
the reaction is quenched with formic acid, Eg5 denatures and the products can be quantified.
The observed quantity of products includes the sum of the Eg5-bound products and the products
free in solution at the time of the quench. Radiolabeled product was separated from unreacted
substrate by thin layer chromatography, and the concentration of product formed was plotted as a
function of reaction time. We observed two phases in the kinetics of product formation: 1) a
rapid exponential phase that corresponds to the product formed during the first turnover event,
and 2) a slow linear phase that corresponds to subsequent ATP turnovers. From the exponential

phase, we gain information about the observed presteady-state rate of ATP hydrolysis, and the
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amplitude of the exponential, which is correlated to the concentration of Eg5 sites that report
during the first ATP turnover. From the linear phase, we obtain an estimate of the rate of the
slow step (downstream in the pathway from ATP hydrolysis) that limits steady-state ATP
turnover.

A preformed MteEg5 complex was rapidly mixed with varying concentrations of
radiolabeled MgATP plus 100 mM KCl in a quench-flow instrument (KinTek Corp.). We added
the additional salt in the ATP syringe to lower steady-state turnover without affecting the

presteady-state burst of product formation [Figure 2.12 (A and B)]. The reaction was incubated

(0.01-1 sec), quenched with formic acid, and radiolabeled product formation was quantified after
separating [0-**P]ADP+P; from unreacted [o-P]JATP by thin layer chromatography (/78). The

concentration of [o-**PJADP was plotted as a function of time [Figure 2.12 (C and D)], and the

data were fit to Equation 2.6, where 4, is the amplitude of the initial rapid exponential phase
which corresponds to the formation of [o-“PJADPeP; at the Eg5 active site during the first ATP
turnover, & is the rate constant of the exponential burst phase, and k; is the rate constant of the
linear phase (uM ADPes™) corresponding to subsequent ATP turnovers. The exponential rate of
the presteady-state burst (k) and burst amplitude (4y) were plotted as a function of MgATP

concentration, and each data set was fit to a hyperbola [Figure 2.12 (E and F)].

2.2.14 Stopped-Flow Experiments

Several experiments were performed using a SF-2003 KinTek stopped-flow instrument (KinTek
Corp.) to investigate the kinetics of mantATP binding, P; product release, ATP-dependent
dissociation of the MteEg5 complex, Eg5 association with microtubules, and mantADP release
from the MteEg5 complex. The kinetics of P; product release from the MteEg5 complex were
measured using the MDCC-PBP coupled-assay, as described previously (122, 138). A
preformed Mt*Eg5 complex plus MDCC-PBP and “P; mop” were rapidly mixed with increasing
MgATP concentrations plus KCI and “P; mop”. The concentrations of the “P; mop” reagents
were experimentally determined to eliminate competition with the MDCC-PBP for P; in solution
(138). The experimental design assumes that after ATP hydrolysis, P; product will be released
from the Eg5 active site, followed immediately by P; binding rapidly and tightly to MDCC-PBP,
thus triggering the fluorescence enhancement of the MDCC-PBP+P; complex (/63). In order to
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convert the observed change in fluorescence intensity into units of P; concentration, a phosphate
calibration curve was used (Figure 2.13A).

The data in Figure 2.13B show a burst of P; product release at a rate faster than the rate of
a subsequent slow step, thus the data were fit to Equation 2.6, where A, equals the amplitude of
the exponential burst phase, and & is the observed exponential rate of P; product release from
Eg5. The burst amplitude and burst rate were plotted as a function of MgATP concentration, and
each data set was fit to a hyperbola (Figure 2.13C). In Figure 2.13D, the P; release kinetics were
modeled in terms of a two-step irreversible mechanism, because once the P; is released from the
Eg5 active site, it rapidly and tightly binds to the MDCC-PBP, which effectively prevents P; re-
binding to Eg5. The amplitude and rate constants from Equation 2.6 were defined by,

Equation 2.7
Ao=Eg* {lkes | Ghes + ko))
Equation 2.8
kp = k3 + kiow
Equation 2.9
kss = Eo * [k+3 Ksiow | (k3 + ksiow)]

where Ej is the Eg5 site concentration, k;; denotes the rate constant for P; product release
(Scheme 2.1), and kg, 1s the rate constant of the slow step that occurs after P; product release
that limits steady-state ATP turnover.

Fluorescent nucleotides are valuable probes for the structure and kinetics of nucleotide-
binding enzymes. Mant-adenosine nucleotides show an enhancement of fluorescence when
bound to the active site of kinesin motor proteins (112, 122, 126, 127, 141-143, 180-182) as well
as myosin motors (/83-187), and this fluorescence is quenched in solution. When we rapidly
mix the MteEg5 complex with increasing mantATP concentrations in a stopped-flow instrument,
then we can monitor the exponential increase in fluorescence that is a result of mantATP binding
the Eg5 active site. The mantATP and mantADP experiments were performed with a racemic

mixture of mantAXP isomers (2'mant-3'dAXP and 3'mant-2'dAXP), and excitation wavelength
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was set at 360 nm (Hg arc lamp) with emitted light measured through a 400-nm cutoff filter
(mant Aem = 450 nm). The mantATP binding data (Figure 2.10) were fit to the following

equation,
Equation 2.10

kobs = k7% [mATP] / (Kd,mATP + [mATP]) +k

where k,p 1s the rate constant obtained from the exponential phase of the fluorescence change,
ky;- is the rate constant for the ATP-dependent isomerization (Scheme 2.1), K;u47p is the
dissociation constant for weak mantATP binding, and k_;-is mantATP off-rate. The mantATP

binding data at low mantATP concentrations (Figure 2.10, insets) were fit to a linear function,

Equation 2.11

kops = K+ kg * [mantATP] + koﬁjATp

where k, 1s the rate constant of the fluorescence enhancement, K, k., is the apparent second-
order rate constant for mantATP binding, and k. 47p obtained from the y-intercept is the apparent
mantATP off-rate from the MteEg5emantATP ternary complex.

We can use the optical signal of turbidity (the optical property that causes light to be
scattered rather than being transmitted in straight lines through the sample) to measure the
kinetics of MteEg5 dissociation or Eg5 association with the microtubule. The size of a
macromolecule (or macromolecular complex) affects the reading of turbidity; therefore, when
Eg5 is bound to the microtubule, there is an increase in turbidity compared to the microtubule or
Eg5 by themselves. These assays were designed based on the stopped-flow experiment that was
performed to monitor the change in light scattering upon dissociation of the actomyosin complex
(188). The MteEg5 dissociation kinetics (Figure 2.14) and microtubule association kinetics
(Figure 2.15) were determined by monitoring the change in solution turbidity at 340 nm. The
rate constants of Eg5 dissociation from the microtubule were plotted as a function of MgATP
concentration, and the data were fit to a hyperbola. The exponential rate constants of Eg5
association with microtubules were plotted as a function of microtubule concentration and fit to

the following equation,
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Equation 2.12
kobs = K+5k+6 * [tUbUhn] + kqu‘,'Mt

where ks 1s the rate constant of the exponential phase, K, sk+4 is the apparent second-order rate
constant for microtubule association, and ks corresponds to the observed rate constant for
motor dissociation from Mt*Eg5 complex as determined from the y-intercept.

To measure the kinetics of ADP product release from the MteEg5 complex, we can
preform the Eg5emantADP complex, and rapidly mix this complex with microtubules plus an
unlabeled MgATP chase. Thus, in this assay we are able to monitor the exponential decrease in
fluorescence as mantADP is released from the MteEg5emantADP intermediate. Release of
mantADP from the Eg5 active site in the presence of microtubules was measured by incubating
Eg5 with mantADP at a ratio of 1:2 (Eg5:mantADP) and rapidly mixing the complex with
varying concentrations of microtubules plus 1 mM MgATP (Figure 2.16). The experimental
design assumes that once mantADP is released from the MteEg5SemantADP intermediate, the
MteEg5 complex will bind MgATP, thus effectively preventing mantADP re-binding. The rate
constants for the initial fast exponential phase were plotted as a function of microtubule

concentration, and the data were fit to a hyperbola.

2.3  RESULTS

2.3.1 Oligomeric State of Purified EgS5 Motors

We utilized analytical ultracentrifugation and gel filtration techniques to establish the oligomeric
state of our purified Eg5 motors at the conditions used for the kinetic and equilibrium
experiments presented here. We performed sedimentation velocity experiments with Eg5-437 in
ATPase buffer without added nucleotide (Eg5¢ADP) and with the non-hydrolyzable ATP analog,
AMPPNP, to mimic ATP conditions. The g(s) curves for both conditions superimpose,
indicating that there is no difference in oligomeric state for Eg5-437 in these adenine nucleotide

states (Figure 2.5A). DCDT+ analysis of both sedimentation velocity experiments provided an
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average sedimentation coefficient (Sy0w) at 3.5 S. SVEDBERG analysis of these data also gave
an average S value of 3.5 S and an average molecular weight of 44.6 kDa. These results are
consistent with the predicted molecular weight of a monomeric Eg5-437«ADP complex (50.2

kDa) (Table 2.1).
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Figure 2.5 Analytical ultracentrifugation and gel filtration

(A) The sedimentation velocity data at 2, 4, and 8 uM Eg5-437 were analyzed for sedimentation coefficient
distribution g(s) in the absence of adenine nucleotide and in the presence of 50 uM AMPPNP (as indicated). The
vertical line represents the average Eg5-437 sy, corresponding to the three different protein concentrations in both
conditions. For Eg5-437, Sy is 3.49 £ 0.08 S. (B) The sedimentation equilibrium data at 2, 3, and 4 uM Eg5-437
are shown in the presence of 50 uM AMPPNP. For Eg5-437, a global single species fit of these data by NONLIN
gave a Z average molecular weight (M) value of 49.3 £ 1.8 kDa. (C) Analytical gel filtration was performed at 10
1M motor sites with detection by continuous monitoring of intrinsic protein fluorescence. The gel filtration profiles
for Drosophila Kinesin-1 (K401), Eg5-437, and Eg5-367 are shown. The scale at the bottom indicates the elution
time. The void volume elutes at 15.6 min (arrowhead) and the included volume at 52.1 min. Inset, semilog plot of

the K, values for four marker proteins (e, ovalbumin; A, aldolase; m, catalase; ¢, ferritin) versus their known
Stokes radii (Ry).
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Further confirmation that Eg5-437 is monomeric under our experimental conditions was
obtained from the results of sedimentation equilibrium centrifugation and analytical gel filtration.
The equilibrium experiment was performed using Eg5 at 2, 3, and 4 uM in the ATPase buffer
with 50 uM AMPPNP (Figure 2.5B). A global single species fit of these data by NONLIN gave
a Z average molecular weight (M.) value of 49.3 + 1.8 kDa, consistent with the expected
molecular weight of the Eg5 monomer with MgADP bound (50.2 kDa). In addition, we used
analytical gel filtration (Figure 2.5C) to compare Eg5-437 with the well-established dimeric
kinesin, Drosophila kinesin heavy chain, K401 (/73), and the Eg5 monomer, Eg5-367 (68, 69,
147). From this experiment, the Stokes radii were calculated: K401 at 4.79 nm; Eg5-437, 3.37
nm; and Eg5-367, 2.86 nm (Table 2.1). Taken together, these results indicate that Eg5-437 is
monomeric in solution at the buffer conditions reported here. Previous studies with Xenopus
Eg5-437GST and untagged Eg5-437 suggested both were dimeric (//2); however, studies with
6xHis-tagged human Eg5-401 indicated that there was an equilibrium of association states
between monomers and dimers (/02). This evidence suggests that our 6xHis tag may be

disrupting the formation of a stable coiled-coil in the Eg5-437 motor in solution.

2.3.2 Eg5 Active Site Determination

Most kinesin superfamily members exhibit the ability to bind ADP tightly to the active site in the
absence of microtubules (743, 176, 189). We exploited this tight affinity for ADP to determine
the Eg5-437 active site concentration for each protein preparation (Figure 2.6B). Each data set
in Figure 2.6 was fit to a single exponential function (Equation 2.1). The amplitude data
provided the active site concentration at 4.75 uM ADP of 5 uM Eg5 sites, and the early time
points at 3 sec and 5 sec show 4.8-4.9 uM ADP. These results demonstrated that >96% of the
motor population was active upon purification based on these criteria. In the MgATP chase
experiment, the rate constant for ADP release (ky;4pp) in the absence of microtubules (Eg5-367:
0.05s7'; Eg5-437: 0.003 s'l) was determined and was comparable to the steady-state k., in the
absence of microtubules (Eg5-367: 0.018 s™'; Eg5-437: 0.002 s™). These results indicate that the
rate-limiting step for Eg5 in the absence of microtubules is most likely ADP product release.

The significant difference observed between the Eg5 motors suggests that the Eg5-367
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nucleotide pocket exists in a more open conformation than Eg5-437 which has a more extended

a-helical C-terminus.
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Figure 2.6 Active site determination

(A) The Eg5-367+[a-**PJADP complex was incubated with an ATP regeneration system in the presence of a non-
radioactive MgATP chase (®). Final concentrations: 5 uM Eg5, 0.3 mg/ml creatine kinase, 4 mM phosphocreatine,
2.5 mM chase. The data set was fit to Equation 2.1 to define k,;4pp at 0.05 s for Eg5-367. The y-intercept does not
reasonably estimate the active site concentration in this assay due to the relatively weak binding of ADP to Eg5-367.
Inset, thin layer chromatography image showing the separation of [0-*’PJADP from [a-*P]ATP during the time
course of the experiment shown in Panel A. Note: the first lane represented zero time where all the radiolabeled
nucleotide was [a-"PJADP. (B) The Eg5-437¢[a->P]JADP complex was incubated with an ATP regeneration
system in the presence (A) or absence (A) of a non-radioactive MgATP chase. Both data sets were fit to Equation
2.1, providing an active site concentration at 4.72 £ 0.09 uM (+ATP) and 4.77 = 0.04 uM (—ATP). In the presence
of the non-radioactive ATP chase, the kg 4pp Was determined to be 0.003 £ 0.0001 s for Eg5-437.

2.3.3 Eg5 Steady-State ATPase Kinetics

In the presence of microtubules, the steady-state rate of ATP turnover was dramatically increased
for both Eg5 motors, which is a characteristic of kinesin proteins (143, 176, 177, 189, 190).
Figure 2.7 shows steady-state kinetics as a function of microtubule concentration at 1 mM
MgATP and as a function of MgATP concentration at 40 uM tubulin. Eg5-367 appears to be
able to turn over ATP approximately 2-fold faster than Eg5-437 (Eg5-367: kews = 5.5 8™ versus
Eg5-437: ke = 2.9 s7') as well as to bind microtubules more tightly under cycling conditions
(Eg5-367: Kipme = 0.7 uM versus Eg5-437: Ko = 4.5 uM). Both Eg5 proteins show similar
values for K, 4rp (Eg5-367: K,y arp = 10 uM versus Eg5-437: K, 47p = 4 UM). These steady-state
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kinetics are comparable to those determined in previous studies when ionic strength and other

experimental conditions are considered (69, 102, 112).
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Figure 2.7 Steady-state ATPase Kkinetics

(A) The MtEg5 complex was preformed with varying concentrations of Taxol-stabilized microtubules, and the
reaction was initiated by mixing with MgATP. Final concentrations: 0.5 uM Eg5, 0—40 uM tubulin, 20 pM Taxol,
1 mM [a-"*P]MgATP. The data were fit to Equation 2.2. For Eg5-367 (®), ke = 5.42 +0.08 s and K/, ,, = 0.46 +
0.06 uM. For Eg5-437 (A), k. = 3.05 £ 0.08 sec’! and Koy = 731 £ 0.68 uM. (B) ATP concentration
dependence. Final concentrations: 1 uM Eg5, 40 uM tubulin, 20 uM Taxol, 0-300 uM [o-**P]MgATP. The data
were fit to Equation 2.3. For Eg5-367, k., = 4.88 £ 0.08 s'and K, 47p=26.512.0 uM. For Eg5-437, k.., =2.84
0.02 s"and K, 47p = 9.3+ 0.5 uM.

k+1 k+1’ k+2 k+6
ME + ATP = M-E-ATP == M-E*ATP == M-E-ADP-P, M-E**ADP 5= M-E + ADP

K, k, K,
S I

M + E-ADP + P, = M+ E*~ADP

Scheme 2.1
2.3.4 EgS5 Binding to Microtubules

To determine the affinity of Eg5 for microtubules in the absence of added nucleotide,
microtubule-cosedimentation assays were performed (Figure 2.8). Eg5 was incubated with
increasing concentrations of microtubules, followed by centrifugation and analysis by SDS-
PAGE. Eg5 partitioned with the microtubules as a function of microtubule concentration with

100% maximal binding at 2 uM tubulin. The stoichiometry for both Eg5 proteins indicates that
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one motor domain binds per af}-tubulin heterodimer. The fit of the data to Equation 2.3 provides
Ka values at 0.03—0.05 uM tubulin for each Eg5 motor, which represents the upper limit for
the K, at the motor concentration used in this assay. Our determined K, in the absence of
added nucleotide (30—50 nM tubulin) was approximately 50-fold lower than the K, determined
previously by Lockhart and Cross (2.2 uM tubulin) (/72). This difference may be the result of

differing buffer conditions as well as the oligomeric state of the motors.
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Figure 2.8 Microtubule equilibrium binding experiments

Eg5S at 2 uM was incubated with varying concentrations of microtubules (0—6 uM tubulin, 20 uM Taxol) in the
absence of added nucleotide. The fraction of Eg5 in the microtubule pellet was plotted as a function of the total
microtubule concentration, and the data were fit to Equation 2.3. For Eg5-367 (e), the K, = 0.046 £ 0.019 uM.
The inset shows the data for Eg5-437 (A): Ky, =0.030 £ 0.027 uM.

2.3.5 ADP Equilibrium Binding to MteEgS Complex

To determine the affinity of the MteEg5 complex for MgADP, cosedimentation assays were
performed (Figure 2.9A). A preformed MteEg5 complex was incubated with increasing
concentrations of [a->"PJMgADP, followed by centrifugation. Any radiolabeled MgADP still
bound at the active site should partition to the pellet with the Mt*Eg5 complexes. The reaction
mixtures at each MgADP concentration were analyzed by SDS-PAGE to verify that 100% of
Eg5 partitioned with the microtubule pellet (Figure 2.9B, insef). Note that we did not saturate
the 5 uM Eg5 sites at 90 uM [o-*P]MgADP, and the fit of the data provided the apparent ADP

56



dissociation constant for Eg5-367, K;4pp = 117 £ 86 uM with maximal ADP binding at 3.9 + 1.9
uM. For Eg5-437, Kyupp = 202 £ 64 uM, and the maximal ADP binding was 5.4 + 1.4 uM.
Because of the weak affinity for ADP and the loss of sensitivity at higher ADP concentrations,
the upper region of the curve is not well defined; therefore, the error estimate on these constants
is high. However, the results indicate that microtubules rapidly stimulate ADP release from the
active site of Eg5 and that most ADP remains in solution as seen previously for conventional
kinesin and in contrast to Kar3 [Table 2.2; (121, 145, 191)]. Figure 2.9B also provides insight
into the behavior of the MteEg5 complex at increasing MgADP concentrations. Note that at 2
mM MgADP, conditions where one would expect to see motor release from the microtubule, the
monomeric Eg5 continues to partition with the microtubule pellet. One interpretation of these
data is that the monomer in the absence of the partner motor domain(s) has lost cooperative
interactions that facilitate motor domain release as observed previously for kinesin, Necd, and
Kar3 (127, 143, 145). However, the experiments to test this hypothesis have not yet been
completed (125, 127, 192). Another interpretation of these data is that the weak binding state of
Eg5 for the microtubule cannot be attained by driving the equilibrium reactions in the reverse
direction. The weak binding state of Eg5 seems to be attained in the forward direction, with

ATP hydrolysis being a critical step in the mechanism for reaching the weak binding state.
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Figure 2.9 [a-"’P][MgADP equilibrium binding experiments

(A) A preformed Mt-Eg5 complex was incubated with varying concentrations of [a-""P]MgADP. Final
concentrations: 5 pM Eg5, 6 uM tubulin, 30 uM Taxol, 5-90 uM [oc-32P]MgADP. The concentration of [o-
2P]ADP that partitioned with the MtsEg5 complex was plotted as a function of total MgADP concentration (e, Eg5-
367; A, Eg5-437). The data were fit to Equation 2.4, which yielded for Eg5-367 the K, 4pp = 117 £ 86 uM with
maximal ADP binding at 3.9 £ 1.9 uM. For Eg5-437 (inset), the K, 4pp = 202 + 64 uM with maximal ADP binding
at5.4 % 1.4 uM. (B) Eg5-367 at 2 uM was incubated with 4 uM microtubules plus varying MgADP concentrations
(0-2 mM). The fraction of Eg5 bound was plotted as a function of MgADP concentration yielding 100% bound at
all MgADP concentrations. Inset, Coomassie blue-stained SDS gel following sedimentation of Mt*Eg5 complexes
in the presence of increasing MgADP concentrations. The supernatant (S) and pellet (P) for each reaction were
loaded consecutively with the concentration of MgADP indicated above each supernatant/pellet pair. Lanes 1 & 2
represent a control reaction with 2 uM Eg5-367 plus 2 mM MgADP (no microtubules).

2.3.6 MantATP Binding to MteEgS5 Complex

MantATP binding experiments were performed to determine the kinetics of nucleotide binding to
the MteEg5 complex. Using a stopped-flow instrument to rapidly mix a preformed MteEg5
complex with increasing mantATP concentrations, we measured the exponential increase in
fluorescence, which was interpreted as mantATP binding to the more hydrophobic environment

of the Eg5 active site (Figure 2.10, insets). The observed rate of mantATP binding increased

hyperbolically as a function of the mantATP concentration for each Eg5 motor, suggesting that
ATP binding occurs via (at least) a two-step mechanism. The maximum rate of mantATP
binding (kme) was 37 s, thus indicating a rate-limiting conformational change prior to ATP
hydrolysis for both motors. The fit of the initial linear phase yields the apparent second-order

rate constant for mantATP binding (K /k+;) at 3.4 uM's” for Eg5-367 and 1.9 pM™'s™ for Eg5-

437 (Figure 2.10, insets). The first step in the mechanism likely corresponds to a rapid
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equilibrium step where MteEg5*ATP collision complex is formed with ATP weakly bound. The
second step corresponds to a conformational change in the motor domain (MtsEg5"ATP) that
tightens Eg5’s affinity for ATP. The mantATP binding kinetics do indicate that these nucleotide
binding steps are fast in the Mt*Eg5 ATPase cycle.
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Figure 2.10 Kinetics of mantATP binding to the Mt*EgS complex

The preformed MteEg5 complex was rapidly mixed in the stopped-flow instrument with varying concentrations of
mantATP. Final concentrations: 0.5 uM Eg5 for 0.5-2 uM mantATP and 2 uM Eg5 for 2-40 uM mantATP, 10 uM

tubulin, 20 uM Taxol. (A) Kinetics of mantATP binding to the Mt*Eg5-367 complex (®). A representative

transient at 2 uM mantATP was fit to a single exponential function and is shown in the left inset. The observed rate

of the exponential fluorescence enhancement increased as a function of mantATP concentration. The fit of the data

to Equation 2.11 defined the maximum rate of mantATP binding, k., =21.2+ 1.3 st Kymarp=4.4% 1.1 pM, and £
=16.5+ 1.4 s, The right inset shows that at low concentrations of mantATP (0-3 uM), the rate data were linear.

The fit to Equation 2.10 yielded the apparent second-order rate constant for mantATP binding K. /k+y=3.4 £ 0.3 uM’
s k=163 £0.6 s". (B) Kinetics of mantATP binding to the MtsEg5-437 complex (A ). The left inset shows a

representative transient at 2 uM mantATP fit to a single exponential, and the right inset shows the data at low

mantATP concentrations. Conditions and treatment of the data as described in Panel A: k,;,=29.8 £ 1.7 s'l, Kyimarp

=11.34+2.6 uM, k;=6.5+1.05", Kykop=1.9202 uM''s”, and k,;= 6.9 £ 0.7 ™"

2.3.7 MgATP Binding Kinetics by Pulse-Chase

Pulse-chase experiments for the MteEg5 complex were performed as a function of [a-
32PIMgATP concentration to gain insight into the equilibrium constant for ATP binding to the
MteEg5 complex and the lifetime of the MtEg5 *ATP intermediate (Scheme 2.1). The
experimental design assumes any tightly-bound [o->’P]MgATP substrate will proceed in the
forward reaction, while any loosely-bound or unbound substrate will be diluted by the excess

non-radioactive MgATP in the chase (179, 193). Figure 2.11 (C and D) shows that the rate and
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amplitude of the exponential burst phase increases with increasing [o->’P]MgATP concentration,
and the maximum observed rate of MgATP binding was 22.0 s for Eg5-367 and 21 s for Eg5-
437. In addition, the burst amplitude was similar between Eg5 monomers [Eg5-367 = 0.75
ADP/site; Eg5-437 = 0.78 ADP/site; Figure 2.11 (C and D) insets], indicating that the entire
MteEg5 population bound MgATP tightly during the first ATP turnover. The observation that

the burst rate in the pulse-chase experiments saturates at increasing concentrations of substrate
indicates a rate-limiting conformational change that occurs prior to ATP hydrolysis, consistent
with our results from mantATP binding experiments. These results support the two-step model
for ATP binding, yet the Mt-EgS*-ATP state is not long lived but proceeds directly to ATP
hydrolysis.

The ATP-concentration dependence of the presteady-state kinetics of MgATP binding by
pulse-chase shows that a burst stochiometry of approximately 1 per active site was observed at
high MgATP concentrations. This observation indicates that the reverse rate constant of the
ATP-dependent isomerization step (Scheme 2.1) was very low. Experiments to directly measure
k_; or k_;-were not possible. However, the apparent K, 47p determined for Eg5-367 and Eg5-437
[Figure 2.11 (C and D)] were 26 £ 15 uM and 45 + 8 uM, respectively, which provides the

apparent dissociation constant for weak ATP binding. Fitting the initial data points at low
MgATP to Equation 2.11, k.5/ K+ k+;-was 24 = 1 uM for Eg5-367 and 29 £ 1 uM for Eg5-437.
In Figure 2.10, the apparent K;,,47p Was lower for both Eg5 proteins (Eg5-367: Kjparp = 4.4
1.1 uM and Eg5-437: Kgmarp = 11.3 £ 2.6 uM). Fitting the initial data points at low MgATP to
Equation 2.11, k,y/ K+ k+;-was 4.8 £ 0.6 uM for Eg5-367 and 3.6 = 0.7 uM for Eg5-437. These
results suggest that mantATP binding to form the MteEg5*mATP collision complex is tighter
than MgATP (lower K ,,47p compared to K, 47p); however, the off-rate for the isomerization step
(k.74 Scheme 2.1) is much higher for mantATP compared to MgATP (higher k,jm4rp compared

to koparp). The structural explanation for this observation remains unknown.
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Figure 2.11 Pulse-chase kinetics of ATP binding

The preformed MteEg5 complex was reacted with [a-""P]MgATP plus KCI for 0-500 msec, followed by the
MgATP chase as described in Materials and Methods 2.2.10. Final concentrations: 5 uM Eg5, 6 uM tubulin, 20
UM Taxol, 0-400 uM [a-*P]MgATP, 100 mM KCl, followed by 10 mM non-radioactive MgATP chase. (A and B)
Representative transients for Eg5-367 and Eg5-437, respectively, fit to Equation 2.6. (C and D), The rate of the
exponential burst phase was plotted as a function of MgATP concentration for Eg5-367 and Eg5-437, respectively.
The data were fit to a hyperbola to determine the rate of the conformational change after formation of the
MtEg5+ATP collision complex. The ATP-dependent isomerization, k.;-=22.0 + 3.0 s with Kyqrp =26+ 15 uM
for Eg5-367, and k.; = 20.8 £ 1.1 s with Kyarp = 45 £ 8 uM for Eg5-437. Insets, the amplitude of each burst
phase was plotted as a function of MgATP concentration. Each data set was fit to a hyperbola yielding the
maximum burst amplitude at 0.75 + 0.02 ADP/site and the K, 47 = 6 £ 1 uM for Eg5-367, and 0.78 £ 0.05 ADP/site
and the K, 47p =22 £ 5 uM for Eg5-437.

2.3.8 ATP Hydrolysis Kinetics by Acid-Quench

In order to determine the time dependence of ATP hydrolysis by Eg5, a Mt*Eg5 complex was
rapidly mixed in a chemical quench-flow instrument with increasing concentrations of [o-
3?PIMgATP. There was a rapid initial burst of product formation related to the formation of [a.-
32P]ADP+P; at the active site during the first ATP turnover, followed by a slower linear phase of

product formation which corresponded to subsequent ATP turnovers. To better define the burst
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phase, additional salt was added with the MgATP syringe to reduce the linear phase. The results
in Figure 2.12 (A and B) show that the initial exponential phase was not affected by the

additional salt (100 mM KCI final concentration after mixing), yet the linear phase was markedly

slower. Figure 2.12 (E and F) show that the observed exponential rate of ATP hydrolysis

increased as a function of MgATP concentration, with a maximum observed rate of 11.3 s for
Eg5-367. This observed rate of ATP hydrolysis was slower than the maximum rate determined
for Eg5-437 at 14.9 s”'. The magnitude of the burst amplitude increased as a function of MgATP
concentration as well [Figure 2.12 (E and F), insets], with the maximum amplitude at 0.75

ADP/site for Eg5-367 and 0.78 ADP/site for Eg5-437. These results suggest the entire MteEg5

population hydrolyzes ATP during the first turnover event, consistent with pulse-chase results
that show the entire Mt*Eg5 population binds ATP tightly during the first ATP turnover (Figure
2.11).
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Figure 2.12 Acid-quench kinetics of ATP hydrolysis

Time course of radiolabeled product formation after rapidly mixing a preformed MtsEg5-367 complex (A) or
MtsEg5-437 complex (B) with [o-*P]MgATP. Additional salt was added to the MgATP syringe to lower steady-
state ATP turnover (e, absence KCl; o, presence KCl). Final concentrations: 5 pM Eg5, 6 uM tubulin, 20 uM
Taxol, 5200 uM [0->’P]MgATP, + 100 mM KClI, and the data were fit to Equation 2.6. (C and D) Time course of
ADP-P; formation by Mt*Eg5-367 and Mt*Eg5-437 complexes (respectively) at increasing MgATP concentrations.
(E and F) The observed rate of the exponential burst phase was plotted as a function of MgATP concentration. The
fit of the data to a hyperbola defined the maximum rate constant of ATP hydrolysis for Eg5-367, kj e = 11.3 £ 1.4
s and the K 47p = 31 + 15 pM, and for Eg5-437, ky e = 14.9 £ 0.5 s and the K, 7p = 46 = 6 uM. Insets, the
amplitude of the burst phase was plotted as a function of MgATP concentration. The data were fit to a hyperbola
yielding a maximum burst amplitude at 0.75 + 0.02 ADP/site, and the K, 47p = 4 = 1 uM for Eg5-367, and 0.78 +
0.03 ADP/site, and the K 47p =30 £ 5 uM for Eg5-437.
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2.3.9 P;iProduct Release from Mt°EgS Complexes

To directly measure the kinetics of P; product release from the MteEg5 complex, we performed
stopped-flow experiments that detect the change in MDCC-PBP fluorescence upon binding P;
released into solution (Figure 2.13). The maximum observed rate of P; product release was the
slowest step measured in the pathway (kopsmax = 6.0 s'l). The maximum amplitude of the
exponential burst of P; product release during the first ATP turnover was 0.75 Pi/site (100% of
expected amplitude based on Eg5-367 site concentration), consistent with the ATP hydrolysis

kinetics reported in Figure 2.12E, inset. Again, these kinetics are suggestive of the entire

MteEg5 population binding and hydrolyzing ATP during the first ATP turnover.
The experimental design to measure P; product release from the Mt*Eg5 complex
assumes that P; released from Eg5 rapidly and tightly binds to MDCC-PBP, thus rendering the P;

release step irreversible. In Figure 2.13 (£ and F), the presteady-state burst kinetics of P; release

were modeled to a two-step irreversible mechanism (Equations 2.6-2.9). The modeled rate of P;

product release (k+3;; Scheme 2.1) was similar to the k., measured by steady-state ATPase
assays: ki3 =52+ 0.1 s versus ke = 5.5 + 0.3 5™ (Figure 2.7), thus supporting the hypothesis
that the entire Mt*Eg5 population binds and hydrolyzes ATP during subsequent ATP turnovers

as well.
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Figure 2.13 Presteady-state kinetics of P; product release from the MteEg5 complex

A preformed MteEg5 complex and MDCC-PBP was rapidly mixed with increasing MgATP concentrations plus
KCl, and the fluorescence enhancement of MDCC-PBP binding inorganic phosphate (P;) was monitored in a
stopped-flow instrument. Final concentrations: 0.5 uM Eg5, 1 uM tubulin, 20 uM Taxol, 5 uM MDCC-PBP, 0.05
U/ml PNPase, 75 uM MEG, 0.3125-200 uM MgATP, 100 mM KCI. (A) The calibration curve used to convert
monitored fluorescence voltage to known phosphate concentration. (B) Representative stopped-flow transients of P;
product released from MteEg5 are shown (MgATP concentrations are indicated). Each transient displayed burst
kinetics, and was fit to Equation 2.6. (C) The exponential rate of P; product release was plotted versus MgATP
concentration, and each data set was fit to a hyperbola: kj e = 6.0 £ 0.1 s and K, 47p = 3.7 £ 0.2 uM. Inset, the
amplitude of the rapid exponential phase was plotted as a function of MgATP concentration, and each data set was
fit to a hyperbola: 4., = 0.75 £ 0.006 Py/site (100% of expected amplitude based on Eg5 site concentration) and
K arp = 0.94 £ 0.05 uM. (D) The rate of P; product release (k.;) determined by fitting the P; release transients to
Equations 2.6-2.9 was plotted as a function of MgATP concentration: k,;=15.2 £ 0.1 s'and K 124t =441 03 uM.
Inset, the rate of the slow step after P; release (ky,,,) was plotted as a function of MgATP concentration: kg, = 0.78
+0.01 s and K, 47p = 0.39 £ 0.07 uM.
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2.3.10 ATP-Promoted Dissociation of Mt°Eg5 Complexes

The preformed Mt*Eg5 complex was rapidly mixed in a stopped-flow instrument with increasing
concentrations of MgATP plus 100 mM KCI (Figure 2.14). In this experimental design, the
motor binds and hydrolyzes ATP followed by motor detachment, but the additional salt weakens
the interaction of the motor with the microtubule upon re-binding; therefore, the kinetics of ATP-
promoted dissociation can be measured. The insets of Figure 2.14 show representative stopped-
flow transients corresponding to different MgATP concentrations. The transients show an initial
lag due to the time required for ATP binding and ATP hydrolysis prior to dissociation. The
dissociation kinetics show an ATP-concentration dependence with the maximum rate of MteEg5
dissociation (k.3) at approximately 8 s for both motors. However, the K5 47» was 1.9 uM for
Eg5-367 and 15 uM for Eg5-437. These results suggest that dissociation is a relatively slow step

in the pathway and coupled to phosphate release as observed for Kinesin-1 (/22).
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Figure 2.14 ATP-promoted dissociation of Mt*Eg5S complex

A preformed Mt*Eg5 complex was rapidly mixed in the stopped-flow instrument with varying concentrations of
MgATP plus KCI. Final concentrations: 5 uM Eg5, 4.9 uM tubulin, 20 uM Taxol, 0-1 mM MgATP, 100 mM KCI.
(A) The rate of the exponential phase of Mt*Eg5-367 dissociation was plotted as a function of MgATP concentration
(®). The data were fit to a hyperbola with the maximum rate of dissociation at 7.8 £+ 0.2 s'and Kiparp=19202
puM. (B) The rate of the exponential phase of Mt*Eg5-437 dissociation was plotted against MgATP concentration
(A). The hyperbolic fit yielded a maximum rate of dissociation at 8.7 £ 0.3 s with Kiparp = 15.1 £ 2.5 pM.
Insets, representative stopped-flow transients are shown.
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2.3.11 Eg5 Association with Microtubules

We measured the rate of formation of the Mt*Eg5 complex using a stopped-flow instrument to
monitor changes in turbidity as the motor binds to the microtubule (Figure 2.15). The observed
rate increased linearly with microtubule concentration, and the data revealed a significant
difference in the apparent second-order rate constant for microtubule association (K sk+4) for the
two motors: Eg5-367, Kiskis = 11 uM™'s™ versus Eg5-437, K.skis = 0.7 uM's™. The apparent
association constant based on steady-state ATPase (k. /K;m:) predicted the lower limit at 8
uM's™ and 0.6 uM's! for Eg5-367 and Eg5-437, respectively. The apparent second-order rate
constant for microtubule association is much lower than a diffusion-limited reaction, which
suggests (at least) a two-step mechanism for microtubule binding by monomeric Eg5. The first
step likely corresponds to the MteEg5+«ADP collision complex with the motor weakly bound, and
the second step corresponds to an isomerization of the collision complex to tighten Eg5’s affinity
for the microtubule. The difference in the apparent second-order rate constant for microtubule
association demonstrates that Eg5-367 binds much more effectively than Eg5-437, although at

this time we do not know the structural and/or mechanistic reasons for this difference.
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Figure 2.15 Kinetics of EgS*ADP association with microtubules

The Eg5 motor was rapidly mixed in the stopped-flow instrument with increasing concentrations of Taxol-stabilized
microtubules. Final concentrations: 1.25 pM Eg5 for 1.25-2.25 pM tubulin and 2.5 uM Eg5 for 2.5-8 pM tubulin,
20 uM Taxol. The rate constant obtained from the exponential phase of each transient (insef) was plotted as a
function of microtubule concentration, and the data were fit to Equation 2.12. For Eg5-367 (e), the apparent
second-order rate constant for microtubule association, K. sk.s=11.0 £ 0.2 uM's™ with ko =276 £ 1.12 s'. For
Eg5-437 (A),K. skis=0.66+0.03 pM™'s™" and ko, =2.73 £ 0.11 5.
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2.3.12 MantADP Release from the MteEgSemantADP Complex

Eg5 was incubated with mantADP to exchange ADP at the active site with mantADP.
MantADP release from the Eg5 motor domain was activated by rapidly mixing in the stopped-
flow instrument with microtubules plus 1 mM MgATP. The MgATP competes with and
effectively prevents re-binding of mantADP to the active site once it is released. Figure 2.16
shows the time dependence of the exponential decrease in fluorescence as a function of
microtubule concentration, and the maximum rate of mantADP release for Eg5-367 was 43 s~
and 34 s for Eg5-437 (Table 2.2). The microtubule concentration required to produce half the
maximal rate of mantADP release (K;2) was 2.5 uM for Eg5-367 and 15 uM for Eg5-437.
This difference in half-maximal stimulation was consistent with the Kj.;; observed in the
steady-state ATPase assays, indicating that Eg5-367 exhibits a tighter affinity for microtubules
during ATP turnover. We propose that the isomerization of the MteEg5emantADP collision
complex to tighten Eg5’s affinity for the microtubule promotes the rapid release of ADP from
the active site. Therefore, the kinetics of mantADP release are limited by the rate of the
isomerization event. Movements of switch-1 residues are thought to disrupt the water-mediated
coordination of the bound Mg*", which could result in loss of Mg*~ and ADP from the active site
(92). A recent study suggests that a conformational change in the nucleotide-binding site via the

switch-1 region occurs when kinesin-family motors bind to microtubules (/94).
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Figure 2.16 Microtubule-activated mantADP release

The EgS5emantADP complex was rapidly mixed in the stopped-flow instrument with varying concentrations of
microtubules plus MgATP. Final concentrations: 1 pM Eg5-2 uM mantADP for 1.9-4 uM tubulin and 2 uM Eg5-4
puM mantADP for 2-40 uM tubulin, 20 uM Taxol, and 1 mM MgATP. (A) Representative transients are shown for
different microtubule concentrations, and each was fit to a single exponential function. (B) The rate of the
exponential phase of each transient was plotted as a function of microtubule concentration, and the data were fit to a
hyperbola. For Eg5-367 (e), the maximum rate of mantADP release, k.5 = 43.3 + 0.2 8™ with K5, = 2.48 + 0.05
puM tubulin. For Eg5-437 (A), k.s=342%1.6 s'and Ky =152+ 1.6 uM tubulin.

Table 2.1 Physical Properties of Eg5 Motors

Protein Polypeptide RS S20m° Calculated M,° Association
M} ' State
Eg5-367 42,119 2.86 ND ND Monomer
Eg5-437 50,217 3.37 3.49 48,229 Monomer
K401 45,531 4.79 5.06 91,902 Dimer

* The monomer polypeptide with MgADP bound was determined from amino acid sequence and nucleotide
molecular weight (Da). ° R, is the Stokes radius (nm) determined by analytical gel filtration. © s, is the
sedimentation coefficient determined from sedimentation velocity experiments. ¢ The molecular weight (Da) was
calculated as described (195).
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Table 2.2 Eg5 Comparison to Conventional Kinesin, Kar3, and Ncd Monomers

Constants Eg5-367 Eg5-437 Kinesin (K341) * Kar3 (MD) " Ncd (MC6) ©
“g‘}gg’;jgp Kokor  34£03 pM's? 19402 uM's™ 2045 uM's?! 124002 uM's? 11201 pM's?
iy 212+135" 298+1.7s" 565+50s"
Kamarr 44+1.1pM 11.3+£2.6 uM 23+ 10 pM
Kogmarp 163+0.65" 6.9+0.7s" 113+605s" 50 s 69+73s"
ATP Binding Kb max 22+35" 21+15" 498 £ 76 5
(Pulse-chase) Ky arp 26+ 15 uM 45+8 uM ND ¢ 83 £33 uM ND
4 0.75 £ 0.02 0.78 £ 0.05
0rmax ADP/site ADP/site
ATP Hydrolysis Kb max 113+145" 149+055s" >300 s 162+1.95" 11.0+235s"
(Acid-quench) Kaarp 31+ 15uM 46 £ 6 pM
4 0.75 £ 0.02 0.78 £ 0.03
Ormax ADP/site ADP/site
P; Release Kb, max 6.0+0.15s"
(MDCC-PBP) Kiparp 3.7+02 M
Ao max 0.75 £ 0.01 Pysite
P; Release ks 52+0.1s" ND ND ND ND
(Modeling) Ksiow 0.78+0.01s™
E 0.499 of 0.5 uM
o (100%)
/?)Tifs'fcr; rt?grtfd Kb 784025’ 874035 25+ 145! 6.7+0.15" 140409 "
Kiparp 1.9£02 uM 15.1 £2.5 uM 72 £20 pM 57+03 M 19.6 £ 4.5 uM
x‘sfgit;ﬁi Koskss 110202 pM's" 06603 uM's’ 108+ 1.4 uM's” 0.5 uM's™ 0.8+0.1 pM’'s™
ks 28+1.1s" 2.7+0.15s" 35! 3.6+06s"
32
RETéaSz]éﬁfs) koganp 0.05 £0.001 s™ 0.003 £ 0.001 s 0.03+0.001 s 0.03+0.001 s 0.03+0.001 s
l\gzll’etfsgf Ko 4334025 3424165 3034225 0.4+0.01 s 394045
Kipare 2.5+£0.1 uM 152+ 1.6 uM 1543 uM 3.9+03 uM 28.0£5.7 uM
M;ATCIELVS?“ Ko 554035 20401 81425 0.49+0.02 s 1940.1 s
K arp 9.5+ 0.4 uM 20.7 £32 uM 91+ 10 pM 122+2.8 uM 27.8£10.9 uM
Ko 0.71 £0.15 uM 45+0.6 uM 32+0.1 uM 6.0 0.7 uM 9.6 +3.9 uM
Mt %?Egi‘f;‘“m K 0.046 £0.019 uM  0.030 £ 0.027 pM 0.22 £0.06 uM 0.68 £0.13 uM 0.20 £ 0.06 pM
ADP;ggliﬁznum Kiar 117 + 86 uM 202 £ 64 uM 99 +20 uM 1.7+0.6 M ND

* Monomeric Drosophila melanogaster Kinesin-1/conventional kinesin, K341: (127, 177, 191, 196). ° Monomeric
Saccharomyces cerevisiae Kinesin-14/Kar3 motor domain (/45). © Monomeric Drosophila melanogaster Kinesin-
14/Ncd, MC6 (143). “ND, not determined. © Turbidity (122, 127). "MantADP competed with excess unlabeled

MgATP.
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Figure 2.17 Model of Mt.Eg5 ATPase mechanism

This presentation of Mt*Eg5 ATPase cycle incorporates the specific kinetic steps in Scheme 2.1 with proposed states
on the microtubule. Red, Eg5¢ATP; Blue, Eg5*ADP, Red-White-Striped, Mt*Eg5 intermediate after ATP
hydrolysis. The neck-linker conformations along the ATPase pathway are inferred from previous studies (668, 69,
79, 100).
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2.4  DISCUSSION

This study has provided a minimal ATPase mechanism of the human mitotic kinesin, Eg5
(Figure 2.17). Overall, the ATPase mechanism is unique among kinesin superfamily members,
but is more similar to KinN kinesins, such as Kinesin-1/conventional kinesin, compared to the
KinC spindle motors, Kinesin-14/Kar3/Ncd.  Using various kinetic and thermodynamic
approaches, we have defined the mechanochemical cycle of two truncated Eg5 motors, Eg5-367
and Eg5-437. Each motor shares many similarities in its mechanochemical cycle; however, there

are several significant differences observed.

2.4.1 Similarities and Differences Between Two Eg5 Monomers

Both Eg5 motors have similar kinetics for ATP binding, ATP hydrolysis, ATP-promoted
microtubule detachment, and ADP product release, though differences have been identified in
steady-state kinetics and microtubule association kinetics. In the absence of microtubules, a
difference in the rate of ATP turnover (k,z4pp) Was observed, suggesting a more open nucleotide
pocket of Eg5-367 compared to Eg5-437. Also, in the presence of microtubules, a dramatic
difference was discovered between the steady-state k.., of Eg5-367 compared to Eg5-437. Even
though ATP hydrolysis, P; release, and ATP-promoted dissociation are relatively slow steps
measured in this study, the k.. of Eg5-367 (6 s) is ~2-fold faster than Eg5-437 (3 s™). This
decreased k., could be a result of Eg5-437 dimerizing on the microtubule. Currently, we do not
have additional evidence to support Eg5-437 being dimeric on the microtubule. The difference
in microtubule association kinetics could not account for the difference in the measured k..,
because under the steady-state conditions used in our ATPase assays (40 uM tubulin), the
observed rate of microtubule association would be approximately 28 s™ for Eg5-437.

Another major kinetic difference between our two Eg5 motors was observed in
microtubule association (K sk+s= 11 pM™'s™ for Eg5-367 versus 0.7 uM™'s™ for Eg5-437). The
steady-state K, vy (Figure 2.7) as well as the mantADP release K, (Figure 2.16) support this
kinetic difference. One possible interpretation is that the extended C-terminal a-helical sequence

of Eg5-437 may result in interference at the microtubule-binding region either through
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interaction with the catalytic core or the microtubule lattice. The crystal structure of Eg5
identified a unique neck-linker docking conformation perpendicular to the long edge of the
motor domain when MgADP is bound (68). This perpendicular docking may position the o-
helical segment that extends beyond the neck-linker in Eg5-437 near the microtubule-binding

interface, thus weakening the binding of the Mt*Eg5¢ADP collision complex.

2.4.2 Eg5 Compared to Kinesin, Ncd, and Kar3

Eg5 shares structural similarities in the motor domain with Kar3, Ncd, and conventional kinesin
(68, 69, 72, 73, 83, 85), yet these proteins display differences in the coupling of the ATPase
cycle to force generation (Table 2.2). Eg5 exhibits an ATPase mechanism that is more similar to
conventional kinesin than the spindle motors, Kar3 and Necd. Eg5 is similar to conventional
kinesin based on its fast ADP product release, slow detachment from the microtubule, and fast
microtubule association (Eg5-367). However, Eg5 also displays distinct differences. For Eg5,
ATP binding was a two-step process, but there was no evidence of a rapid ATP off-rate as
observed with kinesin that would result in partitioning of the Mt*Eg5¢ATP intermediate. The
Kq4rp was much tighter for Eg5 compared to conventional kinesin, again suggestive of a low
ATP off-rate in the mechanism. The Eg5 burst amplitude and K, 47p were similar for both the

acid-quench and the pulse-chase experiments supporting this interpretation.

2.4.3 MteEgS ATPase Mechanism

We propose the minimal model shown in Figure 2.17, where motor binding to the microtubule
results in rapid ADP release. ATP binding initiates a series of structural transitions that result in
movement of the switch-2 cluster for neck-linker docking (68, 69), resulting in the Mt-Eg5*°ATP
intermediate (Species 3) that proceeds directly to ATP hydrolysis. ATP hydrolysis results in a
weak binding state (Species 4); however, we do not yet know the identity of this intermediate.
Phosphate release may occur on the microtubule, followed by detachment as the Eg5¢ADP
intermediate as determined for conventional kinesin (/38), or detachment may occur as the

Eg5°ADP¢P; intermediate (k;3, Scheme 2.1) as observed for Ncd (/40, 144). A recent study has
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provided additional information about the neck-linker conformations during the Eg5 ATPase
cycle to understand its similarities to kinesin and its role in the mechanochemical cycle (700).
The rapid microtubule association kinetics suggest that the Eg5 motor domain would
immediately rebind once detached, thereby assuring that one motor domain of the dimer (or
homotetramer) was always bound to the microtubule at any one time. This model acts as the

conceptual framework for our future experiments.
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3.0 CHAPTER THREE: MONASTROL INHIBITION OF THE MT*EG5 ATPASE
MECHANISM?

We have used steady-state and presteady-state kinetics as well as equilibrium binding approaches
to define the mechanistic basis for monastrol inhibition of monomeric human Eg5/KSP. In the
absence of microtubules, the ATPase activity is inhibited through slowed product release. In the
presence of microtubules, the ATPase activity is also reduced with weakened binding of Eg5 to
microtubules during steady-state ATP turnover. Monastrol-treated Eg5 also shows a decreased
relative affinity for microtubules under equilibrium conditions, which is dependent on nucleotide
bound at the active site. The MteEg5 presteady-state kinetics of ATP binding and the subsequent
ATP-dependent isomerization are unaffected during the first ATP turnover. In the absence and
presence of monastrol, the entire population of MteEg5 complexes binds ATP tightly, but in the
presence of monastrol only a fraction of the complexes hydrolyzes ATP during the first turnover.
The steps of phosphate product release and ATP-promoted dissociation of the MteEg5 complex
are coupled in the mechanism, and the observed rate for each reaction significantly increased in
the presence of monastrol. Monastrol promotes a dramatic decrease in the observed rate of Eg5
association with microtubules, and ADP release is slowed without trapping the MtsEg5<ADP
intermediate. 1 propose monastrol stabilizes a “non-productive” subpopulation of MteEg5
complexes that is incapable of undergoing the proper ATP-promoted conformational changes to
rapidly reach the ATP hydrolysis-competent state. The aberrant interactions with the
microtubule and the stabilization of the “non-productive” intermediate alter the ability of Eg5 to
generate force, thereby yielding a motor that cannot participate in the establishment or

maintenance of the bipolar spindle.

3 Reproduced in part with permission from 197. Cochran, J. C., Gatial, J. E., 3rd, Kapoor, T. M., and Gilbert,
S. P. (2005) Monastrol inhibition of the mitotic kinesin Eg5S, J Biol Chem 280, 12658-67. Copyright 2005 American
Society for Biochemistry and Molecular Biology.
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3.1 BACKGROUND AND SIGNIFICANCE

Accurate segregation of replicated chromosomes during cell division depends on the correct
assembly and proper maintenance of the bipolar spindle (2, 72, 66, 149-160). Several members
of the kinesin superfamily localize to the mitotic spindle and inhibition of one or more of these
motors leads to drastic spindle abnormalities and loss of normal chromosome segregation (757,
198-200). Monastrol is a reversible, cell-permeable, small molecule that selectively inhibits the
plus-end-directed Kinesin-5 family member, Eg5 (62, 69, 101, 102, 147), a microtubule-based
motor protein that is required for the formation and maintenance of the bipolar spindle (56, 59-
61). On the other hand, monastrol does not bind to or inhibit the ATPase activity of other well-
studied kinesin superfamily members (/02, 201). Monastrol treatment of dividing cells results in
spindle collapse and cell cycle arrest with a monoastral spindle, which is similar to the phenotype
observed when Eg5 is inhibited by anti-Eg5 antibodies (56, 59, 62, 202) (Figure 1.12). Recently,
several classes of Eg5 inhibitors with nanomolar affinity have been identified (/03-107).

Previous studies with monastrol have revealed an induced-fit, allosteric binding site
outside the nucleotide-binding pocket of the protein (69, 102, 105, 147). By comparing the
monastrol-treated Eg5 crystal structure (Eg5s*ADP)* (69) to the Eg5¢ADP structure (68),
monastrol appears to induce dramatic conformational changes throughout the catalytic core
including transformation of the loop LS5, conversion of the swich-1 loop to a short a-helix, and
the neck-linker/“switch-2 cluster” without considerably altering the structure of the B-sheet core
and nucleotide-binding site (69). How these conformational changes alter the ATPase
mechanism of Eg5 and disturb force generation by the Mt*Eg5 complex is not well understood.
Monastrol has been shown to inhibit ADP release in the absence and presence of microtubules
(102, 147, 197). Also, a recent study using motility assays suggests that monastrol produces an
Eg5 state that is weakly bound to the microtubule, and does not appear to generate force (203).

In this study, we utilized kinetic and equilibrium approaches to define the mechanistic
basis of Eg5 inhibition by S-monastrol, the more active enantiomer for inhibition [Figure 3.1B,
inset; (69, 102, 147)]. We have evaluated two monomeric human Eg5 motors, Eg5-367 and

* The abbreviations used are: Eg5s, S-monastrol-treated Eg5; Eg5-367, human Eg5 motor containing N-terminal 367
residues followed by a C-terminal Hisgs-tag; Eg5-437, human Eg5 motor containing N-terminal 437 residues
followed by a C-terminal Hise-tag; Mt, microtubule; AMPPNP, adenosine 5'-(B,y-imino)triphosphate; AMPPCP,
adenylyl ([1,[1-methylene)diphosphonate; mant, 2'(3')-O-(N-methylanthraniloyl); AXP, ATP or ADP.
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Eg5-437 (69, 102, 147). The ATPase mechanism of both monomeric Eg5 motors has been well-
characterized (Chapter 2.0), which provides a foundation to better understand the monastrol-
dependent effect(s) on microtubule-based motility. The kinetics and equilibrium binding
characteristics of Eg5s presented here reveal an aberrant ATPase cycle, whereby monastrol
stabilizes a “non-productive” subpopulation of MteEg5 complexes and weakens Eg5’s affinity
for the microtubule, which leads to rapid detachment of EgS5s after ATP hydrolysis and
inefficient re-binding to the microtubule lattice.  The “non-productive” subpopulation
corresponds to a Mt*Eg55"*ATP intermediate that cannot undergo the proper ATP-promoted
conformational changes to proceed forward toward ATP hydrolysis. In addition, our data are
consistent with the microtubule-binding ability of the motor being compromised by monastrol
binding. Taken together, monastrol promotes an ineffective Mt*Eg5s complex that cannot
generate the force required to establish and maintain the bipolar mitotic spindle for chromosome

segregation.

3.2 MATERIALS AND METHODS

3.2.1 Experimental Conditions, S-Monastrol, and DMSO Control

Experiments were performed at 25 °C in ATPase buffer (20 mM Hepes, pH 7.2 with KOH, 5
mM magnesium acetate, 0.1 mM EDTA, 0.1 mM EGTA, 50 mM potassium acetate, 1 mM
dithiothreitol, 5% sucrose). MgATP and MgADP concentrations were determined by
absorbance at 259 nm using the extinction coefficient (g) of 15,400 M'cm™. Previous studies
have indicated that the S-enantiomer of monastrol was more active than either its R counterpart

or the racemic mixture (69, 102, 147). We have confirmed these results (Figure 3.1B, inset) and

have used the S-enantiomer in all experiments presented here (a generous gift from Merck
Research Laboratories, West Point, PA). Our monastrol stock (100 mM) was prepared in
dimethyl sulfoxide (DMSO analytical grade; Sigma-Aldrich Co., St. Louis, MO). For each
experiment, a 1 mM monastrol stock was prepared by diluting the 100 mM stock to 1 mM in

ATPase buffer (~1% DMSO). A DMSO control stock was also prepared by dilution of the same
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volume of DMSO in ATPase buffer. In all control experiments shown, the concentration of
DMSO is equivalent to the DMSO concentration at the corresponding monastrol concentration.

All concentrations reported for experiments are final after mixing.

3.2.2 Protein Preparation

We have expressed and purified two human Eg5 motors (Eg5-367 and Eg5-437) as described in
Section 2.2.2. In several experiments reported in this chapter, we used Eg5-367 purified in the
absence of nucleotide at the active site (apoEg5) (/17, 204). The figure legends contain the
detail for when apoEg5-367 protein was used in the experiment, and when conventionally
purified Eg5-367 and Eg5-437 protein was used. A detailed explanation of the apoEg5 protein
characterization can be found in Chapter 4.0.

The modifications to the Eg5-367 purification protocol in Section 2.2.2 are summarized.
I did not attempt to purify Eg5-437 in the absence of nucleotide at the active site. In all column
chromatography buffers, magnesium chloride and ATP were excluded. After Eg5 was eluted
from the nickel-nitrilotriacetic acid agarose column (Qiagen, Valencia, CA), the enriched
fractions were pooled and incubated with 5 mM EGTA and 5 mM EDTA for 30 min at 4 °C.
Following the incubation, the mixture was loaded onto a 100-ml Bio-Gel P-6 size exclusion
column (Bio-Rad Laboratories Inc.; exclusion limit 6000 Daltons) to remove chelating reagents
and any residual nucleotide. The elution volume containing the excluded apoEg5 was
concentrated by ultrafiltration and dialyzed against ATPase buffer. We determined the apoEg5
protein concentration by the Bio-Rad Protein Assay with IgG as the standard. This purification
strategy yielded >99% pure apoEg5 protein with >95% basal and microtubule-activated ATPase

activity under the same experimental conditions when compared to prior Eg5 purifications

[Figure 4.1, Table 2.2, Table 4.1]. In addition, we performed pulse-chase, acid-quench, and P;
product release experiments with apoEg5 in the presence of microtubules, and observed a burst

stoichiometry near unity [Figure 4.8 (B—D)], suggesting the entire population of apoEg5 enzyme

binds and hydrolyzes ATP during the first ATP turnover. On the day of each experiment, an
aliquot of purified bovine brain tubulin was thawed, cycled, and the microtubules were stabilized

with 20 uM Taxol (paclitaxel, Sigma-Aldrich Co.) as described in Section 2.2.5.
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3.2.3 Steady-State ATPase Kinetics

The inhibition of Eg5 steady-state ATP turnover by monastrol was determined by monitoring [o.-
32P]ADP+P; product formation in the absence and presence of microtubules [as described (178)].
In the absence of microtubules, Eg5 was treated with varying concentrations of monastrol for 30
min and reacted with [o-""P]MgATP. In Figure 3.1A, the inhibition of the rate of the ATPase
activity in the absence of microtubules was plotted as a function of monastrol concentration, and

each data set was fit to the following quadratic equation,
Equation 3.1

Rate = —0.5 * {(Ap+Kas+[Mon]) — [(Aim+Kas+[Mon])* — (44im[Mon])]"*} + ke

where Rate is the amount of product formed per second per active site, 4;y, 1s the amplitude of
monastrol inhibition defined by k. (ker at no monastrol) minus Ay, (k. at saturating
monastrol), K; s is the apparent dissociation constant for S-monastrol, and [Mon] is the monastrol
concentration.

In the presence of microtubules, Eg5 was treated with increasing concentrations of
monastrol for 15 min, incubated with microtubules for 30 min, and then reacted with [a-
32PIMgATP. Figure 3.1B shows the steady-state rate of ATP turnover as a function of monastrol
concentration, and each data set was fit to Equation 3.1. In Figure 3.1 (C and D), the rate of ATP

turnover at constant monastrol and [o-*P]MgATP concentrations was plotted as a function of
microtubule concentration for each Eg5 motor, and the data were fit to the following quadratic

equation,
Equation 3.2
Rate = 0.5 * keq * {(Eo+ Ko+ [Mt]) = [(Bo+ K200+ [Mt])? = (4Eo[Mt])]"2}

where Rate is the concentration of product formed per second per active site, k., 1s the maximum
rate constant of product formation at saturating substrate, E is the total Eg5 site concentration,
Ko m 1s the microtubule concentration needed to provide one-half the maximal velocity, and

[Mt] is the microtubule concentration. In Figure 3.1 (E and F), the rate of ATP turnover at
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constant monastrol and microtubule concentrations was plotted as a function of [a-**P]MgATP

concentration for each Eg5 motor, and each data set was fit to the Michaelis-Menten equation

(see Equation 2.3).

3.2.4 MteEg5s Cosedimentation Assays

In order to characterize Eg5 binding to microtubules at equilibrium in the presence of monastrol,
we performed cosedimentation assays based on the pelleting of microtubules, and analyzing the
Eg5 protein in both the supernatant fraction (unbound Eg5) and the pellet fraction (bound Eg5).
Holding the Eg5 and monastrol concentration constant, and varying the concentration of
microtubules, we are able to attain the upper limit of the dissociation constant for the
microtubule (K s) for each Eg5 motor. Equilibrium binding experiments were performed where
Eg5 was treated in the absence and presence of monastrol for 15 min, followed by incubation
with increasing microtubule concentrations for 30 min either in the absence of additional
nucleotide (Figure 3.2) or in the presence of different nucleotide conditions (Figure 3.3) [as
described (/40)]. The MteEg5 complexes were pelleted by centrifugation in a Beckman Airfuge
(Beckman Coulter Inc., Fullerton, CA) at 30 psi (100,000 x g) for 30 min. Gel samples were
prepared for the supernatant and pellet fractions at equal volumes for each microtubule
concentration, and the proteins were resolved by SDS-PAGE and stained with Coomassie

brilliant blue. In Figure 3.2A, each data set was fit to the following quadratic equation,
Equation 3.3

MteE/Eo = 0.5 * {(Eo + Kyps+ [Mt]) — [(Eo + Kaaze + [Mt])? — (4Eo[Mt])]"?} / Eo

where Mt*E/E, is the fraction of Eg5 partitioning with the microtubule pellet, Ey is total Eg5
protein concentration, K,y defines the upper limit for the equilibrium dissociation constant, and

[Mt] is the microtubule concentration.
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3.2.5 Pulse-Chase Experiments

The presteady-state kinetics of MgATP binding was determined by pulse-chase methodologies
using a KinTek RQF-3 chemical quench-flow instrument (KinTek Corp.) (Figure 3.5). The
quench-flow instrument consists of three syringes controlled by a computerized motor to force
the mixing of the Mt*Eg5s complex with increasing [a-"P]MgATP concentrations plus KCI,
followed a chase solution (excess unlabeled MgATP) to allow time for any tightly bound
radiolabeled MgATP to continue forward in the pathway. Whereas, any weakly bound or
unbound MgATP substrate will be diluted by the unlabeled chase. The reaction was quenched
with formic acid after a chase time sufficient for 8-10 turnovers. Radiolabeled product was
separated from substrate by thin layer chromatography, and the concentration of product formed
was plotted as a function of reaction time. We observed two phases in the kinetics of product
formation: 1) a rapid exponential phase that corresponds to the product formed during the first
turnover event, and 2) a slow linear phase that corresponds to subsequent ATP turnovers. From
the exponential phase, we gain information about the observed presteady-state rate of MgATP
binding, and the amplitude of the exponential, which is correlated to the concentration of Eg5
sites that report during the first ATP turnover. From the linear phase, we obtain an estimate of
the rate of the slow step (downstream in the pathway from MgATP binding) that limits steady-
state ATP turnover.

In the pulse-chase experiments, a preformed Mt*Eg5 complex + monastrol was rapidly
mixed with increasing [a->*PJMgATP concentrations plus KCI, and the reaction continued for
various times (0.005-0.5 sec) followed by the non-radioactive MgATP chase (10 mM) for 3 sec
(~10 half-lives) for control reactions and 14 sec for monastrol reactions. The additional KCl was
added to the MgATP syringe to lower Eg5 steady-state ATPase activity without affecting the
first ATP turnover (Figure 2.12). The concentration of [a-**P]ADP product was plotted as
function of time, and each pulse-chase transient was fit to the following burst equation (Figure

3.5A),

Equation 3.4

[Product]ens = Ag * [1 — exp(—kpt)] + kst
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where Ay corresponds to the concentration of tightly-bound MtsEg5"*ATP complexes that
proceed in the forward direction toward ATP hydrolysis, k5 is the rate constant of the exponential
phase, and k, is the rate constant of the linear phase (UM ADPes™) defining steady-state ATP
turnover. The exponential rate of the presteady-state burst (k) (Figure 3.5C) and burst amplitude
(4y) (Figure 3.5E) were plotted as a function of MgATP concentration, and each data set was fit
to a hyperbola.

3.2.6 Acid-Quench Experiments

The presteady-state kinetics of ATP hydrolysis for the Mt*Eg5s complex were defined in this
assay. When the MteEg5s complex was rapidly mixed with MgATP plus KCI, we observed a
burst of product formation at a rate faster that the rate of a subsequent step in the pathway that
limits steady-state ATP turnover. In acid-quench experiments, the presteady-state burst is
correlated to product formation at the Eg5 active site during the first ATP turnover event. After
the reaction is quenched with formic acid, Eg5 denatures and the products can be quantified.
The observed quantity of products includes the sum of the Eg5-bound products and the products
free in solution at the time of the quench. Radiolabeled product was separated from unreacted
substrate by thin layer chromatography, and the concentration of product formed was plotted as a
function of reaction time. We observed two phases in the kinetics of product formation: 1) a
rapid exponential phase that corresponds to the product formed during the first turnover event,
and 2) a slow linear phase that corresponds to subsequent ATP turnovers. From the exponential
phase, we gain information about the observed presteady-state rate of ATP hydrolysis, and the
amplitude of the exponential, which is correlated to the concentration of Eg5 sites that report
during the first ATP turnover. From the linear phase, we obtain an estimate of the rate of the
slow step (downstream in the pathway from ATP hydrolysis) that limits steady-state ATP
turnover.

The kinetics of ATP hydrolysis for Eg5 in the presence of monastrol were defined
through a series of acid-quench experiments using a chemical quench-flow instrument (KinTek
Corp.) (Figures 3.5 and 3.6). In all experiments, a preformed Mt*Eg5 complex + monastrol was
rapidly mixed with [o-*P]MgATP + monastrol plus 100 mM KCl. The additional salt was
added to the MgATP syringe to lower Eg5 steady-state ATPase activity without affecting the
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kinetics of the first ATP turnover (Figure 3.6F). The reaction continued for various times
(0.005-1 sec), was quenched with formic acid, and radiolabeled product formation was
quantified [as described (/78)]. The concentration of [o->*P]JADP was plotted as a function of
time, and the data were fit to Equation 3.4 where A4, is the amplitude of the presteady-state burst
phase that corresponds to formation of product at the Eg5 active site during the first turnover, 4
is the rate constant of the exponential burst phase, and 4 is the rate constant of the linear phase

(uM ADPes™) defining subsequent ATP turnovers. In Figure 3.5 (D and F) and Figure 3.6 (B

and D), the exponential burst rate (k) and burst amplitude (4y) were plotted as a function of
monastrol and MgATP concentration, respectively, and each data set was fit to a hyperbola.
In order to understand the lowered burst amplitude observed in our acid-quench

experiments in the presence of monastrol [Figures 3.5F and 3.6 (B and D)], we designed a

modified acid-quench experiment in order to test whether P; product was released from Eg5, and
then rapidly re-bound the active site to favor ATP re-synthesis. A preformed Mt*Eg5 complex +
monastrol was rapidly mixed with either [o-**P]JATP or [y-"*PJATP plus excess non-radioactive
KH,PO4 (10 mM) and KCI (90 mM), and the reaction continued for various times (0.01-1 sec)
followed by quenching with formic acid. The concentration of [o->*P]JADP or [y->*P]P; product

was plotted as function of time, and each transient was fit to Equation 3.4 (Figure 3.7). The

experimental design assumes that [y->P]P; product released from the Eg5 active site after ATP
hydrolysis will be diluted by the excess non-radioactive P; in solution, thus effectively
preventing [y->*P]P; re-binding. Therefore, if [y->*P]P; product were released from the Eg5 active
site and then rapidly re-bound to favor ATP re-synthesis in the presence of monastrol, we would
expect to see full burst amplitude for [y-32P]ATP reactions. However, if [y->>P]P; product
remains at the active site to favor ATP re-synthesis, then we would expect to observe a similar

amplitude compared to the [a-*PJATP control reactions.

3.2.7 Modeling of Burst Kinetics

We used DynaFit software (BioKin Ltd., Pullman, WA) to model the acid-quench and P; product
release kinetics at 20, 150, and 400 uM MgATP (acid-quench) and 50 uM MgATP (P; release) to

the mechanisms proposed in Scheme 3.1-3.4 (205). For our acid-quench transients, we modeled
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the formation of ADP product, which represents MteEg5¢ADP<P; + MtsEg5¢ADP + Eg5<ADP +

ADP. Our P; release transients were modeled based on the P; product that was released from the

nucleotide-binding site of Eg5. In Figure 3.9 (A and B), acid-quench and P; release transients
were simulated based on our proposed kinetic mechanism in the absence of monastrol (Scheme

3.1). In Figure 3.9 (C and D), the Eg5 site concentration was held constant based on the total

Eg5 protein used in the reaction, and the rate constants for all steps in the mechanism were held
constant during the simulation, except for the rate of ATP re-synthesis (k.,) as indicated. Figure
3.9E was the simulation based on Schemes 3.2 and 3.3, and Figure 3.9F was the simulation
based on Scheme 3.4. The “rapid” and “slow” rates were allowed to float in the analysis.

The experimental design to measure P; product release from the MteEg5 complex
assumes that P; released from Eg5 rapidly and tightly binds to MDCC-PBP, thus rendering the P;
release step irreversible. For a kinetic pathway including an irreversible reaction followed by a
slow reaction (Scheme 3.1), the time dependence of product formation follows Equation 3.4
where the rates and amplitude are defined by the following equations (/79),

Equation 3.5
Ao =Eo* {Tkes/ (s ko))
Equation 3.6
kp = k3 kiow
Equation 3.7
kss = Eo * [k+3 Ksiow | (k+3 + ksiow)]

where k. ; is the exponential rate constant for the P; release step, kg, 1s the rate of the slow step
in the pathway that occurs after P; release, which limits the rate of subsequent ATP turnovers,

and E, is the Eg5 site concentration. The data from Figure 3.8 (A and B) were modeled to

Equations 3.4-3.7 to define the P; release constants k.3, ksow, and Ey (Scheme 3.1). All variables

ki3, ksow, and Ey were all allowed to float in the analysis.
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3.2.8 Stopped-Flow Experiments

The stopped-flow experiments were performed using a SF-2003 KinTek stopped-flow instrument
(KinTek Corp.) to investigate the effect of monastrol on mantATP binding, P; product release,
ATP-promoted dissociation of the MteEg5s complex, Eg5s association with the microtubule
lattice, and mantADP release. Fluorescent nucleotides are valuable probes for the structure and
kinetics of nucleotide-binding enzymes. Mant-adenosine nucleotides show an enhancement of
fluorescence when bound to the active site of kinesin motor proteins (112, 122, 126, 127, 141-
143, 180-182) as well as myosin motors (/83-187), and this fluorescence is quenched in solution.
When we rapidly mix the MteEg5 complex with increasing mantATP concentrations in a
stopped-flow instrument, then we can monitor the exponential increase in fluorescence that is a
result of mantATP binding the Eg5 active site. For racemic mantAXP experiments, fluorescence
emission at 450 nm was measured using a 400-nm cutoff filter with excitation at 360 nm
(mercury arc lamp). In Figure 3.4, the mantATP binding data in the absence or presence of

monastrol were fit to the following hyperbola,

Equation 3.8
kobsz k+]’ * [mATP] / (Kd,mATP + [I’IlATP]) + k_]/

where k,p, is the exponential rate constant obtained from the fluorescence enhancement, k- ;- is
the rate constant for the ATP-dependent isomerization (Scheme 3.1), K;,47p 1 the dissociation
constant for weak mantATP binding, and £_;-is the mantATP off-rate. The mantATP binding

data at low mantATP concentrations (Figure 3.4, insef) were fit to the following linear function,

Equation 3.9

kobs = K+ 1k+;-* [mATP] + kQﬁJmATP

where K. k+;- is the apparent second-order rate constant for mantATP binding, and k,zmarp
represents the apparent off-rate for mantATP.
The kinetics of P; product release from the MteEg5 complex were measured using the

MDCC-PBP coupled-assay (/63). A preformed MteEg5 complex + monastrol plus MDCC-PBP
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and “P; mop” were rapidly mixed with increasing MgATP concentrations plus KCl and “P;
mop”. The concentrations of the “P; mop” reagents were experimentally determined to eliminate
competition with the MDCC-PBP for P; in solution (/38). The experimental design assumes that
after ATP hydrolysis, P; product will be released from the Eg5 active site, followed immediately
by P; binding rapidly and tightly to MDCC-PBP, thus triggering the fluorescence enhancement
of the MDCC-PBP+P; complex (/63). In order to convert the observed change in fluorescence
intensity into units of P; concentration, a phosphate calibration curve was used (Figure 2.13A).
The data in Figure 3.8 (A and B) and Figure 3.11C show a burst of P; product release at a rate

faster than the rate of a subsequent slow step, thus the data were fit to Equation 3.4, where A4,
equals the amplitude of the exponential burst phase and 4 is the observed exponential rate of P;

product release from Eg5. In Figure 3.8 (E and F), the P; release kinetics were modeled in terms

of a two-step irreversible mechanism described by Equations 3.4-3.7.

We can use the optical signal of turbidity (the optical property that causes light to be
scattered rather than being transmitted in straight lines through the sample) to measure the
kinetics of MteEg5 dissociation or Eg5 association with the microtubule in the presence of
monastrol. The size of a macromolecule (or macromolecular complex) affects the reading of
turbidity; therefore, when Eg5 is bound to the microtubule, there is an increase in turbidity
compared to the microtubule or Eg5 by themselves. These assays were designed based on the
stopped-flow experiment that was performed to monitor the change in light scattering upon
dissociation of the actomyosin complex (/88). The MteEg5s dissociation kinetics (Figures 3.10
and 3.12) and the kinetics of Eg5s association with microtubules (Figure 3.13) were determined
by monitoring the change in solution turbidity at 340 nm using a stopped-flow instrument. In

Figure 3.10 (C and D), the exponential rate and amplitude of MteEg5 dissociation = monastrol

were plotted as a function of MgATP concentration, and each data set was fit to a hyperbola.
The observed rate constant of Eg5s association with microtubules was plotted as a function of

monastrol concentration [Figure 3.13 (C and D)], and the data were fit to the following quadratic

equation,
Equation 3.10

Kops = —0.5 * {(AitKys+[Mon]) — [(Aim+K s+ [Mon])* — (44 m[Mon])]"?} + Kpmax
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where k,ps s the observed exponential rate obtained from the change in turbidity, 4,,, defines the
amplitude of monastrol inhibition equal to k. (kops With no monastrol) minus k., (kops at
saturating monastrol), K;s is the apparent dissociation constant for monastrol, and [Mon] is the
monastrol concentration.

To measure the kinetics of ADP product release from the MteEg5s complex, we can
preform the Eg5emantADP complex, and rapidly mix this complex with microtubules plus an
unlabeled MgATP chase. Thus, in this assay we are able to monitor the exponential decrease in
fluorescence as mantADP is released from the MteEg5emantADP intermediate. MantADP
release from the MteEg5ssmantADP complex was determined by pre-incubating Eg5 with
mantADP at a 1:2 ratio (Eg5:mantADP) to exchange ADP for mantADP at the nucleotide
pocket, followed by treatment with increasing concentrations of monastrol for 15 min. This
reaction mixture was then rapidly mixed with microtubules plus MgATP (to effectively prevent
mantADP re-binding), and the fluorescence emission at 450 nm was monitored (Figure 3.14).
The observed rate and amplitude of mantADP release obtained from the fluorescence reduction

were plotted as a function of monastrol concentration, and each data set was fit to Equation 3.10.

3.2.9 Phosphocreatine Kinase-Coupled Assays

The experiments presented in Figure 3.15 were performed [as described (/78)] to determine the
rate of ADP release from the Eg5s*ADP complex and to characterize the equilibrium state of the
MteEg5s*ADP complex. Briefly, Eg5+ADP was incubated with trace amounts of [a.->*P]JATP for
90 min to convert all radioactive ATP to ADP (see Figure 2.6A). The Eg5°[oc-32P]ADP complex
was treated with monastrol for 30 min, followed by mixing with 2.5 mM non-radioactive
MgATP plus a creatine kinase/phosphocreatine ATP regeneration system (+ microtubules) to
transfer P; to the [o->*P]ADP free in solution. The experimental design assumes that ADP at the
Eg5 active site is inaccessible to the creatine kinase and therefore is protected from enzymatic
conversion to ATP. The tightly bound [a->PJADP concentration was quantified as a function of

time, and each data set was fit to the following exponential equation,
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Equation 3.11
[ADP] =4y * exp(—kqf];ADp t) +C

where the total Eg5 sites with ADP tightly bound [Eg5¢ADP] is the sum of the amplitude (4y)
and the constant term (C) to extrapolate to zero time (t). The term ko 4pp is the first-order rate

constant for ADP release.

3.3 RESULTS

3.3.1 Monastrol Inhibits Steady-State ATPase = Microtubules

We began our mechanistic study of monastrol inhibition of two monomeric Eg5 motors (Eg5-
367 and Eg5-437) by characterizing the ATPase activity of Eg5s in the presence and absence of
microtubules. In the absence of microtubules, the rate of ATP turnover decreased as a function
of monastrol concentration (Eg5-367: 0.02 s to 0.001 s™'; Eg5-437: 0.001 s to 0.0005 s™), and
the apparent K;s was approximately 2 uM for each motor (Figure 3.1A, Table 3.1). These
results confirm that monastrol inhibits the ATPase activity of Eg5-367 and Eg5-437 in the
absence of microtubules as reported previously (69, 102, 147).

Microtubules stimulate the steady-state k., for both Eg5 monomers (see Figure 2.7).
However, monastrol treatment results in a concentration-dependent decrease in the ATPase
activity (Eg5-367: 5.3 s to 1.0 s™; Eg5-437: 3.7 s™' to 0.3 s™') (Figure 3.1B). The Eg5 motors
also showed differences in the apparent K; s in these experiments: Eg5-367 = 14 uM versus Eg5-
437 =4 uM. These steady-state kinetics are comparable to those reported from previous studies
(69, 102, 147, 201) and suggest that microtubule binding weakens Eg5’s affinity for monastrol.

Figure 3.1 (C and D) shows steady-state kinetics as a function of microtubule concentration at

saturating MgATP and monastrol for Eg5-367 and Eg5-437, respectively. Note that the K
was considerably increased (Eg5-367: Control = 0.7 uM, Monastrol = 6.7 uM; Eg5-437: Control

= 4.5 uM, Monastrol = 33.3 pM) indicating that monastrol causes monomeric Eg5 to bind

microtubules more weakly during steady-state ATP turnover. Previous investigations reported
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that monastrol was not competitive with microtubules (/02, /47). Our data suggest a monastrol-
dependent interference with MteEg5 interaction based on the increased steady-state K;/ ., for

both Eg5 monomers. Figure 3.1 (E and F) shows steady-state kinetics as a function of MgATP

concentration at saturating microtubules and monastrol for Eg5-367 and Eg5-437, respectively.
We observe similar K, 47p values between control and monastrol experiments indicating that

monastrol does not disrupt nucleotide binding during steady-state ATP turnover (Table 3.1).

k k. k k

+1 +1 +2 +6

M-E + ATP == M-E-‘ATP == M-E*ATP == M-E-ADP-P, M-E**ADP === M-E + ADP

k—1 k—r k—z
sl ke

M + E-ADP + P, = M + E*ADP

Scheme 3.1
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(A) In the absence of microtubules, Eg5*ADP was treated with varying concentrations of monastrol for 30 min and
was reacted with MgATP. Final concentrations: 1 uM Eg5, 0-150 uM monastrol, 100 uM [o-*’P]MgATP. The
rate of product formation was plotted as a function of monastrol concentration, and each data set was fit to Equation
3.1. For Eg5-367 (e), K;5=2.3 £ 0.4 uM. Inset, Eg5-437 (A), K;5=2.5 £ 0.5 uM. (B) Eg5°ADP was treated
with varying concentrations of S-monastrol for 30 min, and then the Mt*Eg5¢ complex was formed and reacted with
MgATP. Final concentrations: 1 pM Eg5, 30 uM tubulin, 20 uM Taxol, 0—150 uM monastrol, 1 mM [a-
32PIMgATP. For Eg5-367 (@), K;5 = 13.8 + 1.0 uM, and for Eg5-437 (A), K;s=4.0 + 0.4 uM. Inset, Eg5+ADP
was treated with varying concentrations of either S-monastrol or racemic monastrol for 30 min, and then the Mt*Eg5
complex was formed and reacted with MgATP. Final concentrations: 1 uM Eg5-367, 30 uM tubulin, 20 uM Taxol,
0-150 uM monastrol, 1 mM [a—32P]MgATP. For S-monastrol, (e), K;s=13.8 £ 1.0 uM, and for racemic monastrol
(0), Kz, =30.0 £4.6 uM. (C) Eg5-367 was treated with monastrol for 30 min, and then the Mt*Eg5¢ complex was
formed with increasing microtubule concentrations and reacted with MgATP. Final concentrations: 1 uM Eg5, 0—
40 uM tubulin, 20 uM Taxol, 150 pM monastrol, 500 pM [a-*P]MgATP. Data were fit to Equation 3.2, and the
steady-state parameters were k., = 1.22 £ 0.03 stand K 120 = 6.7+ 0.4 uM. (D) Eg5-437 under similar conditions
as Panel C: k., =0.56 +0.03 s! and Kipan=33.3£3.3 uM. (E) Eg5-367 (£ monastrol) was incubated for 30 min,
and then the MteEg5s complex was formed and reacted with increasing MgATP concentrations. Final
concentrations: 0.1 uM Eg5, 20 pM tubulin, 20 uM Taxol, + 150 uM monastrol, 0.5-200 uM [a-*P]MgATP. Data
were fit to the Michaelis-Menten equation (Equation 2.3), and the steady-state parameters were determined.
Control: k.q; = 6.10 £ 0.07 s and K, 47p = 9.5 £ 0.4 uM; Monastrol: k., = 1.54 £ 0.03 s and K, 47p = 3.6 £ 0.3 uM.
(F) Eg5-437 under similar conditions as Panel C. Control: k., = 2.77 + 0.08 s and Kt = 20.7 £ 3.2 uM;
Monastrol: k., = 0.43 +0.01 s and K, 47p = 4.1 £ 0.7 uM.

3.3.2 Monastrol Weakens EgS Affinity for Microtubules under Equilibrium Conditions

Microtubule equilibrium binding assays were performed to determine the relative affinity of
Eg5s for microtubules in the absence of additional nucleotide or in the presence of different
nucleotide/analog conditions. In Figure 3.2A, Eg5 was treated in the absence or presence of
monastrol and then incubated with increasing microtubule concentrations. Each Eg5 motor was
found to partition with the microtubule pellet as a function of microtubule concentration, yet the
Kaye was significantly different in the presence of monastrol (Control: Ky, = 0.07 uM;
Monastrol: K;y, = 2.3 uM). These data reveal that under equilibrium conditions, the affinity of
Eg5 for microtubules was weakened in the presence of monastrol. This effect was monastrol-
concentration dependent as shown in Figure 3.2B. Together, the increased steady-state K,
and the increased K, provide evidence for an altered microtubule-binding ability of Eg5 by

monastrol.
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Figure 3.2 MteEgSg cosedimentation experiments

(A) In the absence of additional nucleotide, Eg5*ADP was treated with or without monastrol for 15 min, followed by
incubation with increasing concentrations of microtubules for 30 min. Final concentrations: 2 uM Eg5-437, 0-6
UM tubulin for control reactions, 0-20 pM tubulin for monastrol reactions, 20 uM Taxol, + 150 uM monastrol. The
fraction of Eg5 in the microtubule pellet was plotted as a function of the total microtubule concentration, and the
data were fit to Equation 3.3. In the absence of monastrol (A), the K;,, = 0.07 £ 0.03 uM, and in the presence of
monastrol (A), Ky, =2.3 £0.2 uM. (B) Eg5°ADP was treated with increasing monastrol concentrations for 15 min,
followed by incubation with microtubules for 30 min. Final concentrations: 2 pM Eg5, 4 uM tubulin, 20 uM Taxol,
0-150 uM monastrol. The fraction of Eg5 in the microtubule pellet was plotted as a function of monastrol
concentration, and each data set was fit to Equation 3.1.

We also sought to investigate the microtubule-binding behavior of the Eg5s complex
under different nucleotide conditions (Figure 3.3). In the absence of monastrol, Eg5 partitions
with the microtubules at each nucleotide condition as expected for a monomeric kinesin.
However, with the addition of monastrol, some Eg5g appears to partition with the supernatant in
the absence of additional nucleotide, consistent with the data presented in Figure 3.2.
Interestingly, with 2 mM MgATP or MgADP, the Eg55 motor exhibits enhanced partitioning
with the supernatant, suggesting a weak-binding state for Eg5s with MgADP at the active site in
the presence of monastrol. In the reaction containing MgATP, we do not know the proportion
unreacted MgATP versus MgADP+P; products; therefore, it is difficult to conclude what
nucleotide species contributes to the partitioning effect. On the other hand, with excess
MgAMPPNP (a non-hydrolyzable ATP analog), all Eg5g partitions with the microtubule pellet,
indicating a strong-binding state regardless of monastrol treatment.

MteEg5 cosedimentation assays were performed to determine the microtubule-binding
behavior of the apoEg5s complex under nucleotide-free conditions. In Figure 3.3B, apoEg5 was

found to partition with the microtubules in the absence and presence of monastrol. However,
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Eg5+ADP (1:1) began to partition with the supernatant in the presence of monastrol, consistent
with Figure 3.3A. These cosedimentation experiments were repeated at lower concentrations of
the MteEg5 complex (0.5 uM Eg5, 1 uM tubulin), and similar results were obtained. Therefore,
these cosedimentation results suggest that all apoEg5 protein in the absence of nucleotide was

bound to the microtubule in the absence and presence of monastrol.
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Figure 3.3 MteEgS5 interactions £ monastrol under different nucleotide conditions

(A) Coomassie blue-stained SDS gel from Mt*Eg5¢ cosedimentation experiments at different nucleotide conditions.
Eg5 was treated with or without monastrol for 15 min, followed by incubation with microtubules for 30 min. Each
nucleotide was rapidly mixed with the solution at the end of the incubation, and the reaction mixture was
immediately subjected to centrifugation. Final concentrations: 2 uM Eg5-367, 4 uM tubulin, 20 uM Taxol; 150 uM
monastrol, 2 mM AXP. The supernatant (S) and pellet (P) for each reaction were loaded consecutively with an
indication of the additional nucleotide above each supernatant/pellet pair. (B) Coomassie blue-stained SDS
polyacrylamide gel from a MtsEg5 cosedimentation experiment in the absence of nucleotide. ApoEg5S and
Eg5+ADP (1:1) were treated in the absence or presence of monastrol, then reacted with microtubules. Final
concentrations: 2 pM apoEg5, £ 2 uM MgADP, 4 uM tubulin, 20 uM Taxol; + 150 uM monastrol. After each
reaction mixture was centrifuged, samples of the supernatant (S) and pellet (P) were loaded consecutively with an
indication of the reaction conditions above each supernatant/pellet pair.
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3.3.3 Monastrol Does Not Alter the Kinetics of ATP Binding to Mt°EgS Complex

The model of the Eg5s*ADP crystal structure indicates that monastrol binds approximately 12 A
from the active site (69, 79). Previous studies (/02, 147) and data from Figure 3.1 (E and F)

suggest that monastrol binding was not competitive with respect to MgATP during steady-state
ATP turnover. To determine whether the presteady-state steps of ATP binding to the MteEg5g
complex were altered, we performed mantATP binding and pulse-chase experiments. For the
mantATP binding experiments, we used a stopped-flow instrument to rapidly mix a preformed
MteEg5s complex with mantATP and monitor the exponential increase in fluorescence that
corresponds to mantATP binding to the Eg5 active site (Figure 3.4A). In one experiment, we
held the mantATP concentration at 10 uM and varied monastrol concentration (Figure 3.4A,
insets). For both Eg5-367 and Eg5-437, the observed rate of mantATP binding did not change as
we increased the monastrol concentration. The amplitude of the exponential phase at each
monastrol concentration was slightly decreased, which can be interpreted as either a decrease in
the population of Eg5s bound to microtubules at increasing monastrol concentrations, or a
reduction in the quantum yield from the mant-fluorophore due to monastrol altering the local
environment of the Eg5 active site.

In another mantATP binding experiment, we held the monastrol concentration constant
and varied mantATP concentration (Figure 3.4B). The data were superimposable, which
indicates that the apparent second-order rate constant for mantATP binding (K+;k+,), the off-rate
for mantATP from the collision complex (ko;), and the rate constant for the ATP-dependent
isomerization step before ATP hydrolysis (k+;) were unaffected by monastrol treatment (Scheme
3.1, Table 3.1).

In order to measure the presteady-state kinetics of the formation of a tightly-bound
MteEg5**ATP intermediate in the absence and presence of monastrol, we performed pulse-chase
experiments using a chemical quench-flow instrument. The experimental design assumes any
tightly-bound [o->*P]MgATP substrate will proceed in the forward reaction, while any loosely-

bound or unbound substrate will be diluted by the excess non-radioactive MgATP in the chase
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(179). Figure 3.5 (A, C, and E) shows that the rate of the exponential burst phase increases with

increasing [o-""P]MgATP concentration, and the maximum observed rate of MgATP binding
was 22.0 s for control experiments and 18.2 s for monastrol. In addition, the burst amplitude
was similar (Control = 0.75 ADP/site; Monastrol = 0.78 ADP/site; Figure 3.5E), indicating that
the entire Mt*Eg5 population bound MgATP tightly in the absence or presence of monastrol.
Taken together, these results suggest that monastrol binding to Eg5 does not inhibit the kinetics
of ATP binding. Binding of monastrol to the Mt*Eg5 complex was confirmed by our acid-

quench experiments presented next.
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Figure 3.4 MantATP binding to the Mt.EgS¢ complex

(A) Eg5 was treated with increasing concentrations of monastrol, followed by incubation with microtubules for 30
min. Final concentrations: 3 uM Eg5, 10 uM tubulin, 20 uM Taxol, 0-150 uM monastrol, 10 pM mantATP. The
preformed MtEg55 complex was rapidly mixed in a stopped-flow instrument with mantATP and two representative
transients for Eg5-367 (= 150 uM monastrol) are shown. Insets, the observed rate and amplitude of the exponential
increase in fluorescence were plotted as a function of monastrol concentration. (B) Eg5-367 was incubated in the
presence or absence of monastrol, and the preformed Mt*Eg5 complexes were reacted with increasing mantATP
concentrations. Final concentrations: 0.5 uM Eg5 for 0.5-3 uM mantATP and 3 uM Eg5 for 3—-60 uM mantATP,
10 uM tubulin, 20 uM Taxol, 150 uM monastrol. The observed rate of the fast exponential increase in fluorescence
was plotted as a function of mantATP concentration, and the data were fit to Equation 3.8. In the absence of
monastrol (e), k,;,=30.5+ 1.3 s, Kimarr=79x£1.6 uM, k;. =165 1.0 s, In the presence of monastrol (0), k.-
=30.0+ 1.1 s'l, Kymarp =83 £ 1.6 uM, k,; =17.8 £ 0.8 s\ Inset, the observed rate of mantATP binding at the
lowest mantATP concentrations. The data were fit to Equation 3.9 to yield the apparent second-order rate constant
for mantATP binding in the absence (K. k:;-=2.2 £ 0.3 uM'ls'l) and in the presence of monastrol (K, k., =2.1 £
0.3 uM's™.
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Figure 3.5 Pulse-chase and acid-quench kinetics for Mt*Eg5-367 + monastrol
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For pulse-chase experiments, Mt*Eg5 + monastrol was reacted with increasing concentrations of [oc-32P]MgATP for
0.005-0.5 sec in a chemical quench-flow instrument, followed by the non-radioactive MgATP chase for 3 sec for
control reactions or 14 sec for monastrol reactions (~10 half-lives). Final concentrations: 5 uM apoEg5, 6 uM
tubulin, 20 uM Taxol, + 150 uM monastrol, 5400 pM [a-*P]MgATP, 100 mM KCI, 10 mM unlabeled MgATP
chase. For acid-quench experiments, MtsEg5 + monastrol was reacted with increasing [o-?P]MgATP
concentrations for 0.005—1 sec, followed by quenching with formic acid. Final concentrations: 5 uM apoEg5, 6 uM
tubulin, 20 uM Taxol, + 150 uM monastrol, 5400 uM [a-**P]MgATP, 100 mM KCI. Shown in Panels (A and B)
are time courses of [o-"P]MgADP product formation for pulse-chase and acid-quench experiments, respectively, in
the absence (® and A) and presence (o and A) of monastrol (MgATP concentrations are indicated). Each transient
displayed burst kinetics and was fit to Equation 3.4 to provide the amplitude (4,) and observed exponential rate (k)
of the formation of a tight MtEg5 *ATP complex (pulse-chase) or the formation of the MteEg5¢ADP+P; complex
(acid-quench), followed by the linear steady-state ATP turnover (k). Shown in Panels (C and D) are the maximum
observed rates from the pulse-chase and acid-quench experiments, respectively, plotted against MgATP
concentration in the absence (@) and presence (©) of monastrol. Each data set was fit to a hyperbola. For pulse-
chase, Control: kj, ... = 22.0 £ 3.0 s with Kgarp = 25.8 £ 14.9 uM; Monastrol: kp . = 182 £ 1.3 s with Kyarp =
5.0 £ 2.5 uM. For acid-quench, Control: k. = 11.3 £ 1.4 s with Kyarp = 31.3 £ 15.4 pM; Monastrol: k0, =
11.1 £ 0.3 s with Kyqrp = 9.2 £ 1.5 uM. Panels (E and F) show the amplitude of the exponential phase versus
MgATP concentration for pulse-chase and acid-quench experiments, respectively. Each data set was fit to a
hyperbola. For pulse-chase, Control: 4, ,,,. = 0.75 £ 0.02 ADP/site (100% of expected amplitude based on Eg5 site
concentration) with K, 47p = 5.5 £ 1.0 uM; Monastrol: 4, ., = 0.78 + 0.03 ADP/site (100% of expected amplitude)
with K, 47p = 8.9 £ 1.8 uM. For acid-quench, Control: 4, ., = 0.75 £ 0.02 ADP/site (99% of expected amplitude)
with K 47p = 4.2 £ 1.0 uM; Monastrol: 4, . = 0.40 £ 0.01 ADP/site (41% of expected amplitude) with K, 47p = 2.2
+ 0.6 uM.

3.3.4 Monastrol Promotes Reduction in Burst Amplitude during Acid-Quench

Experiments

We measured the kinetics of ATP hydrolysis in the presence of monastrol by performing a series

of acid-quench experiments [Figure 3.5 (B, D, and F) and Figure 3.6]. We have demonstrated

that ATP binding is at least a two-step process for Eg5-367 and Eg5-437, with an isomerization
event yielding a short-lived Mt<Eg5 *ATP intermediate that proceeds directly to ATP hydrolysis
(Scheme 3.1). Again, the mantATP binding kinetics (Figure 3.4) and pulse-chase kinetics
(Figure 3.5) showed that monastrol does not affect the two ATP binding steps which occur prior
to ATP hydrolysis. To determine if monastrol affects the ATP hydrolysis step, we used a
chemical quench-flow instrument to rapidly mix a preformed Mt*Eg5s complex with MgATP,
and radiolabeled product formation was quantified as a function of time.

We carried out acid-quench experiments as a function of [a-"PJMgATP concentration in
the absence and presence of monastrol. The initial burst of product formation correlates to the
formation of [o-“PJADPP; at the active site of Eg5 during the first ATP turnover, followed by a

slower linear phase, which corresponds to subsequent ATP turnovers. The additional KCI with
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the MgATP syringe was included to lower the rate of the linear phase to allow better definition

of the exponential burst phase. We have demonstrated that the additional salt does not alter the

kinetics of ATP hydrolysis by Eg5 in the absence [Figure 2.12 (A and B)] or presence of
monastrol (Figure 3.6F). Figure 3.5D shows that the observed exponential rate of ATP

hydrolysis increased as a function of MgATP concentration, with a maximum observed rate of
11.3 s in the absence of monastrol and 11.1 s in the presence of monastrol. This observed rate
of ATP hydrolysis was slower than the maximum rate determined for Eg5-437 = 14.9 s™ (Figure
2.12F). The magnitude of the burst amplitude increased as a function of MgATP concentration
as well (Figure 3.5F), yet the maximum amplitude was dramatically different in the presence of
monastrol (Control: Ay, = 0.75 ADP/site; Monastrol: Ap .. = 0.40 ADP/site). For control
reactions, these results suggest the entire MteEg5 population hydrolyzes ATP during the first
turnover event. In the presence of monastrol, the lowered burst amplitude may possibly be due
to reversals at the ATP hydrolysis step during the first turnover, or it may be due to a “non-
productive” subpopulation of MteEg5 complexes that cannot properly bind and hydrolyze ATP
during the first ATP turnover.

In Figure 3.6 (A and B), we held the MtEg5 complex and MgATP concentration

constant and varied monastrol concentration. The exponential burst rate increased as a function
of monastrol concentration (10 s™ to 50 s™), however, the burst amplitude decreased (0.77

ADP/site to 0.23 ADP/site). In Figure 3.6 (C and D), we held the Mt*Eg5 complex and

monastrol concentration constant and varied MgATP concentration. This experiment was
designed to yield the maximum observed burst rate of ATP hydrolysis in the presence of
saturating monastrol (kpme = 36.3 s™). This increased rate suggests that monastrol lowers the
activation energy barrier for chemistry to occur, thus leading to a significantly faster rate of the
ATP hydrolysis step. This increase in the rate of ATP hydrolysis was not observed for Eg5-367,
which seems to indicate that the kinetics of ATP hydrolysis were slightly different between the
two constructs. When this result is taken together with the difference in the efficiency to bind
microtubules (Figure 2.15), and the observation of monastrol disrupting the microtubule binding
behavior of Eg5, perhaps we can hypothesize that the microtubule typically slows down ATP
hydrolysis when Eg5 is more tightly bound the microtubule (in the absence of monastrol), but
when Eg5 is weakly bound (in the presence of monastrol), the hydrolysis reaction occurs at a

faster rate. Therefore, in the presence of monastrol, the difference in the rate of ATP hydrolysis
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between Eg5-367 and Eg5-437 arises from a difference in the microtubule-binding behavior of
the motors.

Again, we observed a decrease in the maximum burst amplitude (0.29 ADP/site) for Eg5-
437. Several hypotheses could explain the decrease in burst amplitude: 1) inactive Eg5 enzyme
(disfavored due to full burst amplitude for control experiments), 2) weakened ATP binding
(disfavored based on steady-state K, 47 and the mantATP binding kinetics), 3) monastrol-
promoted partitioning of Eg5g off the microtubule prior to ATP binding, 4) monastrol-promoted
dissociation of either the Mt*Eg5*ATP collision complex, or the MteEg5**ATP complex prior to
ATP hydrolysis, 5) reversals at the ATP hydrolysis step, and/or 6) a ‘“non-productive”
subpopulation of Mt*Eg5s complexes that cannot undergo the ATP-promoted structural
transitions to generate the ATP hydrolysis-competent intermediate.

At the same Mt*Eg5s conditions used in the acid-quench experiments presented in Figure
3.6 (A-D), our cosedimentation data from Figure 3.2 indicate that 66 % of the Eg5-437 motor
population remains tightly bound to the microtubule. Assuming the lower burst amplitude
corresponds to a decreased population of Eg5s motors bound to the microtubules (Hypothesis #3
above), we reasoned that increasing the microtubule concentration would “rescue” the burst
amplitude to near full amplitude (~0.78 ADP/site) by driving the equilibrium to have all Eg5g
bound to the microtubule. We performed acid-quench experiments as a function of microtubule
concentration at constant MgATP and monastrol concentrations. Figure 3.6E shows the ATP
hydrolysis kinetics at increasing microtubule concentrations for Eg5-437. Even though these
data show a modest increase in burst amplitude (from 0.29 to 0.40 ADP/site), the amplitude does
not reach 0.78 ADP/site as seen in the absence of monastrol. In addition, the experiment in
Figure 3.6F provides evidence that the additional salt in the ATP syringe used to lower the
steady-state phase does not affect the first ATP turnover. Therefore, the lower burst amplitude
cannot be totally explained by Eg5s ADP partitioning off the microtubule (disfavoring
Hypothesis #3). Alternatively, the results obtained from our acid-quench experiments are
consistent with either monastrol-promoted dissociation of the MteEg5"*ATP complex before
ATP hydrolysis (Hypothesis #4), reversals in the chemical reaction, whereby the
MteEg5s*ADP+P; intermediate reforms ATP at the active site at a rate defined by k., (Hypothesis
#5), or a “non-productive” subpopulation of MteEg5 complexes that do not properly bind and
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hydrolyze ATP during the first ATP turnover (Hypothesis #6). Experiments to directly test the

Hypothesis #5 (intermediate O'® exchange) have not yet been performed in our laboratory.
yp
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(A) Time course of [0-**PJADP+P; formation after rapidly mixing a preformed MtEg5 complex with MgATP plus
additional KCl to lower steady-state turnover (see Materials and Methods 3.2.5). Final concentrations: 5 uM Eg5-
437, 6 uM tubulin, 20 pM Taxol, 0-200 uM monastrol, 300 uM MgATP, 100 mM KCI. (B) The observed
exponential rate of the burst phase was plotted as a function of monastrol concentration. The fit of the data to a
hyperbola provided the observed rate constant for ATP hydrolysis at 49.9 + 3.4 s, Inset, the amplitude of the burst
phase decreased as a function of monastrol concentration. The data were fit to Equation 3.1, yielding an apparent
K;s=29 +9 uM. (C) Time course of radiolabeled product formation by MteEg55 complex at increasing MgATP
concentrations. Final concentrations: 5 pM Eg5-437, 6 uM tubulin, 20 uM Taxol, 100 pM monastrol, 10—400 uM
MgATP, 100 mM KCI. (D) The exponential burst rate was plotted as a function of MgATP concentration. The fit
of the data to a hyperbola defined the maximum burst rate of ATP hydrolysis for Eg5-437 in the presence of
monastrol, k.. = 36.3 £3.2 s and the Kyarp = 154 £ 28 uM. Inset, the amplitude of the burst phase was plotted
as a function of MgATP concentration. The data were fit to a hyperbola yielding a maximum burst amplitude at 1.3
+ 0.1 uM, and the K 47p = 15 £ 3 uM. (E) Time course of ADP*P; formation by the Mt*Eg5-437¢ complex at
increasing microtubule concentrations. Final concentrations: 5 uM Eg5-437, 640 pM tubulin, 20 uM Taxol, 100
puM monastrol, 300 uM MgATP, 100 mM KCI. [Insets, the burst rate and burst amplitude of each transient are
shown, respectively. Error bars represent the standard error in the fit of the data. (F) Time course of ADPeP;
formation by the Mt*Eg55-437 complex £ 100 mM KCl with the MgATP. Final concentrations: 5 uM Eg5-437, 20
UM tubulin, 20 uM Taxol, 100 uM monastrol, 100 uM MgATP, £ 100 mM KCI. Each data set was fit to Equation
3.4. NoKCl (): ky=12.7+1.6s", 4,=0.95 + 0.06 uM, and k,, = 2.5 + 0.1 uM ADPss”'. Reaction with 100 mM
KCl(0): ky=124%1.75s",4,=1.01 £0.07 pM, and k,; = 1.8 £ 0.1 uM ADPes™.

If the lowered burst amplitude in the presence of monastrol can be attributed to ATP
hydrolysis reversals (Hypothesis #5), then at least two hypotheses adequately explain this
observed phenomenon: 1) monastrol binding to Eg5 allows for P; product release, but the P;
product rapidly re-binds the active site to allow for ATP re-synthesis, and/or 2) monastrol
binding to Eg5 dramatically slows P; product release such that sufficient time is allotted for ATP
re-synthesis to occur. A modified acid-quench experiment was designed to directly test the first

hypothesis (see Materials & Methods 3.2.6 for details). By following the time course of product

formation using [y-""P]MgATP in the presence of excess non-radioactive KH,POy, any [y-"*P]P;
product released from the Eg5 active site would be diluted by the unlabeled P; in solution.
Control reactions were performed using the same MtsEg5 complex and [o-*P]MgATP to
provide a direct comparison to [y--P]MgATP reactions. Data in Figure 3.7 show that the
kinetics of product formation for [y-’PJMgATP reactions in the absence and presence of
monastrol were not significantly different compared to the [a-">PJMgATP control reactions.
Another acid-quench experiment was designed to test this hypothesis. The conditions of
the reaction were similar to those reported in Figure 3.6 with the exception of a “P; Mop” to
remove contaminating P; in the buffer, as well as adding the P; binding protein (MDCC-PBP) in
excess to bind any P; released into solution (data not shown). The experimental design assumes

that any P; product released from Eg5 would have rapidly and tightly bound MDCC-PBP, thus
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effectively preventing P; re-binding to Eg5. The kinetics of product formation in the presence of
monastrol under these conditions did not show an increase to full burst amplitude, similar to
those data shown in Figure 3.7B. Taken together, these results suggest that P; product release
after ATP hydrolysis was irreversible, thus disfavoring the hypothesis that P; product re-binds

the active site to promote ATP re-synthesis.
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Figure 3.7 Acid-quench experiments for P; product re-binding to EgS active site

Time course of radiolabeled product formation after rapidly mixing a MtsEg5 complex in the absence (A) or
presence (B) of monastrol with either [o->*P]MgATP (®) or [y-"P]MgATP (o) plus excess non-radioactive KH,PO,
in a chemical quench-flow instrument. Final concentrations: 5 uM apoEg5, 6 uM tubulin, 20 uM Taxol, £ 150 uM
monastrol, 200 uM [a-**P] or [y-**P]MgATP, 10 mM KH,PO,, 90 mM KCI. Each data set was fit to Equation 3.4.
For control reactions, [oc-”P]ATP: ky=94+33s" 4,=0.76 + 0.14 ADP/site. [y-”P]ATP: ky=72+16s" 4,=
0.78 £+ 0.11 ADP/site. For monastrol reactions, [a-""P]JATP: k, = 15.8 + 1.4 s, 4, = 0.39 + 0.02 ADP/site. [y-
32PJATP: k= 15.7+ 0.9, 4,=0.40 + 0.01 ADP/site.

3.3.5 P; Product Release Was Faster in the Presence of Monastrol

To directly measure the kinetics of P; product release from the Mt*Eg5 complex in the absence
and presence of monastrol, we performed stopped-flow experiments that detect the change in
MDCC-PBP fluorescence upon binding P; released into solution (/63). In the absence of
monastrol, the maximum observed rate of P; product release was the slowest step measured in
the pathway (kopsmar = 6.0 s™) (Figure 2.13). The maximum amplitude of the exponential burst
of P; product release during the first ATP turnover event was 0.75 Pi/site (100% of expected
amplitude based on Eg5 site concentration), consistent with the ATP hydrolysis kinetics reported

in Figure 3.5F. Again, these kinetics are suggestive of the entire Mt*Eg5 population binding and

102



hydrolyzing ATP during the first ATP turnover in the absence of monastrol. Surprisingly, in the
presence of monastrol, the observed rate of P; product release increased from 6.0 s'to 158 s,
We also detected a decrease in burst amplitude in the presence of monastrol (0.38 Pi/site; 39% of
expected amplitude; Figure 3.8D), which again was consistent with our ATP hydrolysis kinetics
(Figure 3.5F). The increased rate of P; product release was intermediate between the observed
rate of the formation of the Mt*Eg5**ATP intermediate (pulse-chase; Figure 3.5C) and the rate of
ATP hydrolysis (acid-quench; Figure 3.5D), which was suggestive that observed rate of P;
release was limited by a slower preceding step. If the rate of P; product release were relatively
fast in the presence of monastrol, then the likelihood of ATP hydrolysis reversals would
diminish, as the post-hydrolysis intermediate would be drawn forward in the pathway
(disfavoring Hypothesis #5). Therefore, another explanation of the lowered burst amplitudes
determined in the acid-quench and P; release experiments must be raised.

The experimental design to measure P; product release from the Mt*Eg5 complex
assumes that P; released from Eg5 rapidly and tightly binds to MDCC-PBP, thus rendering the P;

release step irreversible. In Figure 3.8 (E and F), the presteady-state burst kinetics of P; release

were modeled to a two-step irreversible mechanism (Equations 3.4-3.7). The modeled rate of P;

product release (k+3;; Scheme 3.1) was similar to the k., measured by steady-state ATPase
assays: ki3 =52+ 0.1 s versus ke = 5.5 + 0.3 5™ (Figure 2.7), thus supporting the hypothesis
that in the absence of monastrol, the entire Mt*Eg5 population binds and hydrolyzes ATP during
subsequent ATP turnovers as well. Additionally, we detected a 4.1-fold decrease in the rate of
steady-state ATP turnover in the presence of monastrol (from 0.78 s™' to 0.19 s'; Figure 3.8F),
which was consistent with the results from Figure 3.1B.

If the rate of P; product release increases in the presence of monastrol, then another step
in the mechanism must be dramatically slowed to lower the steady-state k., (e.g. inhibition of
Eg5"s*ADP association with microtubules) and/or a significant population of the Eg5 sites

remain “non-productive” (catalytically inert) during steady-state ATP turnover.
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Figure 3.8 Presteady-state kinetics of P; product release from Mt*EgS complex = monastrol
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A preformed MteEg5 complex and MDCC-PBP + monastrol was rapidly mixed with increasing MgATP
concentrations plus KCl, and the fluorescence enhancement of MDCC-PBP binding inorganic phosphate (P;) was
monitored in a stopped-flow instrument. Final concentrations: 0.5 uM apoEg5, 1 uM tubulin, 20 uM Taxol, £ 150
pM monastrol, 5 pM MDCC-PBP, 0.05 U/ml PNPase, 75 uM MEG, 0.3125-200 uM MgATP, 100 mM KCI.
Representative stopped-flow transients of P; product released from MteEg5 in the absence (A) and presence (B) of
monastrol are shown (MgATP concentrations are indicated). Each transient displayed burst kinetics and was fit to
Equation 3.4. (C) The exponential rate of P; product release was plotted versus MgATP concentration, and each
data set was fit to a hyperbola. Control: &, = 6.0 £ 0.1 s'and Kiparp=3.710.2 uM. Monastrol: k., = 15.8 £
0.2 s and K, ;7p = 7.9 £ 0.4 uM. (D) The amplitude of the rapid exponential phase of each transient was plotted as
a function of MgATP concentration, and each data set was fit to a hyperbola. Control: 4, ., = 0.75 = 0.006 Py/site
(100% of expected amplitude based on Eg5 site concentration) and K;, 47p = 0.94 £ 0.05 uM. Monastrol: 4, . =
0.38 £ 0.007 uM (39% of expected amplitude) and K/, 47p = 1.3 £ 0.1 uM. (E) The rate of P; product release (k.3)
determined by fitting the P; release transients to Equations 3.4-3.7 was plotted as a function of MgATP
concentration, and each data set was fit to a hyperbola. Control: k.; = 5.2 + 0.1 s! and Kiparp =44 %03 pM.
Monastrol: k3= 15.6 £ 0.2 s and K| 12.41p = 8.1 £ 0.4 uM. (F) The rate of the slow step after P; release (k) was
plotted as a function of MgATP concentration, and each data set was fit to a hyperbola. Control: k,,, = 0.78 £ 0.01
st and K, 47p = 0.39 + 0.07 uM. Monastrol: kg, = 0.19 +0.01 s and K5 47p = 0.57 £ 0.15 pM.

3.3.6 ATP Hydrolysis Reversals Do Not Explain the Reduction in Burst Amplitude

The [y-32P]ATP acid-quench experiments (Figure 3.7) and the P; product release experiments in
the presence of monastrol (Figure 3.8) suggest that reversals at the ATP hydrolysis step are not
probable. We used DynaFit software to simulate the kinetics of product formation observed in

acid-quench and P; release experiments in the absence [Figure 3.9 (A and B)] and presence

[Figure 3.9 (C=F)] of monastrol. When the intrinsic rate constant for ATP re-synthesis (k.,)

increases, the burst amplitude was reduced; however, the simulated curves did not follow the

actual experimental data at any value of k., tested [Figure 3.9 (C and D)].

On the other hand, if we decreased the apoEg5 concentration to a value similar to the
fraction of sites that reported during ATP hydrolysis and P; release experiments (~40%), we were

able to simulate transients for acid-quench and P; release experiments [Figure 3.9 (E and F)].

There are several possible mechanisms to explain this decrease in “productive” sites. From our
pulse-chase results, we know the the entire MteEg5 population can bind MgATP tightly during
the first ATP turnover in the absence and presence of monastrol (Figure 3.5). Therefore, we
know that the alteration in the mechanism lies between the ATP collision step and the ATP
hydrolysis step. We propose three mechanisms that are consistent with the observed acid-quench
kinetics as well as the P; release kinetics (Schemes 3.2 and 3.3). Scheme 3.2 hypothesizes that
the MteEg5°ATP collision complex proceeds forward via two pathways to form distinct

intermediates that both have ATP tightly bound. One intermediate (Mt*Eg5**ATP) cannot
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proceed forward rapidly to form the ATP hydrolysis-competant state, the other intermediate
(Mt*Eg5**ATP) proceeds forward rapidly to hydrolyze ATP and continue in the pathway. The
MteEg5**ATP intermediate will slowly attain the ATP hydrolysis-competant state, and continue
in the pathway. Scheme 3.2 hypothesizes that the MtsEg5**ATP intermediate is in equilibrium
with the Mt*Eg5**ATP intermediate. The intrinsic rate constant that governs the conversion of
MtsEg5"sATP to MteEg5*ATP is rapid, while the reverse rate constant is slow. At the current
time, we are not sure which model is correct for representing the stabilization of the
subpopulation of “non-productive” MteEg5 complexes. If the rate of ATP hydrolysis could be
somehow dramatically enhanced (10-100 fold), then the burst amplitude would be expected to
increase if Scheme 3.3 were correct due to the change in the partition coefficient for the

MteEg5**ATP intermediate.

M-Ex-ATP
rapid slow
k+1 / k+1' \ k+2 k+6
M-E + ATP == M-E-ATP —» M-E*ATP = M-E-ADP-P. M-E*-ADP === M-E + ADP

K, k L k k
+3 k+4 -5 +5

M+ E-ADP + P, == M + E*ADP

Scheme 3.2
M-Ex-ATP
k, k., rapidTleow k, k,
M-E + ATP === M-E-ATP —» M-E*ATP < M-E-ADP-P, M-E*-ADP === M-E + ADP

K, k L k k
+3 k+4 -5 +5

M + E-ADP + P, = M+ E*~ADP

Scheme 3.3
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Figure 3.9 DynaFit simulations of Mt°Eg5 mechanism + monastrol
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(A) Simulation of acid-quench data using transients for three ATP concentrations in the absence of monastrol.
Experimental conditions: 5 uM Eg5-367, 6 uM tubulin, 20 uM Taxol, 20, 150, and 400 uM MgATP (as indicated),
100 mM KCI. Simulated constants: k., = 100 uM's™; k; =909 s™; k., =20s"; k., =30s"; k,=0.001 s"; k;3=6
s ki, =45 ks =43 s E, = total Eg5 protein. (B) Simulation of P; product release data in the absence of
monastrol. Experimental conditions: 0.5 puM Eg5-367, 1 uM tubulin, 20 uM Taxol, 50 uM MgATP, 100 mM KCI.
Simulated constants: k,; = 100 uM's™; k., =909 s k., =205 ki, =305 k,=0.001 s ki3=65"; k=457,
k.s =43 s"'; E, = total Eg5 protein. The acid-quench (C) and P; release (D) transients in the presence of monastrol
were simulated based on a mechanism where the intrinsic rate of ATP re-synthesis (k.,) increased from 0.001 s to
10,000 s™'. Acid-quench experimental conditions: 5 uM Eg5-367, 6 uM tubulin, 20 pM Taxol, 150 uM monastrol,
150 uM MgATP, 100 mM KCI. P; release experimental conditions: 0.5 uM Eg5-367, 1 uM tubulin, 20 uM Taxol,
150 uM monastrol, 50 uM MgATP, 100 mM KCI. Simulated constants: k.; = 100 pM'ls'l; k;=909s ke =20
L k=305 k,=0.001 to 10,000 s (as indicated); k.3 =15 shky=1s" ks=155"; E, = total Eg5 protein. (E
and F) simulations of acid-quench and P; release kinetics (inset) based on a mechanisms depicted in Scheme 3.2 and
Scheme 3.3, respectively.

3.3.7 Monastrol Increases the Observed Rate of ATP-Promoted Dissociation of the
MteEg5 Complex

The preformed MteEg5 complex in the absence and presence of monastrol was rapidly mixed in
a stopped-flow instrument with increasing concentrations of MgATP plus KCl, and the change in
solution turbidity due to motor detachment from the microtubule was monitored (Figure 3.10).
In this experimental design, the motor binds and hydrolyzes ATP followed by Eg5 detachment
from the microtubule, but the additional salt weakens the interaction of Eg5 with the microtubule
upon association, thus allowing the measurement of the ATP-promoted dissociation kinetics. In

Figure 3.10 (A and B), representative stopped-flow transients are shown corresponding to

different MgATP concentrations in the absence and presence of monastrol, respectively. The
transients show an initial lag due to the time required for ATP binding and ATP hydrolysis prior
to dissociation. In the absence of monastrol, the dissociation kinetics show an ATP-
concentration dependence with the maximum observed rate of Mt<Eg5 dissociation at 7.7 s,
which was consistent with results from Figure 2.14A.

However, in the presence of monastrol, the maximum observed rate was 15.6 s'l, similar
to the monastrol-promoted increase in the observed rate of P; product release (Figure 3.8C). The
exponential amplitude of the transients in the presence of monastrol also increased compared to
control reactions (Figure 3.10D). This observation can be explained by the reduced rate of
Eg5s*ADP association with the microtubule subsequent to ATP-promoted dissociation of the
MteEg5s complex (see below). These results suggest that EgS detachment from the microtubule

is tightly coupled to P; product release, however, the temporal ordering of these two kinetic steps
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cannot be determined in this study (Figure 3.16). Nevertheless, the experimental design for both
P; release and ATP-promoted dissociation experiments allows us to hypothesize a relatively slow
step after ATP hydrolysis and a relatively fast step (>10-fold faster) subsequent to the slow step.

In the presence of monastrol, this slow step after ATP hydrolysis was dramatically accelerated.

" ‘control 7 B Monastol _
] aufter 1 1 Buffer ]
2> et 2099 | .
k=] 5 375uM
2 2
> 0.99 5098 Ff
0.97
0.98 N N E S R N 096 c.oo
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Time (sec) Time (sec)
15 [ T T L T T T T T T ] ] T T T T T 1 T T T
i C = O f0ee. D o O O  Monastrol
[ .o -"©" " Monastrol < 002 *@{QOO """""" o o O
= 10 | e © {1 < L o f
8 i @ 8 0015 ;ll T
2z I - 2 :,’O - Control
<8 Control g oo01f .
S | < ; _
r 0.005 | .
O PSR T S N S S T S T S S ST SN I SN S TR S I TR SN ST S | 0 P S T S N T S T S NN T S ST SN [N T ST S NN ST SO ST S | ]
0 10 20 30 40 50 0 10 20 30 40 50
MgATP (uM) MgATP (uM)

Figure 3.10 ATP-promoted dissociation of the MteEgS complex + monastrol

A preformed MteEg5 complex in the absence (A) and presence (B) of monastrol was rapidly mixed in a stopped-
flow instrument with varying concentrations of MgATP plus KCI, and solution turbidity was monitored as a
function of time. Final concentrations: 2 puM apoEg5, 1.95 uM tubulin, 20 uM Taxol, £ 150 uM monastrol,
0.3125-200 uM MgATP, 100 mM KCIl. The MteEg5 complex was serial diluted to measure dissociation at low
MgATP concentrations. (C) The rate of the rapid exponential phase of MteEg5 dissociation in the absence (®) and
presence (0) was plotted as a function of MgATP concentration and each data set was fit to a hyperbola. For control
reactions, Kppsme = 7.7 £ 0.2 s and K, 47p = 4.2 + 0.3 pM. For monastrol reactions, kypsmex = 15.6 £ 0.2 s™" and
K 4rp=8.710.3 uM. (D) The amplitude of the exponential phase in the absence (®) and presence (©) was plotted
against MgATP concentration and each data set was fit to a hyperbola. For control reactions, A, ., = 0.0176
0.0004 V and K 47p = 2.3 £ 0.2 pM. For monastrol reactions, 4, ;. = 0.0219 £ 0.0008 V and K, 47p = 0.7 £ 0.3
pM.
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3.3.8 Monastrol Binding Occurs Prior to ATP Hydrolysis for Eg5-367, but not Eg5-437

To determine whether the sequential order of monastrol addition affected the outcome of the
experimental results presented in Figures 3.5, 3.6, 3.7, and 3.8, we designed three independent
acid-quench and P; product release reactions (Figure 3.11). In Rxn. 1, monastrol was omitted;
Rxn. 2, monastrol was included with the MgATP syringe, and in Rxn. 3, monastrol was included
with the MteEg5 syringe. The data from Rxn. 2 and Rxn. 3 superimposed for both
methodologies for Eg5-367, which was contrary to results for Eg5-437. One contributing factor
for this anomaly could be the observed rate of ATP hydrolysis being slightly slower for Eg5-367
than Eg5-437 (koss = 11.1 s versus 14.9 s™). In addition, the monastrol binding behavior may
be intrinsically different between the two proteins when they are bound to the microtubule, as
suggested from the difference in K5 (Eg5-367: 14 uM versus Eg5-437: 4 uM) determined in our
steady-state ATPase assays in the presence of microtubules (Figure 3.1B).

We demonstrated in Figure 3.1B that the K; 5 was 13.8 uM for the Mt*Eg5-367 complex
based on the inhibition of the maximum rate of ATP turnover under steady-state conditions. In
the reactions presented in Figure 3.11, the monastrol concentration was 150 uM, thus >90% of
the MteEg5 complexes would have monastrol bound at equilibrium. Therefore, for Eg5-367,
monastrol binding and inhibition occurs prior to ATP hydrolysis to result in a reduction of the
burst amplitude for both acid-quench and P; release transients, and also increasing the observed
rate of P; product release. If monastrol binds and elicits its effect prior to ATP hydrolysis, then
perhaps either the MteEg5s complex, the Mt*Eg5*ATP collision complex, or the Mt*Eg55 *ATP
isomerization intermediate is altered in some way to cause the reduction in burst amplitude for

these transients.
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Figure 3.11 Experiments to evaluate sequential addition of monastrol

The time course of [0->*P]JADP+Pi product formation (A) and P; product release (B) under three different reaction
conditions was determined for Eg5-367. Rxn. 1: MteEg5 complex (no monastrol) was reacted with MgATP (e).
Rxn. 2: MteEg5 complex was reacted with MgATP plus monastrol (0). Rxn. 3: Mt*Eg5 complex plus monastrol
was reacted with MgATP (o). Final concentrations for acid-quench experiment: 5 uM Eg5-367, 6 uM tubulin, 20
uM Taxol, £ 150 uM monastrol, 200 uM MgATP, 100 mM KCI. Final concentrations for Pi release experiment:
0.5 uM Eg5-367, 1 uM tubulin, 20 uM Taxol, £ 150 uM monastrol, 5 uM MDCC-PBP, 0.05 U/ml PNPase, 75 uM
MEG, 200 uM MgATP, 100 mM KCI. Each transient was fit to Equation 3.4. (C) The time course of product
formation for Eg5-437 under the three experimental conditions from Panels A and B. (D) The exponential burst
rate, burst amplitude, and the rate constant of the linear phase defining steady-state turnover were plotted for each
experimental setup. Error bars represent the standard error in the fit of the data.

3.3.9 Monastrol Dissociates Neither the Mt*Eg5 Complex nor the MtEg5 s AMPPNP
Complex Prior to ATP Hydrolysis

There are two remaining hypotheses that would explain the reduction in burst amplitude
observed in both acid-quench and P; release experiments in the presence of monastrol:
monastrol-promoted dissociation of either the MteEg5 complex, or the MtsEg5"*ATP complex
prior to ATP hydrolysis (Hypothesis #4), and/or “non-productive” Mt*Eg5 complexes where the

motor domain cannot generate the ATP-promoted structural transitions required to proceed
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forward to ATP hydrolysis (Hypothesis #6). To test Hypothesis #4, we investigated whether
monastrol binding to Eg5 induced the dissociation of the MteEg5 complex in the absence of
nucleotide and in the presence of AMPPNP, a non-hydrolyzable ATP analog (Figure 3.12). In
Figure 3.12A, the monastrol-promoted dissociation transients in the absence and presence of
additional KCl are shown. These transients show that monastrol does not dissociate the MteEg5
complex in the absence of ATP (compare Rxn. 4 with Rxn. 6). In Figure 3.12B, the transients
show that monastrol does not dissociate the MtsEg5"*AMPPNP complex as well. Therefore,
Hypothesis #4 seems unlikely due to these results. By a process of elimination, Hypothesis #6
remains as being the best explanation for the observed decrease in burst amplitude. However, a

direct test of the “non-productive” MteEg5s complex is currently unavailable.
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Figure 3.12 Monastrol-promoted dissociation of the Mt°Eg5 complex

A preformed MtsEg5 complex + monastrol was rapidly mixed in a stopped-flow instrument with various reactants
(as indicated), and solution turbidity was monitored as a function of time. Final concentrations: 5 uM apoEg5, 6
UM tubulin, 20 pM Taxol, £ 150 uM monastrol, £ 200 uM MgAXP, £ 100 mM KCI. (A) Stopped-flow transients
showing monastrol-promoted dissociation of the MteEg5 complex (nucleotide-free conditions) compared ATP-
promoted dissociation transients shown in Figure 3.9. (B) Stopped-flow transients showing AMPPNP-promoted
dissociation of the Mt*Eg5 complex = monastrol. Note the difference in the y-axis scale between Panels A and B.
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3.3.10 Monastrol Dramatically Slows Eg5s Association with Microtubules

In order to determine the effectiveness of MteEg5s complex formation, we used the stopped-flow
instrument to monitor changes in solution turbidity as the motor associates with the microtubule
lattice (Figure 3.13). For Eg5-367 and Eg5-437, the observed rate of Eg5 association decreased
as a function of monastrol concentration (Eg5-367: 57 s to 4 s and Eg5-437: 5.7s" to 1.2 s™).
From the fit of each data set, the apparent K;s was 5—-6 uM, consistent with the K5 determined

from the microtubule-activated steady-state experiments for Eg5-437 (Figure 3.1B; Table 3.1).

Also, the amplitude of the rapid exponential phase decreased as a function of monastrol
concentration, suggesting that a proportion of Eg5s motors did not bind the microtubule lattice
stably enough to elicit a turbidity change. A decrease in the observed rate of Eg5 association
with the microtubule suggests that the isomerization of the Mt*Eg5s*ADP collision complex
must be slowed. Therefore, the conformational change in the motor domain that promotes tight
microtubule binding is inhibited by monastrol. These data confirm the results from our steady-
state experiments and cosedimentation assays, which show that monastrol weakens the
interaction of Eg5 with the microtubule lattice. If ADP release from the MtsEg5¢ADP
intermediate were triggered by this isomerization event, we would expect the observed rate of
mantADP release to be slowed as well (see Figure 3.14 below).

We also determined the kinetics of Eg5s association with microtubules under nucleotide-
free conditions. The apoEg5 transients in Figure 3.13B were similar in the absence and presence
of monastrol; however, Eg5*ADP transients showed a reduction in the observed rate (from 26.4

s' to 11.8 s') and the amplitude (from 0.0095 V to 0.0035 V) (Figure 3.13B. insef). Taken

together, these experimental results suggest that Eg5 requires ADP to be bound at the active site
in order for monastrol binding to weaken its affinity for microtubules, consistent with the results

from cosedimentation experiments in the presence of excess MgATP or MgADP (Figure 3.3).
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Figure 3.13 Eg5¢ association with microtubules

Eg5 was treated with increasing monastrol concentrations, then rapidly mixed in the stopped-flow instrument with
Taxol-stabilized microtubules. Final concentrations: 5 uM Eg5, 6 uM tubulin, 20 uM Taxol, 0—-150 pM monastrol.
(A) Representative stopped-flow transients are shown at various monastrol concentrations (as indicated). Each
transient was fit to a single exponential function. (B) ApoEg5 and Eg5¢ADP (1:1) were treated in the absence and
presence of monastrol, then rapidly mixed in a stopped-flow instrument with microtubules. Final concentrations:
2.5 uM apoEg5, £ 2.5 uM MgADP, 3 uM tubulin, 20 pM Taxol, £ 150 uM monastrol. Stopped-flow transients for
apoEg5 are shown in the absence (@) and presence (o) of monastrol. Inset, stopped-flow transients for Eg5«ADP
(1:1) are shown in the absence (®) and presence (©) of monastrol. Each transient was fit to a single exponential
function. For apoEg5, control: k., = 30.7 £ 0.9 s and Amp = 0.0098 + 0.0001 V; Monastrol: k., =252 + 1.2 s
and Amp = 0.0078 + 0.0002 V. For Eg5+ADP, control: k., = 26.4 + 0.7 s and Amp = 0.0095 + 0.0001 V;
Monastrol: k., = 11.8 + 0.3 s and Amp = 0.0035 +0.0002 V. (C) For Eg5-367 (e), the rate constant obtained from
the rapid exponential phase of each transient was plotted as a function of monastrol concentration. The data were fit
to Equation 3.10, yielding K;s= 5.1 £ 0.4 uM. (D) For Eg5-437 (A), the observed rate of microtubule association
versus monastrol concentration; K;5 = 6.2 £ 0.7 uM. Insets for C and D, the amplitude of the exponential phase
versus monastrol concentration for each Eg5 motor, respectively.

3.3.11 Monastrol Slows MantADP Release

Eg5 was incubated with mantADP to exchange ADP at the active site with mantADP, and the

Eg5emantADP complex was treated with increasing concentrations of monastrol. This complex
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was then reacted in a stopped-flow instrument with microtubules plus MgATP to prevent the
mantADP from rebinding the MteEg5s complex. Figure 3.14 shows the exponential rate of
mantADP release as a function of monastrol concentration. For each Eg5 motor, mantADP
release was slowed as monastrol concentration increased. For Eg5-367, monastrol inhibited
mantADP release from 36 s™' to 17 s™' with the apparent K, at 14 pM. For Eg5-437, monastrol
decreased mantADP release from 18 s to 6 s with the apparent K, s at 15 pM. In contrast, the
apparent K; s measured in our steady-state ATPase assays were 14 uM for Eg5-367 and 4 uM for
Eg5-437. 1In order to measure microtubule-activated mantADP release from the Eg5 motor
domain, the Eg5ssmantADP complex must first associate with the microtubule, which has been
shown to be dramatically affected by monastrol binding (Figure 3.13). The slowed rate of
mantADP release in the presence of monastrol could be interpreted as either a strict effect on
product release and/or a result of aberrant microtubule-motor complex formation.

The amplitude of the rapid exponential phase corresponding to mantADP release
decreased as a function of monastrol as well, which could be interpreted as a stabilization of the
MteEg5ssmantADP intermediate. Alternatively, we could interpret this decrease in amplitude as
a secondary effect of poor microtubule association. In order to test if monastrol traps the
MteEg5s*ADP intermediate, we designed a phosphocreatine kinase-coupled assay to monitor

tightly bound [0-**P]JADP under these conditions (see below).
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Figure 3.14 MantADP release from Mt°EgSs complex

A preformed EgSemantADP complex was treated with increasing monastrol concentrations, then the Eg5gemantADP
complex was rapidly mixed in a stopped-flow instrument with microtubules and MgATP. Final concentrations: 2
uM Eg5, 4 uM mantADP, 25 uM tubulin, 20 uM Taxol, 0—150 uM monastrol, | mM MgATP. (A) Representative
transients are shown for increasing monastrol concentrations (as indicated). (B) The rate obtained from the
exponential decrease in fluorescence of each transient was plotted as a function of monastrol concentration, and the

data were fit to Equation 3.10. For Eg5-367 (e), K;s = 14.4 + 3.4 uM. For Eg5-437 (A), K;5 =152 £ 3.2 uM.
Insets, the amplitude of the exponential decrease in fluorescence was plotted as a function of monastrol
concentration. For Eg5-367 (e), K;s=13.5+2.0 uM. For Eg5-437 (A), K;s=15.2£+2.7 uM.

3.3.12 Monastrol Does Not Trap the Mt°Eg5,,2ADP Complex

We wanted to answer two questions by performing the phosphocreatine kinase-coupled assays:
First, does monastrol slow ADP release in the absence of microtubules? Second, does monastrol
trap the Mt.Eg5s*ADP intermediate? In this experiment, the Eg5 motors were incubated with
[a-*P]ATP to exchange the ADP at the active site with [a->"P]JADP (see Figure 2.6). The
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motors (Eg5°[oc—32P]ADP or Eg55°[oc—32P]ADP) were mixed with a creatine
kinase/phosphocreatine ATP regeneration system plus 2.5 mM unlabeled MgATP =+
microtubules. The motor domain releases [o-"°P]JADP from the active site, and the ATP
regeneration system converts the [a->*P]ADP to [a->*P]JATP. Because the unlabeled MgATP
was in excess, the active site of Eg5 was more likely to bind unlabeled MgATP than [a->P]ATP;
therefore, the data show a decrease in [o-""P]JADP as a function of time. Only [a->*P]JADP at the
active site was protected from the enzymatic conversion to [o-*P]JATP by creatine kinase.
Figure 3.15 shows that the concentration of tightly bound [o-**P]JADP decreased as a function of
time. For both Eg5 motors, monastrol treatment promotes slowed ADP release in the absence of
microtubules (Eg5-367: 0.05 s™ to 0.007 s'; Eg5-437: 0.004 s™ to 0.001 s™). In the presence of
100 uM monastrol and 3 pM microtubules, no tightly bound [a->*P]ADP was detected for Eg5-
367 by 5 sec and for Eg5-437 by 30 sec, which shows that monastrol does not trap a stable
MteEg5s*ADP intermediate. The microtubule-activated rate of [0-*P]ADP release was too fast
to measure by this coupled assay, although the data clearly show complete release of [o->*P]JADP

from Eg5 sites.
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Figure 3.15 Equilibrium state of Eg55 complexes

Eg5+[0-**P]ADP was incubated in the presence (A, 0) or absence (@) of monastrol. The complexes were reacted
with a creatine kinase/phosphocreatine ATP regeneration system plus MgATP in the presence (0) or absence (o, A)
of microtubules. Final concentrations: 5 uM Eg5, 10 uM tubulin, 20 uM Taxol, 100 uM monastrol, 0.3 mg/ml
creatine kinase, 4 mM phosphocreatine, and 2.5 mM MgATP. The concentration of tightly bound [a-’P]ADP was
plotted versus time, and each data set was fit to Equation 3.11. (A) For Eg5-367, in the absence of monastrol (no
microtubules), kyz4pp = 0.05 £ 0.001 ! (®). In the presence of monastrol (no microtubules), ky;4pp = 0.007 *
0.0002 s (A). (B) For Eg5-437, in the absence of monastrol (no microtubules), kograpp = 0.004 £ 0.0001 s'(e). In
the presence of 100 uM monastrol (no microtubules), kyy4pp = 0.001 £ 0.0001 s' (A). For both Eg5 motors, in the
presence of monastrol and microtubules, a stable Mt*Eg5s*ADP intermediate was not trapped (0); ADP was rapidly
released, but the k,;.4pp could not be accurately measured by this coupled assay.
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Figure 3.16 Model of Eg5 ATPase inhibition by monastrol

The Eg5 ATPase mechanism in the absence and presence of microtubules is depicted. The Mt*Eg5 mechanism is
highlighted in gray. The P; product release and Eg5 detachment steps are shown in two possible sequential orders.
The neck-linker conformations along the ATPase pathway are inferred from previous studies (68, 69, 79, 100).
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Table 3.1 Monastrol Inhibition of the Eg5 ATPase Mechanism

Eg5-367 Eg5-437
Constants Control Monastrol Control Monastrol
MantATP Binding K.k 22403 puM's?! 21403 uM's?
ker 30.5+135" 300+ 1.1s" ND® ND
Kimare 7.9+ 1.6 uM 83+ 1.6 uM
kg 165+1.0s" 1784085
ATP Binding Fe max 22+35s" 182+1.35s" 21+15s"
(Pulse-chase) Kiarp 26 £ 15 uM 50+2.5uM 45+ 8 uM ND
Agmax 0.75 + 0.02 ADP/site 0.78 + 0.03 ADP/site 0.78 + 0.05 ADP/site
ATP Hydrolysis Kb max 113+145" 11.1£035s" 149+0.55s" 363+3.25"
(Acid-quench) Koare 31+15uM 92+15uM 46 +6 uM 154 28 uM
Ag.max 0.75 + 0.02 ADP/site 0.40 £ 0.01 ADP/site 0.78 + 0.03 ADP/site 0.29 £ 0.01 ADP/site
P; Release Fe max 6.0+0.15s" 158+025s"
(MDCC-PBP) Kiparp 3.7+02uM 7.9+0.4 uM
Apmax 0.75 +0.01 Pysite 0.38 +0.01 Py/site
P, Release ks 5240.1s" 156 +02 5" ND ND
(Modeling) Ksion 0.78£0.01 s 0.19+0.01s"
0.499 of 0.5 pM o
E, (100%) 0.193 of 0.5 uM (39%)
ATP—Prprr_lotel)cl K mar 774025 15.6+0.25s" 8.7+03s"
Dissociation ND
Kiparp 42+03 puM 8.7+0.3 uM 15.1+£2.5uM
Microtubule ) o 1 o
Association ® K.skig 11.0+0.2 pM's 0.28 £ 0.03 pM’'s 0.66 + 0.3 pM''s
Kb 57.45" 445" 575" 125"
ks 28+1.15s" 274025 274015
Kyus 5.1+0.4 uM 6.2+0.7 uM
32
lo- P]éﬁfs;zele“e Koanp 0.05 £0.001 s 0.007 £ 0.0002 5™ 0.004 £ 0.0001 s™ 0.001 +0.0001 s™
MantADP Release © Kops 3595 16.6s" 17.8 s 595"
Kus 144+3.4 M 152+3.2 M
Mt-Activated Feur 554035’ 1240035 294015 0.6+0.03 s
ATPase
Kyus 13.8+ 1.0 uM 4.0+0.4 uM
Ko arp 95+0.4 uM 3.6+03 uM 20.7+3.2 M 41+0.7 uM
Kipm 0.71+0.15 uM 6.7+ 0.4 uM 45+0.6 u\M 333+33uM
Mt Equilibrium
Binding Ko 0.046 £ 0.019 pM ND 0.07 +0.03 uM 23402 uM
ADP Equilibrium
Biﬂding Kaapp 117 £ 86 uM 99 +20 uM 202 + 64 uM 1.7 0.6 uM

“ND, not determined. ° Turbidity (122, 127). *MantADP competed with excess unlabeled MgATP.
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3.4  DISCUSSION

In this study, we sought to determine the mechanistic basis for monastrol inhibition of the
MteEg5 ATPase cycle (Scheme 3.1). The results presented here reveal an altered ATPase
mechanism in which monastrol promotes a “non-productive” subpopulation of MteEg5
complexes that cannot properly bind and hydrolyze ATP, the affinity of the MtsEg5s complex
was weakened, and ADP release was slowed.

In the absence or presence of monastrol, we found the entire Mt*Eg5 population was
capable of binding MgATP tightly; however, only a fraction of the population hydrolyzed
MgATP and released P; product during the first ATP turnover event. We also discovered that
monastrol binding and inhibition occurs on a time scale much faster than the first-order rate of
ATP hydrolysis for Eg5-367 (Figure 3.11). The inhibition by monastrol to cause the lowered
burst amplitude for ATP hydrolysis transients cannot be explained by “pre-mature” dissociation
of the Mt*Eg5 complex or the Mt*Eg5"*AMPPNP complex prior to the hydrolysis step in the
mechanism (Figure 3.12). [ propose that a subpopulation of “non-productive” MteEg5g
complexes fails to undergo the ATP-promoted conformational changes needed to rapidly
advance forward in the pathway toward ATP hydrolysis (Figure 3.16). This phenomenon has
been observed for Eg5 in the absence of both microtubules and monastrol (see Chapter 4.0
below), suggesting that in the presence of microtubules, monastrol uncouples Eg5’s ATPase
from force generation on the microtubule lattice. These “non-productive” Eg5 sites would
contribute to the reduction in the measured steady-state rate of ATP turnover in the presence of

monastrol.

3.4.1 “Non-Productive” MtsEg5**ATP Intermediate

A recent study has demonstrated that the neck-linker conformation plays a pivotal role in the Eg5

mechanochemical cycle (/00). In addition, the conformation of loop L5 — part of monastrol
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binding cleft (69) — was found to be correlated to structural changes that occur upon tight
MgATP binding (see Chapter 4.0 below). Our data are consistent with monastrol binding to Eg5
to somehow alter the conformation of the Mt*Eg5"*ATP intermediate such that the ATP
hydrolysis-competent state is not attained (Figure 3.16).

I propose that the subpopulation of “non-productive” MtsEg5**ATP complexes will
slowly attain the conformation needed to hydrolyze ATP and continue forward in the pathway
(Figure 3.16). During this time, ATP remains tightly bound to the active site, given the full burst
amplitude observed in the pulse-chase experiments (Figure 3.5E). Thus, even though the “non-
productive” subpopulation does not report on the time scale of the acid-quench experiments,
these sites will slowly hydrolyze ATP, release P; product, and detach from the microtubule. This
hypothesis is supported by our ATP-promoted MteEg5 dissociation transients in the presence of
monastrol (Figure 3.10), which display kinetics that best fit a double exponential function. The
second exponential phase occurs very slowly (ko = 0.89 + 0.04 5™ at 50 uM MgATP) with a
similar amplitude to the first rapid exponential phase (4’, = 0.0287 + 0.0002 V; 4%, = 0.0334 +
0.0007 V at 50 uM MgATP). The observed rate of the second exponential phase correlates with
the steady-state k.., (Figure 3.1). Nevertheless, we have not been able to directly measure the

rate of turnover from the “non-productive” population.

3.4.2 Monastrol Promotes Rapid P; Release Coupled to MteEg5 Dissociation

We observed a similar monastrol-promoted increase in the rate of P; product release and ATP-
promoted dissociation of the Mt*Eg5 complex. Therefore, these steps are most likely coupled
and the rate of the slow reaction will be observed in both experiments. Regardless of the order
of these steps, monastrol promotes the accumulation of the Eg5s*ADP intermediate after rapid
detachment from the microtubule that cannot effectively bind the microtubule lattice in order to
release the ADP product. In order for monastrol to inhibit Eg5eADP association with the
microtubule lattice, we found that ADP bound at the active site was required (Figure 3.13B).
The lack of a monastrol “effect” could be explained by monastrol binding to apoEg5 that does
not alter the structure of the motor domain, thereby yielding no apparent effect on Eg5
associating with the microtubule. It is more likely that monastrol either binds weakly to apoEg5

or does not bind at all. The affinity of apoEg5 for monastrol has not been determined; however,
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we have demonstrated that monastrol binds weakly to the Eg5¢ATP and Eg5<ADP collision
complexes in the absence of microtubules (see Chapter 4.0). We hypothesize that monastrol
would also bind weakly to the nucleotide-free state of the motor as well, thus not affecting
apoEg5’s binding to microtubules as observed in Figure 3.13B. This experiment was performed
using a single microtubule concentration; however, the kinetics of apoEgSs association with

microtubules not expected to differ at higher microtubule concentrations.

3.4.3 Weakening of the Microtubule Interactions by Monastrol

In addition to the aberrant ATP hydrolysis kinetics, monastrol also alters the microtubule-
binding ability of the motor (Table 3.1). The weakened affinity was detected in the steady-state
kinetics (Figure 3.1), the microtubule equilibrium binding studies (Figures 3.2 and 3.3), and the
presteady-state kinetics of microtubule association (Figure 3.13). Although the rate of ADP
release was also slowed by monastrol treatment (Figures 3.14 and 3.15), there was no evidence
to support a model in which monastrol stabilizes the Mt*Eg5s*ADP intermediate and traps ADP
at the active site (Species 6 or 7, Figure 3.16). In fact, the results presented in Figure 3.15 show
that ADP was released from the active site of the MteEg55 complex. The data do support a
model of monastrol inhibition whereby the ADP release rate from the MteEg5s*ADP
intermediate is slowed (Species 7, Figure 3.16). The apparent K;s obtained from the
microtubule association kinetics at 5-6 uM is more similar to the apparent K, s observed during
steady-state ATP turnover (Table 3.1). In contrast, the K;s obtained from the mantADP release
kinetics is significantly higher at 15 uM, suggesting that these two experiments are measuring
the affinity of Eg5 for monastrol either “off” the microtubule (inhibition of Eg5 association with
microtubules) or “on” the microtubule (inhibition of mantADP release). Our steady-state
ATPase kinetics suggested that monastrol binds more weakly to the MteEg5 complex than the
Eg5°ADP complex, which is consistent with the difference in the K;s observed in these

experiments.
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3.4.4 Model of MteEgS5*Monastrol ATPase Mechanism

This study provides a kinetic and equilibrium characterization of the allosteric inhibition of Eg5
by monastrol (Figure 3.16). Our results clearly show monastrol-induced effects on the ATPase
cycle. In summary, monastrol inhibition of the Eg5 ATPase occurs at important steps along the
pathway in order to alter force-production. If Eg5 is not bound to the microtubule, then the
motor can neither contribute to the assembly of the spindle, nor to the generation of tension to
maintain the mitotic spindle. If Eg5 is bound to the microtubule, then preventing Eg5 from
hydrolyzing ATP will stall the motor and hinder the production of force that is necessary for
spindle function. If the motor hydrolyzes the nucleotide, monastrol promotes rapid detachment
from the microtubule, thus disconnecting any force generation from the microtubule lattice. The
inhibitory effect of monastrol tackles all three situations. The data presented in this chapter are
consistent with a motor that can no longer produce and sustain the force required to establish and

to maintain the bipolar spindle for chromosome segregation.
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4.0 CHAPTER FOUR: ATPASE MECHANISM OF EGS IN THE ABSENCE OF
MICROTUBULES: INSIGHT INTO MICROTUBULE ACTIVATION AND
ALLOSTERIC INHIBITION BY MONASTROL?

The ATPase mechanism of kinesin superfamily members in the absence of microtubules remains
largely uncharacterized. @We have adopted a strategy to purify monomeric human Eg5
(HsKSP/Kinesin-5) in the nucleotide-free state (apoEg5) in order to perform a detailed transient
state kinetic analysis. We have used steady-state and presteady-state kinetics to define the
minimal ATPase mechanism for apoEg5 in the absence and presence of the Eg5-specific
inhibitor, monastrol. ATP and ADP binding both occur via a two-step mechanism with the
isomerization of the collision complex limiting each forward reaction. ATP hydrolysis and
phosphate product release are rapid steps in the mechanism, and the observed rate of these steps
is limited by the relatively slow isomerization of the Eg5¢ATP collision complex. A
conformational change coupled to ADP release is the rate-limiting step in the pathway. We
propose that the microtubule amplifies and accelerates the structural transitions needed to form
the ATP hydrolysis competent state and for rapid ADP release, thus stimulating ATP turnover
and increasing enzymatic efficiency. Monastrol appears to bind weakly to the Eg5¢ATP
collision complex, but after tight ATP binding, the affinity for monastrol increases, thus
inhibiting the conformational change required for ADP product release. Taken together, we
hypothesize that loop L5 of Eg5 undergoes an “open” to “closed” structural transition that
correlates with the rearrangements of the switch-1 and switch-2 regions at the active site during

the ATPase cycle.

> Reproduced in part with permission from BIOCHEMISTRY, in press. Unpublished work copyright 2005
American Chemical Society.
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4.1 BACKGROUND AND SIGNIFICANCE

Motor proteins from the myosin, kinesin, and dynein superfamilies are important molecular
machines that utilize the energy of ATP turnover to generate force and perform various functions
in eukaryotic cells. These enzymes coordinate movements of conserved structural elements
located at the nucleotide-binding site (P-loop, switch-1, switch-2) with structural elements that
interact with the filament surface (actin- or microtubule-binding interface) (77, 92, 113, 115,
116, 206-209). The ATPase activity and enzymatic efficiency of these molecular motors are
activated in the presence of their filament partner, which is thought to be mediated through
acceleration of the rate of product release [reviewed in (2/0)]. However, the structural basis for
this phenomenon is not well understood.

The ATPase mechanisms of several different monomeric kinesins have been extensively
studied in the presence of microtubules: conventional kinesin/Kinesin-1 (127, 128, 176, 177,
190, 204, 211), Eg5/Kinesin-5 (Chapter 2.0), and Ncd/Kar3/Kinesin-14 (141, 143, 145). On the
other hand, very little is known about the ATPase mechanism of kinesins in the absence of
microtubules (/717, 176, 204). Historically, kinesins have been purified with ADP bound to the
nucleotide-binding site (272), and attempts to isolate a homogeneous, nucleotide-free population
have been difficult due to the instability of the catalytic domain in the absence of nucleotide
(117, 141, 213).

The present studies were undertaken to define the minimal ATPase mechanism for
monomeric human Eg5-367° (KSP/Kinesin-5) in the absence of microtubules. We adopted a
purification strategy that yielded pure, stable, and fully active protein in the nucleotide-free state.
We have employed a combination of steady-state and presteady-state kinetic methodologies to
characterize the steps of ATP binding, ATP hydrolysis, P; and ADP product release, and ADP
product binding. We also performed experiments in the presence of the specific Eg5 inhibitor,

monastrol, in order to elucidate the mechanistic basis of Eg5 inhibition in the absence of

% Eg5-367, human Eg5/KSP motor domain containing N-terminal 367 residues followed by a C-terminal His, tag;
apoEg5, nucleotide-free Eg5-367; MDCC-PBP, 7-diethylamino-3-((((2-maleimidyl)ethyl)amino)carbonyl)
coumarin-labeled phosphate binding protein; PNPase, purine nucleotide phosphorylase; MEG, 7-methylguanosine;
P;, inorganic phosphate; Mt, microtubule; HPLC, high performance liquid chromatography; AXP, any adenosine
nucleotide; mant, 2'-(3")-O-(N-methylanthraniloyl); AMPPNP, adenosine 5'~(j3,y-imino)triphosphate; FRET,
fluorescence resonance energy transfer; BSA, bovine serum albumin; IgG, bovine gamma globulin; Oval,
ovalbumin
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microtubules. A six-step pathway is suggested that is similar to the mechanism of Kinesin-1
ATPase (/17). However, the rate of the isomerization to form the ATP hydrolysis competent
intermediate was much slower and was non-productive for a subpopulation of apoEg5 such that
only a fraction of the Eg5 sites contributed to the formation of product during the first and
subsequent ATP turnovers.

We propose that monastrol weakly binds the Eg5¢ATP collision complex and alters the
environment of the Eg5 nucleotide-binding site. However, we cannot experimentally detect
monastrol binding to apoEg5 in the absence of microtubules and/or nucleotide. The
isomerization of the Eg5¢ATP collision complex that occurs during the Eg5 ATPase mechanism
leads to an “open” to “closed” structural transition in loop L5 to tighten Eg5’s affinity for both
ATP and monastrol. We propose that monastrol stabilizes the “closed” conformation of loop L5,
and after rapid ATP hydrolysis and P; product release, inhibits the very slow isomerization of the
Eg5 *ADP complex, which corresponds to the observed rate of ADP release. Therefore, these
studies have enabled us to hypothesize a structural communication pathway between loop L5 and
the functional elements at the Eg5 nucleotide-binding site. By comparing the basal Eg5 ATPase
mechanism to the microtubule-activated mechanism (Chapters 2.0 and 3.0), we can also gain

insight into how the microtubule activates the Eg5 ATPase cycle.

4.2 MATERIALS AND METHODS

4.2.1 Experimental Conditions

All experiments reported were performed at 22-25 °C in ATPase buffer (20 mM Hepes, pH 7.2
with KOH, 5 mM magnesium acetate, 0.1 mM EDTA, 0.1 mM EGTA, 50 mM potassium
acetate, | mM dithiothreitol, 5% sucrose) with the concentrations reported as final after mixing.

Experiments containing monastrol were performed using the more active S-enantiomer [Figure

3.1B. inset; (69, 102, 147)].
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4.2.2 Purification of ApoEg5

In this study, we have expressed and purified Eg5-367, as described in Section 2.2.2, with the
following modifications in order to isolate Eg5 in the absence of nucleotide at the active site
(apoEg5) (117, 204). In all column chromatography buffers, magnesium chloride and ATP were
excluded. After Eg5 was eluted from the nickel-nitrilotriacetic acid agarose column (Qiagen,
Valencia, CA), the enriched fractions were pooled and incubated with 5 mM EGTA and 5 mM
EDTA for 30 min at 4 °C. Following the incubation, the mixture was loaded onto a 100-ml Bio-
Gel P-6 size exclusion column (Bio-Rad Laboratories Inc.; exclusion limit 6000 Daltons) to
remove chelating reagents and any residual nucleotide. The elution volume containing the
excluded apoEg5 was concentrated by ultrafiltration and dialyzed against ATPase buffer. We
determined the apoEg5 protein concentration by the Bio-Rad Protein Assay with IgG as the
standard. This purification strategy yielded >99% pure protein with >95% basal and
microtubule-activated ATPase activity under the same experimental conditions when compared

to prior Eg5 purifications [Table 4.1, Table 2.2]. In addition, we performed pulse-chase, acid-

quench, and P; product release experiments with apoEg5 in the presence of microtubules and

observed a burst stoichiometry near unity [Figure 4.8 (B—D)], suggesting the entire population of

apoEg5 enzyme binds and hydrolyzes ATP during the first ATP turnover.

4.2.3 Nucleotide-Free Determination of ApoEgS Preparation

Purified apoEg5 protein was resolved by using a Superose-6 HR 10/30 gel filtration column
(Amersham Biosciences) that was equilibrated in ATPase buffer using the System Gold HPLC
system (Beckman Coulter Inc.) (Figure 4.1A). The elution profiles were obtained by continuous
monitoring of solution absorbance at 259 nm (Any.x for ADP) and intrinsic protein fluorescence
(Ex: 280 nm; Em: 340 nm) at a constant flow rate of 0.5 ml/min. The duration of the elution
provides time for >100 ADP release events to occur at each Eg5 site (ko54pp = 0.05-0.14 s'l),
thus allowing any remaining ADP bound at the Eg5 nucleotide-binding site to be released and
diffuse into the included volume of the column. The elution profile of ADP in the absence of

Eg5 was compared to the elution profiles of apoEg5 and Eg5¢ADP (1:1) to quantify the
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nucleotide that remained in each apoEg5 preparation. ImageGauge (version 4.0) software (Fuji
Photo Film USA) was used to analyze the data.

We designed another experiment to assess the nucleotide-free state of our apoEg5
preparation. By treating a sample of apoEg5 with apyrase (Sigma-Aldrich Co.; Type VII) for 60
min, any remaining ADP bound to Eg5 would be released into solution and cleaved to AMP+P;.
Using a coupled-assay system with coumarin-labeled phosphate binding protein (MDCC-PBP),
as described (722, 163), we were able to directly measure P; liberated from the apyrase cleavage
reaction. Any P; in solution would bind to the MDCC-PBP and induce a fluorescence
enhancement. Apyrase-treated samples of apoEg5, Eg5¢ADP (1:1), and ADP (no Eg5) were
rapidly mixed in a KinTek SF-2003 stopped-flow instrument (KinTek Corp., Austin, TX) with
MDCC-PBP (Ex: 425 nm; Em: 450-nm cutoff) (Figure 4.1B). Contaminating P; was removed
from the MDCC-PBP solution, stopped-flow syringes, and observation cell by incubation with a
“P; mop” consisting of 0.05 U/ml purine nucleotide phosphorylase (PNPase) and 75 pM 7-
methylguanosine (MEG). However, the Eg5 and ADP samples were not incubated with the “P;
mop” prior to mixing with the MDCC-PBP.

4.2.4 Steady-State ATPase Kinetics

ApoEg5 steady-state ATPase activity (in the absence of microtubules) was determined by
measuring [o-""PJADP+P; product formation as described previously (178). In Figure 4.2, the
rate of ATP turnover was plotted as a function of MgATP concentration, and the data were fit to

the following quadratic equation:
Equation 4.1

Rate = 0.5%keu*{ (Eo+K o[ ATP])={ (Eo+K a7+ [ATP])’—(4E[ATP])} 2}

where Rate is the concentration of product formed per second per Eg5 site, k.4 is the maximum

rate constant of product formation at saturating substrate, E is the total Eg5 site concentration,

and K, 47p is the MgATP concentration needed to provide one-half the maximal velocity.
ApoEgS5 stability was determined by monitoring the ATPase activity (no microtubules) at

various time points after incubation at either 4 °C or 22 °C (Figure 4.2, inset). The observed
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steady-state rates as a function of incubation time were fit to a single exponential decay. In
Figure 4.8A, apoEg5 steady-state ATPase was determined in the absence and presence of 0.25
mg/ml bovine serum albumin (BSA, BioRad), bovine gamma globulin (IgG, BioRad), or
ovalbumin (Oval, Sigma). These reactions were performed to evaluate the potential loss of

apoEgS5 active sites by adsorption of apoEg5 to the reaction tubes.

4.2.5 Fluorescence Measurements

Steady-state fluorescence measurements of the single Eg5 tryptophan (W127) and 2'(3)-O-(NV-
methylanthraniloyl) (mant) nucleotides were obtained at 22 °C using an Aminco-Bowman Series
2 luminescence spectrometer (Thermo Spectronic, Madison, WI) equipped with a 150-Watt
continuous wave xenon arc lamp source. ApoEg5 samples were excited at 295 nm (2-nm
halfwidth) and tryptophan emission spectra were scanned from 300—400 nm (2-nm halfwidth)
(Figure 4.3A). The appropriate buffer controls were subtracted from each spectrum to adjust for
Raman scatter and background fluorescence. Mant-emission spectra were obtained by exciting
the solution at 360 nm (4-nm halfwidth) and collecting emitted fluorescence from 400-600 nm
(2-nm halfwidth) (Figure 4.4G). MantATP was used at 10 uM in order to avoid inner-filter

effects associated with the mant probe.

4.2.6 Acrylamide Quenching Experiment

In order to determine the relative solvent accessibility of the W127 residue, acrylamide
quenching experiments were performed in the absence and presence of ATP. The fluorescence
values from 340 nm in the absence of quencher (Fy) were divided by the fluorescence in the
presence of quencher (F). These values were plotted as a function of quencher concentration

(Q), and each data set was fit to the Stern-Volmer equation (Figure 4.3B):
Equation 4.2

Fo/F=1+K, *[Q]
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where K, is the Stern-Volmer quenching constant, which equals the product of the bimolecular

quenching constant (k,) and the lifetime of the tryptophan fluorophore in the absence of quencher

(To)-

4.2.7 Stopped-Flow Experiments

Presteady-state kinetic measurements of MgATP binding, mantATP binding, P; product release,
and mantADP binding were made in a stopped-flow instrument (KinTek Corp.). For tryptophan

fluorescence experiments [Figure 4.3 (C and D)], fluorescence emission at 340 nm was measured

using a 340-nm specific bandpass filter with excitation at 295 nm. MgATP and mantATP

binding data shown in Figure 4.3D and Figure 4.4E, respectively, were fit to the following

equation:
Equation 4.3

kops = k+y* [ATP] / (Kd,ATP + [ATP]) + kg

where k,;- equals the rate constant for the ATP-dependent isomerization (Scheme 4.1), k_;-is the
ATP off-rate, and K, 47p 1s the dissociation constant for weak ATP binding. In Figure 4.4H and
Figure 4.10D, the data were fit to the following quadratic equation,

Equation 4.4

Amp = —0.5%{ (Ai+Ky s+ IMon])—{ (Ains +K s+ [Mon])>—(44 s [Mon) 2+ A e

where Amp is the magnitude of the exponential change in fluorescence intensity upon mantATP
binding, A, is the amplitude of monastrol inhibition defined by A4,,,, (amplitude at no monastrol)
minus A, (amplitude at saturating monastrol), K;s is the apparent dissociation constant for
monastrol, and Mon is the monastrol concentration. MantADP binding data shown in Figure

4.10B were fit to the following equation:
Equation 4.5

kops = kg * [mADP] / (K]/g,mADp + [mADP]) +kiy
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where k4 equals the forward rate constant for the ADP-dependent isomerization (Scheme 4.2),
kis equals the reverse rate constant correlated with the ADP off-rate, and K;;mpp is the
mantADP concentration required to provide half the maximal rate.

The kinetics of P; product release from apoEg5 were measured using the MDCC-PBP
coupled-assay (/63). ApoEg5 plus MDCC-PBP and “P; mop” were rapidly mixed with
increasing MgATP concentrations plus “P; mop”. The concentrations of the “P; mop” reagents
were experimentally determined to eliminate competition with the MDCC-PBP for P; in solution
(138). The experimental design assumes that after ATP hydrolysis, P; product will be released
from the Eg5 active site, followed immediately by P; binding rapidly and tightly to MDCC-PBP,
thus triggering the fluorescence enhancement of the MDCC-PBP+P; complex (/63). In order to
convert the observed change in fluorescence into units of P; concentration, a phosphate

calibration curve was used (Figure 4.7D. insef). The data in Figure 4.7 (A and B) and Figure

4.8D show a burst of P; product release at a rate faster than a subsequent rate-limiting step, thus

the data were fit to the following equation to describe the time dependence of product release:
Equation 4.6
[Product]ons = Ap * [1 — exp (-kpt)] + kst

where 4, equals the amplitude of the exponential burst phase, & is the observed exponential rate
of P; product release from apoEg5, and kg is the slope of the linear phase corresponding to

subsequent ATP turnovers.

4.2.8 Quench-Flow Experiments

The presteady-state kinetics of MgATP binding and ATP hydrolysis (Figures 4.5, 4.6, 4.8) were
determined by utilizing pulse-chase and acid-quench methodologies, respectively, using a
KinTek RQF-3 chemical quench-flow instrument (KinTek Corp.). When apoEg5 was rapidly
mixed with MgATP, we observed a burst of product formation at a rate faster that the rate of a
subsequent step in the pathway that limits steady-state ATP turnover. In acid-quench
experiments, the presteady-state burst is correlated to product formation at the Eg5 active site

during the first ATP turnover event. After the reaction is quenched with formic acid, Eg5
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denatures and the products can be quantified. The observed quantity of products includes the
sum of the Eg5-bound products and the products free in solution at the time of the quench.
Radiolabeled product was separated from unreacted substrate by thin layer chromatography, and
the concentration of product formed was plotted as a function of reaction time. We observed two
phases in the kinetics of product formation: 1) a rapid exponential phase that corresponds to the
product formed during the first turnover event, and 2) a slow linear phase that corresponds to
subsequent ATP turnovers. From the exponential phase, we gain information about the observed
presteady-state rate of ATP hydrolysis, and the amplitude of the exponential, which is correlated
to the concentration of Eg5 sites that report during the first ATP turnover. From the linear phase,
we obtain an estimate of the rate of the slow step (downstream in the pathway from ATP
hydrolysis) that limits steady-state ATP turnover.

In the acid-quench experiments, apoEg5 was rapidly mixed with increasing
concentrations of [oc—32P]MgATP, and the reaction continued for various times (0.04—7 sec)
followed by quenching with formic acid. The concentration of [o-’PJADP was plotted as
function of time, and each transient was fit to Equation 4.6 [Figures 4.5 (A and B), 4.6 (A and
B), 4.8 (B and C)]. For Equation 4.6, Ay corresponds to the concentration of [0-**P]ADP-P;

formed at the active site during the first ATP turnover, and k;, is the rate constant of this
exponential phase of product formation.

The presteady-state kinetics of MgATP binding was determined by pulse-chase
methodologies using a KinTek RQF-3 chemical quench-flow instrument (KinTek Corp.). The
quench-flow instrument consists of three syringes controlled by a computerized motor to force
the mixing of apoEg5 with increasing [a-"P]MgATP concentrations, followed a chase solution
(excess unlabeled MgATP) to allow time for any tightly bound radiolabeled MgATP to continue
forward in the pathway. Whereas, any weakly bound or unbound MgATP substrate will be
diluted by the unlabeled chase. The reaction was quenched with formic acid after a chase time
sufficient for 8-10 turnovers. Radiolabeled product was separated from substrate by thin layer
chromatography, and the concentration of product formed was plotted as a function of reaction
time. We observed two phases in the kinetics of product formation: 1) a rapid exponential phase
that corresponds to the product formed during the first turnover event, and 2) a slow linear phase
that corresponds to subsequent ATP turnovers. From the exponential phase, we gain information

about the observed presteady-state rate of MgATP binding, and the amplitude of the exponential,
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which is correlated to the concentration of apoEgS5 sites that report during the first ATP turnover.
From the linear phase, we obtain an estimate of the rate of the slow step (downstream in the
pathway from MgATP binding) that limits steady-state ATP turnover.

In the pulse-chase experiments, apoEg5 was rapidly mixed with increasing
concentrations of [oc—32P]MgATP, and the reaction continued for various times (0.04—7 sec)
followed by the non-radioactive MgATP chase (10 mM) for 8 min (>10 turnovers). The
concentration of [o->"PJADP was plotted as function of time, and each transient was fit to

Equation 4.6 [Figure 4.5 (A and B)]. For Equation 4.6, Ay corresponds to the fraction of tightly-

bound Eg5*ATP that proceeds in the forward direction toward ATP hydrolysis, and 4 is the
rate constant of the exponential phase. For both pulse-chase and acid-quench experiments, the
amplitude and observed rate of the exponential burst phase for each transient were plotted

against MgATP concentration, and each data set was fit to a hyperbola.

4.2.9 Modeling Acid-Quench and P; Product Release Kinetics

In Figure 4.7 (E and F), the P; release kinetics were modeled in terms of a two-step irreversible

mechanism, where the amplitude and rate constants were defined by:
Equation 4.7
Ag=Eg* {[ker ! (ks Ksiow)]}
Equation 4.8
kp = k+17+ Ksiow
Equation 4.9

kss = EO * [k+]’kclow / (k+1’+ kslow)]

where E) is the apoEg5 site concentration that reports during the first ATP turnover, k5 ;- denotes
the rate constant for the slow isomerization step prior to ATP hydrolysis and P; product release
that limits the observed rate of P; product release (Scheme 4.1), and k,, is the rate constant of

the slow step that occurs after P; product release for apoEg5 and limits steady-state ATP
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turnover. We allowed E,, k+;, and ko, to float in the analysis due to the unknown Eg5 site
concentration that contributed to the first ATP turnover event.

We used DynaFit software (BioKin Ltd., Pullman, WA) to model the acid-quench and P;
product release kinetics at 10, 25, and 50 uM MgATP to the mechanism proposed in Scheme 4.1
(205). For our acid-quench transients, we modeled the formation of ADP product, which
represents Eg5¢ADP<P; + Eg5¢ADP + ADP. Our P; release transients were modeled by the P;
product that was released from the nucleotide-binding site of Eg5, which bound the MDCC-PBP
to elicit the fluorescence enhancement. In Figure 4.9A, acid-quench and P; release transients at

50 uM MgATP were simulated based on our proposed kinetic mechanism (Scheme 4.1; Figure

4.11). In Figure 4.9(B-D), the apoEg5 site concentration was held constant based on the total

apoEg5 protein used in the reaction, and the rate constants for all steps in the mechanism were
held constant during the simulation, except for the rates of tight ATP binding (k+;), ATP re-

synthesis (k.,), and P; release (k+3) as indicated.

43 RESULTS

4.3.1 ApoEgS Was Active and Nucleotide-Free

We initiated this study by modifying the purification strategy of Eg5-367 in order to isolate Eg5
in a stable, nucleotide-free state (apoEg5). Our previous Eg5-367 purification strategy yielded a
population of motors that retained MgADP bound at the active site (Figure 2.6, Figure 3.15).

The modifications (see Materials & Methods 4.2.2 for details) were sufficient to isolate apoEg5

at >99% purity. The apoEg5 protein preparations were tested for activity by measuring the
steady-state ATPase kinetics as a function of microtubule concentration at saturating MgATP,
and as a function of MgATP concentration at saturating microtubule concentration (Table 4.1).
These experiments demonstrated that under the same experimental conditions as previous studies
(Table 2.2), apoEg5 retained 95-99% of its microtubule-activated ATPase activity. In addition,

pulse-chase, acid-quench, and P; release experiments were performed using the purified apoEg5
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in the presence of microtubules, and we observed full burst amplitude from each transient,
demonstrating that the entire population of apoEg5 sites was fully active (Figure 4.8).

In order to determine the nucleotide state of apoEg5, we designed two experiments to
directly test the presence of ADP in each apoEg5 preparation. First, we utilized analytical gel
filtration to monitor the presence of nucleotide in a sample of apoEg5. We observed a marked
decrease in the relative absorbance (4,s59) at the elution time for ADP when comparing apoEg5
with Eg5¢ADP (1:1) or ADP profiles (Figure 4.1A). After analyzing the ADP peaks (peak apex
at 42.7 min) for each condition, apoEg5 appeared to retain approximately 0.07 ADP/Eg5 site
compared to Eg5+ADP. However, the sensitivity range of this assay precludes the ability to
quantify the precise amount of ADP present in our apoEg5 sample at < 0.07 ADP/site. By
simultaneously monitoring intrinsic protein fluorescence (Ex: 280 nm; Em: 340 nm), we did not
detect a peak at 16.2 min (void volume), suggesting that there was no detectable aggregation at

these conditions (Figure 4.1A, inser).

Second, we used a MDCC-PBP coupled-assay to detect inorganic phosphate (P;) product
that resulted from the apyrase cleavage reaction. By treating a sample of apoEg5 with apyrase
for 60 min, any ADP bound at the active site was released (>150 ADP release events at each site)
and converted to AMP+P; (Figure 4.1C). When this reaction was mixed with MDCC-PBP, there
was very little amplitude associated with the fluorescence enhancement (<0.05 Pi/Eg5 site)
compared to the Eg5¢ADP (1:1) reaction (Figure 4.1B). This slight increase in fluorescence may
be due to contaminating P; that resides in the apyrase stock solution because of the small
amplitude associated with apyrase in the absence of apoEg5 (black arrows in Figure 4.1B).
Taken together, these experiments suggest that the apoEg5 preparations were fully active and

essentially nucleotide-free.
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Figure 4.1 Determination of nucleotide-free state of apoEg5

(A) Analytical gel filtration was performed using a Superose-6 HR column with detection by continuous monitoring
of solution absorbance at 259 nm (A, for ADP) and intrinsic protein fluorescence (insef). Conditions: 10 uM
apoEg5, 10 uM EgS5<ADP, 10 uM MgADP. Eg5 eluted from the column at 38.8 min and MgADP eluted at 42.7
min. Void volume indicated by arrowhead. (B) Inorganic phosphate liberated from apyrase cleavage of ADP to
AMP+P; was detected by monitoring the fluorescence enhancement of MDCC-PBP*P; in a stopped-flow instrument.
Final concentrations: 1 uM apoEg5, 1 uM Eg5<ADP, 1 uM MgADP, 0.05 U/ml apyrase, 5 uM MDCC-PBP, 0.05
U/ml PNPase, 75 uM MEG. ApoEg5 only, MgADP only, and Eg5¢ADP (1:1) were incubated in the absence or
presence of apyrase for 60 min at room temperature, followed by rapidly mixing with MDCC-PBP plus “P; mop”
reagents. Transients for MgADP only, Eg5¢ADP, and apoEg5+apyrase overlay each other. Black arrows highlight
difference between transients for apoEg5+apyrase and apyrase only. (C) Apyrase cleavage of [a-*PJADP to [o-
32PJAMP+P; as a function of time. Final concentrations: 0.1 U/ml apyrase, 100 pM ADP.

4.3.2 Steady-State ATPase Reveals Tight ATP Binding, Yet Inefficient Catalysis

We characterized apoEg5 by following steady-state ATP turnover as a function of MgATP
concentration in the absence of microtubules. Figure 4.2 shows that the maximum observed rate
of MgATP turnover by apoEg5 was 0.02 s, similar to former Eg5 preparations (Figure 2.7A),
with a very tight K, 47p at 0.17 uM. The K, 47p was greater than 40—fold tighter in the absence

of microtubules compared to microtubule-activated steady-state ATPase: 0.17 uM (apoEg5)
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versus 6.95 uM (MteEg5) (Table 4.1). However, in the absence of microtubules, the efficiency
of apoEg5 (keas/Km rp) decreased approximately 5-fold: 0.12 uM™'s™ (apoEg5) versus 0.58 uM™
's! (MteEg5). These steady-state ATPase kinetics suggest that apoEg5 has a high affinity for

substrate, however, the slow turnover rate leads to enzymatic inefficiency.
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Figure 4.2 ApoEgS steady-state ATPase

ApoEg5 was reacted with increasing MgATP concentrations in the absence of microtubules. Final concentrations:
0.1 pM apoEg5, 0.25 mg/ml BSA, 0.1-50 uM [a-*P] MgATP. The data were fit to Equation 4.1: k., = 0.017 *
0.0003 s and K, 47p = 0.17 + 0.03 uM. Inset, apoEg5 stability was determined by measuring ATPase activity at
various time points after incubation. Final concentrations: 0.5 uM apoEg5, 10 uM [o-**P]MgATP, 4 °C or 22 °C
incubation temperature. The ATPase reactions were performed at 22 °C, and the rate of MgATP turnover was
plotted as a function of incubation time. The fit of the data to a single exponential decay provided a rate constant at
0.004 £ 0.003 hr™" at both incubation temperatures.
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The stability of kinesin family members in the absence of nucleotide has historically been
an issue of concern. For Drosophila Ncd (Kinesin-14), all attempts to isolate apoNcd under
physiological conditions have failed (/41, 213), and conventional kinesin (Kinesin-1) in the
absence of nucleotide was less stable than KinesintADP and aggregated at high protein
concentrations (//7). Incubation of apoEg5 at either 4 °C or 22 °C for a time domain that
exceeds the duration of any kinetic experiment presented in this manuscript did not significantly

affect the ATPase activity (Figure 4.2, inset). These data suggest that apoEg5 exists as a very

stable monomeric kinesin under these experimental conditions, despite the lack of nucleotide at

the active site.

4.3.3 Intrinsic ApoEgS Fluorescence Enhancement on Nucleotide Binding

The motor domain of human Eg5 contains a single tryptophan residue (W127) that is located on

the insertion loop L5 between a2a and a2b [(68), see Figure 4.3 (E and F)]. Loop L5 is eight

amino acids longer than the homologous loop in Kinesin-1, exists in a relatively flexible
conformation in the Eg5¢ADP crystal structure (68), and resides in a rigid conformation in the
Eg5<ADPreinhibitor crystal structures (69, 79). The primary structure of this loop has been
shown to be critical for the binding of and inhibition by specific Eg5 inhibitors (/05). The
conformation of loop L5 in apoEg5 remains unknown. However, when MgATP or MgADP was
bound to the nucleotide-binding site, a significant enhancement (10.6%) in the steady-state
tryptophan fluorescence emission was observed (Figure 4.3A). In order to assess the relative
accessibility of the tryptophan residue to the solvent, acrylamide quenching studies were
performed (Figure 4.3B). In the absence or presence of nucleotide at the active site, the
tryptophan fluorophore was found to have a similar degree of solvent accessibility (K;, = 4.5 M
", suggesting that the residue remains at the surface of the catalytic domain.

In order to measure the kinetics of the transient increase in tryptophan fluorescence upon
nucleotide binding, apoEg5 was rapidly mixed with various nucleotides in a stopped-flow
instrument (Figure 4.3C). MgATP and MgADP appeared to elicit an equivalent fluorescence
enhancement at a similar rate and amplitude. The binding of MgAMPPNP, a nonhydrolyzable
ATP analog, also produced a change in tryptophan fluorescence, suggesting the exponential

increase in fluorescence upon MgATP binding corresponds to an event that occurs prior to ATP
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hydrolysis. Control experiments showed that rapid mixing of apoEg5 with either MgAMP+P;
(1:1) (Figure 4.3C) or mantAMP+P; (Figure 4.4A) did not elicit a change in fluorescence,
providing evidence that apoEg5 does not bind MgAMP-+P;. Taken together, these data argue for
a mechanistically relevant conformational change in loop L5 upon nucleotide binding that results

in a change in the environment of the tryptophan residue [Figure 4.3 (E and F)].

4.3.4 ATP Binding Occurs Via a Two-Step Mechanism

The observed rate of MgATP binding by tryptophan fluorescence enhancement was investigated
as a function of MgATP concentration. The exponential rate of MgATP binding displayed
curvature in the concentration dependence (Figure 4.3D), indicative of (at least) a two-step
mechanism where ATP binding was limited by a first-order isomerization event that follows the
formation of a collision complex (Scheme 4.1) (/79). The fit of these data provided a maximum
rate of MgATP binding (k+;) at 0.54 s and the dissociation constant for weak ATP binding
(Kgarp) at 2.6 uM. These constants indicate a relatively slow isomerization event that tightens
ATP binding to the apoEg5 active site.

The rate of mantATP binding was investigated by direct mant-fluorescence enhancement
(Ex: 360 nm; Em: 400-nm cutoff) and by fluorescence resonance energy transfer (FRET)
between the tryptophan and the mant-fluorophore (Ex: 295 nm; Em: 400-nm cutoff). Both
methods provided similar rates and amplitudes for mantATP binding (Figure 4.4B), suggesting
that both methods are monitoring the ATP-dependent isomerization step. By monitoring direct
mant-fluorescence, we could assess the effect of monastrol on the ATP binding steps in the
mechanism. Figure 4.4E shows that, in the absence or presence of monastrol, there was no
significant difference in both the observed rate of mantATP binding (0.85 s versus 0.78 s™') and
the Kymarp (9.9 uM versus 11.4 uM). On the other hand, there was a dramatic decrease in the
amplitude of each transient in the presence of monastrol (Figure 4.4F). We cannot correlate the
loss of amplitude to weaker ATP binding due to the similar K;,,47p, and the similar ATP binding

data obtained from pulse-chase experiments + monastrol, as discussed below (Figure 4.5).
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Figure 4.3 MgATP binding to apoEgS by tryptophan fluorescence enhancement
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(A) The steady-state fluorescence emission spectra of apoEg5 in the absence and presence of MgATP. Final
concentrations: 2 uM apoEg5, £ 200 uM MgATP. (B) Stern-Volmer plot for acrylamide quenching of apoEg5
tryptophan fluorescence in the absence or presence of MgATP. Final concentrations: 2 uM apoEg5, + 500 uM
MgATP, 0400 mM acrylamide. Relative fluorescence intensity changes from quenching (Fy/F) were plotted
against acrylamide concentration, and each data set was fit to Equation 4.2. ApoEg5: K, = 4.5 + 0.5 M"" and
apoEg5+ATP: K, =4.9 £ 0.6 M™. (C) The transient increase in apoEg5 tryptophan fluorescence upon rapid mixing
with various nucleotides in a stopped-flow instrument. Final concentrations: 2 uM apoEg5, 250 uM MgAXP (as
indicated). MgAMP+P; conditions were achieved by incubating 250 puM MgADP with 0.1 U/ml apyrase for 60 min,
followed by mixing in a stopped-flow instrument. (D) The observed exponential rate of MgATP binding to apoEg5
was plotted as a function of MgATP concentration. Final concentrations: 1 pM apoEg5, 1.25-100 pM MgATP.
The data were fit to Equation 4.3: k.,,=0.54+0.03 s, k,,=0.014 £ 0.03 s, and K, 47p = 2.6 + 0.5 uM. Note that
the constant k_; has a significant error due to the loss of sensitivity below 1 uM apoEg5. Inset, the rates of MgATP
binding to apoEg5 at low MgATP concentrations. The data were fit to a linear relationship to yield the apparent
second order rate constant defined by the slope (K. k., = 0.037 + 0.002 uM™'s™) and the apparent rate of Eg5*ATP
dissociation defined by the y-intercept (k. = 0.11 £ 0.01 s™). (E and F) Structural representation of the proposed
conformational change in loop L5 leading to the enhanced tryptophan fluorescence upon tight ATP binding. The
model was generated using DeepView Swiss Pdb Viewer (version 3.7) to superposition the EgS¢ADP structure
[PDB code: 1116 (68); labeled blue] with the monastrol*Eg5¢ADP structure [PDB code: 1Q0B (69); labeled red]
based on the position of C, atoms of the P-loop region (F102-T112). The microtubule-binding region was oriented
at the bottom and loop L5 was visible at the top in both panels. Panel (F) depicts a view of the model after rotating
~180 ° around the axis indicated in panel (E).

A wide variety of chemicals can quench the fluorescence intensity of a fluorophore due
to collisional encounters between the two molecules. In order to test whether monastrol could
dynamically quench mant-fluorescence in solution, we analyzed the emission spectrum of
mantATP in the absence and presence of monastrol. The emission spectra superimposed (Figure
4.4G), suggesting that monastrol does not quench mant-fluorescence; therefore, the decreased
amplitude in Figure 4.4F cannot be due to collisional fluorescence quenching by monastrol.
Because the collision step for ATP binding comes to equilibrium on a time scale much faster
than the rate of the isomerization, this experiment monitors the formation of the tightly-bound
Eg5 *ATP intermediate. In order for the amplitude to decrease, we assume that monastrol must
be bound to the Eg5*ATP collision complex before the first-order isomerization event occurs.
One possible explanation for the decreased amplitude is a change in the local environment at the
nucleotide-binding site when monastrol binds to Eg5, which results in a lower quantum yield
from the mant fluorophore when mantAXP binds tightly to the active site. However, the nature
of the structural change(s) at the nucleotide-binding site upon monastrol binding to the Eg5¢ATP
collision complex remains speculative, though, it does not appear to alter the intrinsic rate

constants for the steps of ATP binding.
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Figure 4.4 MantATP binding to apoEg5S + monastrol
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(A) Stopped-flow transients showing the exponential increase in mantATP and mantADP fluorescence as a function
of time. There was no increase in fluorescence when apoEg5 was rapidly mixed with mantAMP+P;. Final
concentrations: 2 uM apoEg5 for 5 uM mantAXP. (B) Stopped-flow transients showing the exponential increase in
mant-fluorescence by either exciting the mant-fluorophore directly, or by monitoring fluorescence resonance energy
transfer (FRET) from W127 to the mant-fluorophore. Direct: Ex. 360 nm; Em. 400 nm-cutoff filter. FRET: Ex. 295
nm; Em. 400 nm-cutoff filter. Final concentrations: 2 uM apoEg5 for 5 uM mantATP. Representative stopped-flow
transients are shown for mantATP binding to apoEg5 in the absence (C) and presence (D) of monastrol. Final
concentrations: 0.5 uM apoEg5 for 0.5-2 uM mantATP, 2 uM apoEg5 for 2-12 pM mantATP, £ 150 pM
monastrol. (E) The observed exponential rate of mantATP binding to apoEg5 was plotted as a function of mantATP
concentration. Each data set was fit to Equation 4.3. Control: k,;,=0.85 £ 0.1 s, k,;=0.09+0.02s", and Ky marp
=9.9+2.6 uM. Monastrol: k,;.=0.78 £ 0.33 s, k,;=0.0940.02s", and Kymarp =114 £ 7.9 uM. Inset, the rates
of mantATP binding to apoEg5 at low mantATP concentrations. The data were fit to a linear relationship to yield
the apparent second order rate constant defined by the slope (K. /k:; = 0.081 + 0.006 uM™'s™ and 0.062 £ 0.01 uM"
's™! for control and monastrol, respectively) and the apparent rate of Eg5smantATP dissociation defined by the y-
intercept (k,*” = 0.09 + 0.01 s™' for both). (F) The amplitude of each transient was plotted against mantATP
concentration, and each data set was fit to a hyperbola. Maximum amplitude was 0.43 £ 0.03 V for control and 0.15
+ 0.02 V for monastrol. (G) The emission spectra of mantATP (no Eg5) in the absence and presence of monastrol.
Final concentrations: 10 uM mantATP, £ 150 uM monastrol. (H) The amplitude of mantATP binding transients
plotted as a function of monastrol concentration, and the data were fit to Equation 4.4. Final concentrations: 1 uM
apoEg5, 2.5 uM mantATP, 0-100 uM monastrol. From the fit of the data, K;5 was 25.3 £ 13.5 uM. The inset
shows the observed rate of mantATP binding plotted against monastrol concentration.

4.3.5 Pulse-Chase Experiments Reveal Transient Pre-Hydrolysis Intermediate

In order to measure the presteady-state kinetics of the formation of a tightly-bound Eg5 sATP
complex, we performed pulse-chase experiments in a chemical quench-flow instrument. The
experimental design assumes any stably-bound substrate will proceed in the forward reaction,
while any loosely-bound or unbound substrate will be diluted by the excess MgATP present in
the chase (/79). The comparison of the kinetics of product formation obtained by pulse-chase
experiments with those obtained by acid-quench experiments can provide 1) direct evidence for
the partitioning of the Eg5°ATP intermediate and 2) evidence for a long-lived, stable Eg5*°ATP
intermediate prior to ATP hydrolysis. The transients in Figure 4.5 reveal similar kinetics for
ATP binding (pulse-chase) and ATP hydrolysis (acid-quench). However, we did observe a
difference in the amplitude of the exponential burst phase for the acid quench data when the
experiment was performed with monastrol (Figures 4.5 and 4.6). In the absence of monastrol,
the acid quench A e = 0.10 ADP/site and with monastrol, 4y, = 0.15 ADP/site (Figures 4.5
and 4.6). The acid-quench data lack a significant initial lag phase preceding the exponential
phase, suggesting that the Eg5 *ATP complex proceeds immediately and rapidly toward the
chemistry step, and that the observed rate of ATP hydrolysis is limited by the slow
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conformational change that leads to the tightly-bound Eg5*°ATP hydrolysis competent
intermediate.

If monastrol were to bind to apoEg5 and stabilize a conformation that results in an
obstructed nucleotide-binding site where ATP cannot collide, then we would expect an
additional reduction in burst amplitude in the presence of monastrol. However, by comparing
pulse-chase transients in the absence and presence of monastrol, we found that the amplitudes
were similar (49 = 0.14 ADP/site). These results suggest that monastrol is not reducing the

apoEg5 population that has the potential to bind ATP.
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Figure 4.5 MgATP binding to apoEg5 by pulse-chase + monastrol
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ApoEg5 was reacted with [o-**P]MgATP for 0-7 sec in a chemical quench-flow instrument, followed by the non-
radioactive MgATP chase for 8 min (>10 turnovers). Final concentrations: 8 uM apoEg5, + 150 uM monastrol, 10—
50 uM [o-**P]MgATP, 10 mM unlabeled MgATP chase. Shown are time courses of [a-*P]MgADP product
formation for pulse-chase (PC) and acid-quench (AQ) experiments (similar to Figure 4.6; see below) in the absence
(A) and presence (B) of monastrol (MgATP concentrations are indicated). Each transient displayed burst kinetics
and was fit to Equation 4.6 to provide the amplitude (4,) and observed exponential rate (k,) of the formation of a
tight Eg5"*ATP complex (pulse-chase) or the formation of Eg5*ADP+P; complex (acid-quench), followed by the
linear steady-state ATP turnover (k). Shown are the maximum observed rates from the pulse-chase and acid-
quench experiments in the absence (C) and presence (D) of monastrol plotted against MgATP concentration. Each
data set was fit to a hyperbola. Control: ky e = 1.7 0.3 s for PC and 1.5+ 0.2 s™" for AQ. Monastrol: kp e = 1.3
+0.4s" for PCand 0.9 + 0.1 s for AQ. Insets show amplitude of exponential phase versus MgATP concentration,
with each data set fit to a hyperbola. Control: pulse-chase 4, = 0.14 £ 0.01 ADP/site and acid-quench 4, = 0.10 £
0.03 ADP/site. Monastrol: pulse-chase 4= 0.14 £ 0.01 ADP/site and acid-quench 4, = 0.15 £ 0.02 ADP/site.

4.3.6 ATP Hydrolysis and P; Product Release are Rapid Steps in Mechanism

We performed acid-quench experiments as a function of MgATP concentration to determine the
maximum observed rate of the ATP hydrolysis step and the apparent K, 47p. Figure 4.6 shows
that in the absence or presence of monastrol, the maximum observed burst rate of ATP
hydrolysis was 1.14 s and 0.59 s, respectively, while each transient lacked a significant lag
phase even at low MgATP concentrations. We also observed a decrease in the expected
amplitude for each transient: Control = 0.09 ADP/site (13% of expected amplitude) versus
Monastrol = 0.15 ADP/site (18% of expected amplitude). These kinetics are quite similar to
those obtained from our pulse-chase experiments (Figure 4.5). Based on these data, ATP
hydrolysis appears to be limited by the ATP-dependent isomerization event, and after Eg5 binds
ATP tightly, it hydrolyzes the nucleotide and presumably releases the P; product very rapidly.

To directly measure the kinetics of P; product release from the Eg5 active site after ATP
hydrolysis, we performed stopped-flow experiments that detect the change in MDCC-PBP
fluorescence upon binding P; released into solution. Our P; release kinetics for apoEg5 suggest a
rapid P; product release step after ATP hydrolysis (Figure 4.7), thereby rendering the ATP
hydrolysis step as kinetically irreversible. We also observed a decrease in burst amplitude (0.10
and 0.14 Py/site; 19% and 16% of expected amplitude; Figure 4.7D), which was consistent with
our ATP hydrolysis kinetics (Figure 4.6). As shown in Figure 4.7E, the maximum observed rate
of P; product release that was limited by the relatively slow isomerization of the Eg5¢<ATP
collision complex (k+;) was similar in the absence or presence of monastrol (Control: 0.42 s™';

Monastrol: 0.44 s™).
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These results suggest that after apoEg5 undergoes the ATP-dependent isomerization, it
rapidly hydrolyzes ATP and immediately releases P; product. The rate of ATP hydrolysis by the
MtsEg5 complex was at least 12-fold faster than the observed rate for apoEg5 (1.14 s versus
13.3 s'l; Figures 3.5 and 3.6. A fast reaction that occurs in series with a slow reaction will
proceed at the rate of the slow reaction (/79), thus the rate of ATP hydrolysis will be limited by
the relatively slow, ATP-promoted isomerization step. There was not a considerable lag phase in
the ATP hydrolysis kinetics, thus implying that the two steps in the mechanism occur at
significantly different rates (>10-fold) (/79). Likewise, the release of P; product was measured
at the same observed rate as the isomerization step without a substantial initial lag phase
corresponding to ATP binding and ATP hydrolysis. Taken together, these data indicate that the
Eg5*°ATP and the Eg5¢ADP+P; intermediates are kinetically transient. Our pulse-chase data
support this hypothesis given the similar rates and amplitudes of the pulse-chase transients

compared to acid-quench transients (Figure 4.5).
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Figure 4.6 Presteady-state Kkinetics of ATP hydrolysis £ monastrol

Time course of [o-*P]MgADP+P; product formation after rapidly mixing apoEg5 in the absence (A) or presence (B)
of monastrol with increasing MgATP concentrations in a chemical quench-flow instrument. Final concentrations: 4
uM apoEg5, 5-100 uM [a-*P]MgATP, + 150 uM monastrol. (C) The observed exponential rate of product
formation in the absence of monastrol was plotted as a function of MgATP concentration. The data were fit to a
hyperbola to define the maximum observed rate of ATP hydrolysis, kp e = 1.14 £ 0.05 s!and Kyarp=12712.0
pM. Inset, the amplitude of the exponential burst phase was plotted versus MgATP and the data were fit to a
hyperbola: 4 ,,.. = 0.093 £ 0.002 ADP/site (13% of expected amplitude based on Eg5 site concentration). (D) The
exponential burst rate in the presence of monastrol was plotted as a function of MgATP concentration: k. = 0.59
+0.04 s' and Ky4rp = 6.8 £2.1 uM. Inset, the burst amplitude was plotted versus MgATP: Ay . = 0.15 £ 0.005
ADP/site (18% of expected amplitude).
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ApoEg5 plus MDCC-PBP was rapidly mixed with increasing MgATP concentrations, and the fluorescence
enhancement of MDCC-PBP binding inorganic phosphate (P;) was monitored in a stopped-flow instrument. Final
concentrations: 1 pM apoEg5, + 150 uM monastrol, 5 uM MDCC-PBP, 0.05 U/ml PNPase, 75 uM MEG,
0.625-200 uM MgATP. The concentration of P; product released from apoEg5 (MgATP concentrations are
indicated) in the absence (A) and presence (B) of monastrol was plotted as a function of time. Each transient
displayed burst kinetics and was fit to Equation 4.6. (C) The exponential rate of P; release was plotted versus
MgATP concentration. The data were fit to a hyperbola. Control: k., = 0.54 = 0.01 s! and Kipgrp=63%03
uM. Monastrol: k... = 0.45 £ 0.01 s and Kipap = 5.1 £ 04 uM. The inset shows the data from 0-20 uM
MgATP. (D) The amplitude of the fast exponential phase of each transient was plotted as a function of MgATP
concentration. Each data set was fit to a hyperbola. Control: 4y, = 0.10 £ 0.003 Py/site (19% of expected
amplitude based on Eg5 site concentration) and K, 47p = 1.6 £ 0.3 uM. Monastrol: 4y ., = 0.14 £ 0.002 pM (15%
of expected amplitude) and K, 47p = 1.8 £ 0.1 uM. The inset shows the calibration curve used to convert monitored
fluorescence voltage to known phosphate concentration. (E) The rate of P; product release, which was limited by
the slow isomerization of the Eg5¢ATP collision complex, was determined by fitting the P; release data to Equations
4.6-4.9, then k.; -was plotted as a function of MgATP concentration. Each data set was fit to a hyperbola. Control:
ki;=0.42 +0.006 s" and K, 47p = 11.5 + 0.8 pM. Monastrol: k., = 0.44 + 0.003 s™ and K, ;7p = 7.6 £ 0.3 uM.
The inset shows the modeled EgS5 site concentration (Eg) that contributed to the first ATP turnover as a function of
MgATP concentration. (F) The slow rate after P; release (ky,,,) was plotted as a function of MgATP concentration
and each data set was fit to a hyperbola. Control: ky,, = 0.14 + 0.001 s™ and K, 47» = 2.9 + 0.2 uM. Monastrol:
Ko =0.022 £0.001 s™" and K5 47p = 0.6 £ 0.2 pM.

4.3.7 Reduction of Product Burst Amplitude Rescued by Microtubules

Data sets from pulse-chase, acid-quench, and P; product release experiments show a considerable
decrease in amplitude of the fast exponential phase for each transient. Several factors could
contribute to the reduced amplitude: 1) a slightly heterogeneous apoEg5 preparation where a
subpopulation (< 5%) retains ADP at the nucleotide-binding site, 2) inactive apoEg5, 3) weak
ATP binding, 4) reversals at the ATP hydrolysis step, and/or 5) “non-productive” apoEg5
enzyme that cannot generate the ATP-promoted structural transitions required to proceed
forward to ATP hydrolysis. A slight heterogeneity in the apoEg5 population and inactive
apoEg5 protein cannot fully explain the reduced burst amplitude based on the results presented in
Figure 4.1. In addition, there is no evidence for weak ATP binding. In fact, the K, 47» was 0.17
uM. As already mentioned, an increase in the intrinsic rate of ATP re-synthesis (k.;) cannot
explain the observed kinetics of ATP hydrolysis and P; product release (Figure 4.9; see further
details in Section 4.3.8). In order to evaluate whether adsorption of apoEg5 to the walls of the
reaction tubes was leading to a loss in enzymatic sites, we followed steady-state ATP turnover in
the presence of BSA, IgG, or ovalbumin at 0.25 mg/ml. We did not observe a significant
difference in the rate of ATP turnover by adding the additional protein (Figure 4.8A).

Interestingly, the steady-state ATPase activity of apoEg5 in the presence of microtubules
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provided a maximum rate of ATP turnover that was suggestive of fully active protein (Table

4.1).
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Figure 4.8 Microtubules rescue lowered burst amplitudes

(A) The maximum rate of ATP turnover by apoEg5 was determined under various reaction conditions (as indicated).
Final concentrations: 2 uM apoEg5, + 0.25 mg/ml BSA, IgG, or Ovalbumin, 200 pM [a-*P]MgATP. Error bars
indicate the standard error in the fit of the velocity data for each experiment. (B) Time courses of [a—32P]MgADP
product formation for pulse-chase experiments in the absence and presence of microtubules (as indicated). Final
concentrations: 5 pM apoEg5, + 6 uM tubulin, 20 uM Taxol, 100 pM [a-BzP]MgATP, + 100 mM KCI, 10 mM
unlabeled MgATP chase. The dashed curves represent expected kinetics of product formation assuming that the
entire Eg5 population contributed to the first turnover event. The insets show the data between 0—1 sec. In the
absence of microtubules, the amplitude was 0.09 ADP/site (10% of expected), and in the presence of microtubules,
the amplitude was 0.76 ADP/site (98% of expected). (C) Time courses of [o->*P]MgADP product formation for
acid-quench experiments in the absence and presence of microtubules (as indicated). Final concentrations: 5 uM
apoEg5, + 6 uM tubulin, 20 pM Taxol, 100 pM [a-*P]MgATP, + 100 mM KCI. In the absence of microtubules,
the amplitude was 0.12 ADP/site (12% of expected), and in the presence of microtubules, the amplitude was 0.26
ADP/site (96% of expected). (D) The concentration of P; product released from apoEg5 in the absence and presence
of microtubules was plotted as a function of time. Final concentrations: 1 uM apoEg5, + 2 uM tubulin, 20 pM
Taxol, 5 uM MDCC-PBP, 0.05 U/ml PNPase, 75 uM MEG, 100 uM MgATP, + 100 mM KCI. In the absence of
microtubules, the amplitude was 0.11 P; released/site (14% of expected), and in the presence of microtubules, the
amplitude was 0.57 P; released/site (80% of expected).
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In order to directly measure the activity of the apoEg5 protein used in the presteady-state
experiments, we repeated the experiments with the MteEg5 complex. When pulse-chase, acid-
quench, and P; product release experiments were performed with the MteEg5 complex, we

observed >95% of the expected amplitude for the burst of product formation [Figure 4.8 (B-D)],

suggesting that all apoEg5 protein has the potential for ATP binding and hydrolysis during the
first turnover event. These data are consistent with the hypothesis that there is a subpopulation
of apoEg5 that cannot drive the structural transitions for ATP hydrolysis; therefore, this
population remains silent in the pulse-chase, acid quench, and phosphate release kinetics in the

absence of microtubules leading to the observation of a reduction in burst amplitude.

4.3.8 ATP Hydrolysis Reversals and Weak ATP Binding Do Not Explain the Reduction in
Burst Amplitude

Two possible explanations for the reduction in burst amplitude are an internal equilibrium that is
established at the ATP hydrolysis step, where ATP hydrolysis is followed by ATP re-synthesis
and weak ATP binding. Experiments to directly test the first hypothesis (intermediate O'®
exchange) have not been employed in this study. However, we used DynaFit software to
simulate the kinetics of product formation when the intrinsic rate constant for ATP re-synthesis
(k) increases, while the total apoEg5 site concentration remained constant based on the
conditions of the experiment. As we increased the value for k., the burst amplitude was
reduced; however, the initial lag phase was substantially increased and the simulated curves did

not follow the actual experimental data at any value of k., tested [Figure 4.9 (A and B)]. We also

tried increasing the off-rate of ATP binding (k_;/) during these simulations, but again were unable

to attain a good fit of the data [Figure 4.9 (C and D)]. We were unable to find a combination of

rate constants for the entire apoEg5 population reporting for ATP binding, ATP hydrolysis, P;
release, and ADP release (Scheme 4.1) that provided a reasonable fit of the data.

On the other hand, if we decreased the apoEg5 concentration to a value similar to the
fraction of sites that reported during ATP hydrolysis and P; release experiments (~15%), the
maximum rate of ATP binding at 1 s, the forward rates of ATP hydrolysis and P; release at 10 s
! and the rate of ADP release at 0.1 s'l, we were able to simulate transients at 10, 25, and 50 uM

MgATP within the error of the experiment [Figure 4.9 (E and F)]. For the 25 uM MgATP
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transient, the mean square of the least-squares fit using DynaFit was 0.00023 and 0.0000033 for
the acid-quench and the P; release transients, respectively [Figure 4.9 (E and F)]. Whereas, by

adjusting the rate constants and holding the apoEg5 concentration fixed (as described above), the
“best” least-squares fit provided a mean square of 0.013 and 0.0031 for the acid-quench and P;

release transients, respectively [Figure 4.9 (A-D), insets]. These simulation results suggest that

our proposed mechanism, in which a substantial fraction of “non-productive” apoEg5 is unable
to properly bind and hydrolyze ATP, remains the best explanation for the observed kinetics in

the presteady-state experiments.

4.3.9 MantADP Binding Occurs Via a Two-Step Process

We performed mantADP binding experiments in the absence and presence of monastrol to

determine the kinetics of ADP binding and release from apoEg5 (Figure 4.10; Scheme 4.2). We

observed hyperbolic mantADP binding kinetics, which is indicative of at least two-step binding
of ADP as observed for ATP (Figures 4.3 and 4.4). The off-rate for mantADP binding, as
determined from the extrapolation of the fit of the data back to the y-axis (Control: 0.13 s';
Monastrol: 0.08 s™), was similar to the rate of the slow step after P; product release that limits
steady-state ATP turnover (Control: 0.14 s'; Monastrol: 0.022 s™) (Figure 4.7F). The results in
Figure 4.10 document two ADP intermediates (Scheme 4.2): the Eg5¢ADP collision complex
and the Eg5*<ADP intermediate detected by saturation of the observed rate for mantADP
binding.

In the presence of monastrol, we observed a faster rate for the isomerization of the
Eg5emantADP collision complex (Control: 0.55 s versus Monastrol: 1.3 s™) (Figure 4.10B). In
addition, the amplitude of each transient was decreased to a similar extent as the mantATP
binding transients (compare Figure 4.4F with Figure 4.10C), suggesting that an alteration of the
nucleotide-binding site environment by monastrol lowers the quantum yield of mantADP as

well.
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Figure 4.9 DynaFit simulations to understand burst amplitude reduction

The acid-quench (A) and P; release (B) kinetics at 25 pM MgATP were simulated based on a mechanism where the
intrinsic rate of ATP re-synthesis (k.,) increased from 0.001 s™ to 2000 s™. Experimental conditions: 4 uM apoEg5
(acid-quench) and 1 pM apoEg5 (P; release), 25 uM MgATP. Simulated constants: k., = 100 uM's™; k; =2700 s7';
k=15 k;=00145s"; kyy =10 s"; k= 0.001 to 2000 s (as indicated); k.5 = 10 s”'; kvy = 0.1 s'; E, = total
apoEg5 protein. Insets, the “best” fit of the kinetics at 25 uM MgATP where k., =2000s". (C and D) Simulations
of acid-quench and P; release kinetics, respectively, based on a mechanism where the off-rate for ATP binding
increases from 0.014 s to 200 s’ (as indicated). Simulated constants: k;; = 100 uM'ls'l; k., =2700 s'l; kip=1 s";
k.;-=0.014-200 s (as indicated); k., = 10 s™; k, = 0.001 s™'; k3 =10 s"; k., = 0.1 s'; E, = total apoEg5 protein.
Insets, the “best” fit of the kinetics at 25 pM MgATP where k.;-= 100 s (acid-quench) and 200 s (P; release). (E
and F) The simulations at 10, 25, and 50 uM MgATP (insets) as proposed for the apoEg5 mechanism from Scheme
4.1 and Figure 4.11. Simulated constants: k,; = 100 pM™'s™; k., =2700 s, ky; =15 k; =0.014s"; k, =10 s7;
k>=0.001s";k;=10s"ky=0.15"; E,=0.15.
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Figure 4.10 MantADP binding to apoEg5 + monastrol

(A) Representative stopped-flow transients are shown for mantADP binding to apoEg5 in the absence and presence
of monastrol. Final concentrations: 0.5 uM apoEg5 for 0.5-2 uM mantADP, 2 uM apoEg5 for 2—12 pM mantADP,
+ 150 uM monastrol. (B) The observed exponential rate of mantADP binding to apoEg5 was plotted as a function
of mantADP concentration. Each data set was fit to Equation 4.5. Control: £, = 0.55 £ 0.04 s, Kipmapp=65%1.4
uM, and k., = 0.13 £ 0.01 s'. Monastrol: ky = 1.3 £ 0.4 s, K} app = 13.1 £ 7.7 uM, and k., = 0.07 s + 0.04.
(C) The amplitude of each transient was plotted against mantADP concentration, and each data set was fit to a
hyperbola. Maximum amplitude was 0.48 = 0.02 V for control and 0.19 = 0.01 V for monastrol. (D) The amplitude
of mantADP binding transients plotted as a function of monastrol concentration, and the data were fit to Equation
4.4. Final concentrations: 1 uM apoEg5, 5 uM mantADP, 0—150 uM monastrol. From the fit of the data, K, s was
23.4+ 4.8 uM. The inset shows the observed rate of mantADP binding plotted against monastrol concentration.

4.3.10 Monastrol Slows ADP Product Release

[0->*P]ADP release from Eg5 was a slow step in the absence of monastrol and was slowed
further in the presence of monastrol (0.05 s versus 0.007 s). This is consistent with the
observation of presteady-state burst kinetics in the pulse-chase, acid-quench, and P; release
experiments presented in this manuscript. The data for acid-quench and P; release experiments

were modeled to a two-step irreversible mechanism to obtain the rate constants of ATP
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hydrolysis (k+,) and P; product release (k+;3), respectively, and the rate constant for the slow step
after P; release (ADP release) that limits steady-state ATP turnover (ky.w). For these
experiments, kg, was 0.14 s in the absence of monastrol and 0.025 s in the presence of
monastrol, and the maximum observed rate of ATP turnover was inhibited by monastrol (0.019 s’
"t0 0.003 s™). The inhibition of the rate of ADP release correlates well with the reduction in the
rate of ATP turnover, however, there is a 7-fold difference between the rate of ADP release and
the steady-state k., under both conditions. Our hypothesis for this difference is a subpopulation
of apoEg5 that either cannot bind ATP or cannot promote the conformational change to generate
the ATP hydrolysis-competent intermediate. Nevertheless, this “non-productive” subpopulation
of apoEg5 is present in the absence of monastrol, suggesting that it is not the result of monastrol

binding.

4.3.11 Monastrol Binds Weakly to the Eg5*ATP and Eg5°ADP Collision Complexes

In both mantATP and mantADP binding experiments, we observed a marked decrease in the
amplitude of each transient in the presence of monastrol. To determine the monastrol
concentration-dependence of this phenomenon, we performed mantAXP binding experiments as

a function of monastrol concentration (Figure 4.4H and Figure 4.10D). In both experiments, we

obtained an apparent K;s = 25 uM, which was an order of magnitude weaker than the apparent
K;s measured by steady-state ATPase inhibition: K;s = 2.3 uM; [see Figure 3.1A]. In addition,
the results in Figure 4.3C show that MgADP and MgATP trigger the enhancement of tryptophan
fluorescence at the same rate and amplitude, suggesting that this change in fluorescence is a
readout of the same structural transition of loop L5 achieved by either ADP or ATP binding.
There is not a detectable signal for direct binding of monastrol to apoEg5, yet these results
indicate that monastrol binds by a two-step mechanism (Figure 4.11). In the first step, monastrol
collides and binds weakly to apoEg5 in the absence of nucleotide, and its affinity for Eg5 is
tightened by the ATP-dependent (or ADP-dependent) isomerization. We propose that this
nucleotide-dependent isomerization is correlated with the “closing” of loop L5, which promotes
both tight nucleotide and tight monastrol binding and was detected experimentally by the
enhancement of the tryptophan fluorescence (Figure 4.3). The results suggest that the monastrol

weak binding state is detected by the K;s at 25 uM and that the isomerization to the second
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intermediate is detected by the K;s at 2.3 uM. This closed state achieved by tight nucleotide and
monastrol binding would slow the rate of ADP release from the active site. We propose for ADP

release that loop L5 adopts the “open” conformation, thus the affinity for ADP is weakened

(Figure 4.11).
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Figure 4.11 Model of apoEgS ATPase mechanism

The Eg5 motor domain at each stage of the ATPase mechanism is shown with the monastrol binding pocket, the
nucleotide-binding site, and loop L5 indicated. Species 1, 2, and 6 are shown as binding monastrol weakly, whereas
Species 3, 4, and 5 are tight-binding states. Species 1x and 2x represent the “non-productive” apoEg5 state and the
“non-productive” Eg5*ATP collision complex, respectively. The molecules of ATP, ADP, and monastrol are not
drawn to scale relative to each other.
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Table 4.1 Comparison of Kinetic Constants for ApoEgS and MteEg5 ATPase £ Monastrol

Constants ApoEg5 ApoEg5s MteEg5*° MteEg5s”
MgATP Binding Kitkag: 0.037 £+ 0.002 pM's™
(Trp fluorescence) Kiq/ 0.54+0.03s" .
ND ND ND
Kaarp 26+0.5uM
k.1 0.014+0.04s™"
MantATP Binding Kiiker- 0.08 +0.01 uM's™ 0.06 +0.01 uM's™ 22+03uM7's” 21+03uM7's”
Kerr 0.85+0.10 s 0.78+0.33 s 470+2.35s" 478+1.9s"
Kamatp 9.9+2.6 uM 11.4+7.9uM 79+1.6 uM 9.4+1.9uM
k.- 0.09+0.02s™ 0.09+0.02s™ 18+0.7s" 19.1+0.7s"
Kas 25.3+13.5uM
ATP Binding Ko, max 1.7+0.3s" 13+04s" 22+3s 18+1s”
(Pulse-chase) Kaarp 8.3+6.3 uM 6.1+£7.6 yM 26 +15 M 5+2uM
Ao max 0.14 +0.01 ADP/site  0.14 + 0.01 ADP/site  0.75 + 0.02 ADP/site  0.78 + 0.03 ADP/site
ATP Hydrolysis Ko max 1.14+0.05s" 0.59+0.04 s 113+145s"° 11.1+03s™"®
(Acid-quench) Kaare 12.7+2.0 uM 6.8+2.1 uM 31+15uM 9+2uM
Aomax o.(iagslsoiigoz 010 /2%?55 0.75+0.02 ADP/site  0.40 + 0.01 ADPsite
"[Egg*]/ 0.017 £ 0.001 s™ 0.008 + 0.001 s™
ATP Hydrolysis Kkt? 1.03+0.05s" 0.57+0.04 s 11+1s" 11+03s™""
(Modeling) Ksiow 0.14 +0.003 s 0.025+0.002s™ 23+02s" 0.1+0.03s"
E, 0.5 of 4 uM (13%) 0.7 of 4 uM (18%) 4.9 of 5 uM (99%) 2.0 of 5 uM (40%)
P; Release Kb max 0.54+0.01s" 0.45+0.01s" 6.0+0.1s" 158+02s"
(MDCC-PBP) Kizate 6.3+£0.3 uM 51+£04 M 3.7+£0.2uM 79104 M
Ao max 0.10 £ 0.003 Pysite 0.14 + 0.002 P/site 0.75 + 0.01 Py/site 0.38 £ 0.01 Py/site
k[sgggx]/ 0.019 +0.0001 s 0.003 + 0.0001 s™
P; Release Kerr 0.42+0.006 s 0.44 +0.003 s 52+01s" 156+0.2s"
(Modeling) Ksiow 0.14 +0.001 s™ 0.022 + 0.0005 ™' 0.78+0.01s” 0.19+0.01s”
E, 0.19 of 1 uM (19%) 0.150f 1 uM (15%) 0.5 0f 0.5 uM (100%) 0.2 of 0.5 uM (39%)
[OEZZ;ASSF Kot anP 0.05+0.001 s™ 0.007 + 0.001 s™
MantADP ND ND 35.2+06s" 13+1s"
elease
MantADP Binding K.sk.y 0.07 +0.01 upM's™ 0.08 +0.02 uM's™
k4 0.55+0.04s 13+04s"
Ki/2,mapp 6.5+1.4uM 13.1+£7.7 uM ND ND
Keg 0.13+0.01s™ 0.08+0.03s™
Kais 23.4+48 M
Basal ATPase Keat 0.02+0.003s™ 0.003 + 0.0001 s™*"
Kmare 0.17 £0.03 uM 0.19+0.05 uM "
Koatl K a7p 0.12+0.01 pM's™ 0016+ 1.4 uM's™"
Kys 23+04puM°
Mt/'\/f‘r‘;g’:;ed K 5.47+0.07s" 55+03s" 12+0.03s"
Km,ate 6.95 + 0.43 uM 9.5+0.4 pM 3.6+0.3 uM
KealKmare 079+ 0.16 uM's”" ND 0.58+0.03 uM's"  0.33+0.03 uM's”
Kizme 0.29 £0.02 uM 0.71+£0.6 uM 6.7+ 0.4 uM
Kas 13.8+1.0 uM
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* Mechanistic analysis of the mitotic kinesin Eg5 (Chapter 2.0). ® Monastrol inhibition of the mitotic kinesin Eg5
(Chapter 3.0). °ND, not determined. ¢ Experiments performed with monomeric HsEg5-437. © k., = the rate of the
slow isomerization of the Eg5+ATP collision complex. " Burst kinetics based on 300 pM MgATP. £ Fit of data from
transient shown in Figure 4.8D. " Determined from the linear steady-state phase of the P; product release transients.

4.4  DISCUSSION

In this study, we have combined steady-state and presteady-state methodologies to define a
minimal mechanism of the mitotic Eg5 ATPase in the absence of microtubules (Figure 4.11,
Table 4.1). By comparing the basal Eg5 ATPase to the microtubule-activated ATPase (Chapter
2.0), we were able to gain insight into the amplification and acceleration of the structural
transitions that dictate the microtubule-dependent activation. In addition, we have investigated

the mechanistic basis for the allosteric inhibition of the basal Eg5 ATPase by monastrol.

4.4.1 ApoEg5 Was Active, Stable, and Nucleotide-Free

A critical factor for this study was the characterization of the apoEg5 protein obtained from our
adopted purification strategy. Steady-state ATPase assays were performed in the absence and
presence of microtubules, and the activity under the same experimental conditions was found to

be comparable to former Eg5 preparations [Table 4.1; Table 2.2]. Remarkably, the apoEg5

protein was very stable (Figure 4.2, insef), despite the lack of ADP at the active site (Figure 4.1).

Therefore, our apoEg5 site concentration can be reasonably estimated to >95% of total protein

concentration determined by Bradford assays.

4.4.2 “Non-Productive” versus “Productive” ApoEg5 States

We observed a dramatic difference between the steady-state k., and the rate of ADP release
(rate-limiting step). We also observed a reduction in the expected amplitude for our pulse-chase,
acid-quench, and P; product release experiments. When we divide the maximum velocity of
steady-state ATP turnover (0.0017 uM ADPss") by the concentration of apoEg5 sites that
reported during the presteady-state experiments (0.013-0.019 uM), we obtain a steady-state k.,
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at 0.09-0.13 s, which is consistent with the rate of ADP release. Control experiments in the
presence of microtubules demonstrated that >95% of the Eg5 population can contribute to the
first ATP turnover event (Figure 4.8). These data seem to suggest that in the absence of
microtubules, there is a subpopulation of apoEg5 that is unable to drive the ATP-dependent
structural transitions that are required for ATP hydrolysis during both the first turnover and
subsequent ATP turnover events. The experimental results presented in this manuscript support
the hypothesis in which a “non-productive” subpopulation of apoEg5 is in equilibrium with a
“productive” population, whereby the proportion of the two apoEg5 states is maintained
throughout steady-state ATP turnover (Figure 4.11). In contrast, when apoEg5 was bound to
microtubules, we observed the entire Eg5 population in the “productive” state, and thus was able
to properly bind and hydrolyze ATP (Figure 4.8). These results provide evidence for the role of
microtubules in amplifying and accelerating the structural transitions that account for Eg5’s

ATPase efficiency.

4.4.3 Substrate Binding Was Dramatically Slower

The kinetics of ATP binding were determined by measuring the intrinsic tryptophan fluorescence
enhancement upon MgATP binding (Figure 4.3), as well as monitoring the fluorescence change
upon mantATP binding at the apoEg5 active site (Figure 4.4). Both experiments demonstrated
that substrate binding to apoEg5 seemed to occur in at least two distinct kinetic steps: formation
of the initial weak-binding collision complex (Eg5*ATP) followed by an isomerization of the
collision complex that leads to tightened ATP binding (EgS*-ATP). In comparison to the
substrate binding kinetics for the Mt*Eg5 complex, we found that Eg5 has a similar affinity for
ATP: Kjmarp = 9.9 uM (apoEg5) versus 7.9 uM (MteEg5) (Figure 2.10). However, the rate of
the isomerization step was approximately 25-fold slower for apoEg5: 0.85 s™ (apoEg5) versus
21.0 s (MteEg5) (Figure 2.10). We propose that the microtubule amplifies and accelerates the
structural transitions in the Eg5 motor domain that lead to tight ATP binding. A recent study
suggests that a conformational change in the nucleotide-binding site via the switch-1 region
occurs when kinesin-family motors bind to microtubules (/94). The microtubule seems to lower
the energy barrier for conformational changes in Eg5’s switch regions, thus rendering the kinetic

steps of ATP binding much faster.
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4.4.4 Structural Transition in Loop L5 Correlates with Movement of the Switch Regions

The insertion loop LS5 that interrupts helix a2 varies considerably in sequence among different
subfamilies of kinesins, and, for Eg5, seems to be a “hotspot™ for specific inhibitors (69, 79,
105). Certainly this loop was not designed to facilitate the binding of these inhibitors, but likely
undergoes structural transitions during the ATPase cycle that correlates with the movements of
the functional components of the Eg5 catalytic domain, such as switch-1 and switch-2 regions.

Loop L5 is located in close proximity to the N-terminal end of helix a3, which in turn is

connected to loop L9 that contains the y-phosphate sensing residue (S233) [Figure 4.3 (E and F)].
Loop L5 contains the lone tryptophan residue in the human Eg5 motor domain. In this study, we
have demonstrated a nucleotide-dependent enhancement of tryptophan fluorescence, which
marks the conformational changes that occur upon tight ATP or ADP binding to the Eg5 active
site. This conformation change in loop L5 appears to occur before ATP hydrolysis, due to the
fluorescence enhancement upon AMPPNP binding, and also seems to persist after ATP
hydrolysis and P; product release, due to the sustained fluorescence intensity over the time course
for the first turnover event. Thus, we hypothesize that the movement of loop L5 is tightly
correlated to Eg5’s mechanochemical cycle. A recent study demonstrated that if loop L5 from
Eg5 were replaced with a homologous loop from Kinesin-1, the basal ATPase decreased ~2-fold,
thus supporting our hypothesis (105).

All Eg5 crystal structures solved to date contain ADP at the active site (69, 79, 105).
Interestingly, the Eg5¢ADPeinhibitor crystal structures display an altered conformation of loop
L5 compared to the Eg5°ADP structure. The interpretation of this structure was a
conformational change in loop L5 that was “induced” by the inhibitor binding. However, our
data argue that this “open” to “closed” conformational change in loop L5 occurs normally during
the Eg5 ATPase mechanochemical cycle. In addition, when the inhibitor is present in its
allosteric site, it stabilizes this Eg5s*ADP conformation of loop L5, and thus slows ADP product
release dramatically. Our mantADP binding data suggest that ADP binds to apoEg5 in a two-
step fashion, with a rapid-equilibrium collision step followed by an isomerization of the
Eg5+ADP collision complex to tighten the binding of ADP. We also observed an enhancement
of tryptophan fluorescence upon ADP binding that was quite similar in rate and amplitude when

compared with ATP binding. Therefore, we propose that the structural transition coupled to
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ADP product release is rate-limiting in the apoEg5 mechanism, and the conformation of loop L5

correlates with this structural transition to the “open” state (Figure 4.11; Species 6).

4.4.5 Monastrol Binding Occurs Via a Two-Step Mechanism

As previously reported, the substrate binding steps of the MteEg5 ATPase mechanism were not
affected by monastrol (Chapter 3.0). As demonstrated in this study, monastrol also does not
significantly affect the kinetics of substrate binding, ATP hydrolysis, and P; release in the
absence of microtubules. However, monastrol does appear to bind the Eg5*ATP and Eg5°ADP
collision complexes, and surprisingly alters the nucleotide-binding site environment in a manner
that leads to a reduction in the quantum yield from mantAXP fluorescence. Monastrol does not
quench the fluorescence of the mant-fluorophore in solution, and ATP binding does not seem to
be weakened in the presence of monastrol. A slight decrease in amplitude was also observed in
similar experiments performed with the MteEg5 complex (Figure 3.4), which suggests that a
similar nucleotide-binding site environment may be attained when monastrol binds the
MteEg5<ATP collision complex.

In this study, we found that monastrol binds to the Eg5¢ATP or Eg5°ADP collision
complex more weakly than detected by steady-state turnover [25 uM versus 2.3 uM; Figure
3.1A]. We propose that monastrol binds weakly to the nucleotide-free state and Eg5<AXP
collision complexes due to the “open” conformation of loop LS5; and concomitant with tight
nucleotide binding, a conformational change in loop L5 occurs to “close” the inhibitor pocket,
thus dramatically increasing Eg5’s affinity for monastrol. A communication pathway from the
nucleotide-binding site to loop LS5 is possibly mediated through a conformational change in the
switch-1 region and is relayed through helix a3 to the insertion loop L5, which is located in
close proximity to the N-terminal end of helix a3 (Figure 4.3E).

In summary, the minimal apoEg5 ATPase mechanism shares similarities in the kinetic
steps required for ATP turnover compared to the MteEg5 mechanism, however, the rate
constants that define these steps show dramatic differences. ATP binding occurs via a two-step
process for both pathways, yet the isomerization of the EgS5¢ATP collision complex is
dramatically slower for apoEg5. The microtubule appears to amplify and accelerate the

conformational changes that tighten ATP binding. ATP hydrolysis and P; product release are
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rapid steps in the mechanism, yet the observed rate constants are significantly slower in the
absence of microtubules. In addition, there is no kinetic evidence for ATP hydrolysis reversals
for apoEg5 as observed for myosin (2/4). The structural transition(s) of the Eg5¢ADP
intermediate coupled to ADP release is the rate-limiting step in the pathway, and this step is
dramatically accelerated upon binding to the microtubule (0.05 s to 35 s) such that ADP
release no longer limits steady-state ATP turnover for the Mt*Eg5 complex. Monastrol appears
to bind weakly to apoEg5; but after ATP binding and the ATP-dependent isomerization, apoEg5
binds monastrol tightly. This monastrol-stabilized state inhibits the conformational change
needed for rapid ADP product release. Therefore, monastrol has stabilized a mechanistically

relevant structural state of the Eg5 to elicit its inhibitory effect upon the ATPase cycle.
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5.0 CHAPTER FIVE: CONCLUSIONS

Molecular motor proteins that power various activities in eukaryotic cells are as diverse as the
engines that power the different vehicles seen on the streets of a city. There are motor proteins
that use different fuels (e.g. GTP, ATP, or a chemical potential across a membrane), similar to
engines that run on diesel fuel, gasoline, or electricity. Among the molecular motors that utilize
ATP as a fuel source, certain superfamilies can be organized (e.g. myosin, dynein, and kinesin),
just as vehicles that run on gasoline can be categorized into cars, trucks, and buses. Each
superfamily of motor proteins has further sub-divisions based on the similarity of structure and
function (e.g. Kinesin-1 through Kinesin-14 families), analogous to various forms of trucks such
as pick-ups, SUVs, and tow trucks. The structural similarities and differences that exist within a
specific family of motors are vital for how the proteins function in the cell.

The amino acid sequence of a protein primarily dictates the three dimensional structure
and function of the molecule (215). Proteins of the kinesin superfamily share a ~350 amino acid
motor domain that contains the ATP binding site and the microtubule-binding region. These
proteins share >35% sequence similarity to the conventional kinesin motor domain. The three
dimensional structure of different kinesin motors show an overall similar fold between the
structures; however, the motor domains alone do not behave the same when assayed for function.
The work presented in this dissertation reveals that even though the motor domain of Eg5 shares
~50 % sequence similarity to the well-studied conventional kinesin/Kinesin-1, Ncd/Kinesin-14,
and Kar3/Kinesin-14 motor domains, it is unique in its functional capacity. An analogy for this
observation is the comparison of the engines found in different trucks (e.g. tow truck, racing
truck, and simple pickup truck). The engines that power these vehicles are very similar in
structure (i.e. cylinders, pistons, drive shafts, etc.), but the performance of these engines have

been engineered for a specific purpose. So it is with various members of the kinesin
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superfamily. The differences in the motor core give rise to functional diversity, which is utilized
to accomplish specific tasks inside the cell.

Motor proteins have the ability to utilize the energy from nucleotide turnover to generate
molecular motion, which ultimately is converted to mechanical work along their associated
filament tracks. The investigation presented in this dissertation aimed at characterizing how the
structure and function of Eg5 distinguishes this protein as a mitotic motor protein. Prior to this
work, Eg5 was identified as a slow, plus-end-directed microtubule-based molecular motor of the
Kinesin-5/BimC family that is essential for bipolar spindle formation during eukaryotic cell
division. This protein in vivo is thought to exist as a homotetramer, whereby four heavy chains
interact to from a “dumbbell”-shaped molecule with two motor domains positioned at the end of
a coiled-coil stalk (see Figure 1.4). My initial aim for this dissertation was a reductionist
approach to characterize two truncated Eg5 proteins, Eg5-367 and Eg5-437, in hopes to define
the ATPase mechanism of a single motor domain in comparison to the mechanism of a dimer,
respectively. However, as shown in Chapter 2.0, both Eg5 proteins were monomeric under the
experimental conditions employed. Therefore, my work centers on the detailed transient kinetic
analysis of two monomeric Eg5 motors.

I have performed a more thorough analysis of the Eg5-367 protein due to the
complicating element of having an extended a-helical C-terminal region of Eg5-437 that does
not participate in dimerization of the molecule. These Eg5 proteins are similar in their overall
ATPase mechanism; however, there are differences in the steady-state ATPase kinetics, Eg5
binding to the microtubule, and subtle differences at the ATP hydrolysis step. At this point, I do
not understand the structural and/or mechanistic reason for this difference. I am still not
confident that Eg5-437 is monomeric in the presence of microtubules, due to the lower steady-
state k... Certain kinesins have been shown to undergo a monomer to dimer transition when
bound to the microtubule (276, 217). Attaining a stable dimeric construct of Eg5 was a major

goal in the lab; however, my thesis work did not include these endeavors.
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5.1 STRUCTURAL MODEL OF NORMAL EGS FUNCTION

I have used steady-state and presteady-state kinetics, as well as equilibrium binding approaches
to characterize a single motor domain of Eg5. This domain of Eg5 is necessary and sufficient for
ATP turnover and force generation; therefore, by studying the function of a single motor unit, we
can begin to understand how the homotetramer functions to establish and maintain the bipolar
spindle. The experiments presented in this dissertation collectively define the functional
capacity of the Eg5 motor domain (e.g. ATP binding rates, ATP hydrolysis rates, equilibrium
dissociation constants, etc.). However, at the heart of these measurements lies a structural
explanation for these rate and equilibrium constants. This structural model must be inferred
from the mechanistic results. As structural studies of motor-filament interactions are completed,
this model will likely contain elements that correlate well with the structure, elements that do not
correlate at all with the structure, and those elements that are yet to be supported by experimental
results. However, at the current time, this structural model is consistent with the data I have

collected for how Eg5 converts the energy from nucleotide turnover to force generation (Figure
5.1).
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Figure 5.1 Models of EgS ATPase in the absence and presence of monastrol

5.1.1 Monomeric Eg5

At the onset of my thesis work, we were expressing each Eg5 protein in the E. coli cell line
BL21 (DE3) pLysS and were obtaining marginal yields during each preparation. We surveyed
the human Eg5 gene and found several codons that were under represented in E. coli due to
codon usage bias. Therefore, we were able to find the E. coli cell line BL21-CodonPlus(DE3)-
RIL (Stratagene), which supplemented the tRNAs and enhanced expression by greater than 10-
fold. This approach may be useful to other investigators who wish to overexpress their protein
of interest, though careful analysis of the DNA sequence is necessary before the investment of

time into this expression system.
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The Eg5 motor domain is a very stable protein, in both the presence and the absence of
nucleotide at the active site (Figure 4.2). Other kinesin motors (in the absence of microtubules)
have been unstable when nucleotide was not present at the active site (/17, 141, 213), though the
structural meaning for this phenomenon remains speculative. In a cell, Eg5 likely spends little
time in the nucleotide-free state; however, this state of the motor is very important for the
mechanism, because ADP and P; products must vacate the active site for the ATPase cycle to
continue. Nevertheless, we have purified Eg5-367 in the presence and absence of nucleotide and

found the overall activity and ATPase mechanism in the presence of microtubules to be similar.

5.1.2 Microtubule Binding

If we begin our structural model at the microtubule association step (K5, Scheme 2.1), we
observe the motor interaction with the microtubule occurring in at least two-steps: 1) formation
of the MteEg5¢(ADP) collision complex, and 2) isomerization of the collision complex to form
the tightly bound Mt*Eg5"+(ADP) intermediate. We observe similar transients for apoEg5 and
Eg5°ADP binding to microtubules (Figure 3.13B), suggesting that the motor does not require
nucleotide at the active site to properly bind to the microtubule lattice. The post-isomerization
intermediate is very stable and tightly bound under equilibrium conditions (Figure 2.8). When
the motor isomerizes to the tight microtubule-bound intermediate, we propose that the motor
domain adopts a conformation that does not bind ADP nucleotide tightly (Figure 2.9). A recent
study suggests that a conformational change in the nucleotide-binding site via the switch-1
region occurs when kinesin-family motors bind to microtubules (/94). This conformational
change in the switch-1 region could disrupt the coordination of the Mg”" ion at the active site,
thus promoting ADP to rapidly exit the active site (92). This switch-1 structural transition is
very slow and rate-limiting for steady-state ATP turnover in the absence of microtubules;
therefore, the microtubule actually accelerates this structural transition in the switch-1 region.

In addition to conformational changes in switch-1, the microtubule-binding interface
contains multiple secondary structure elements (the “switch-2 cluster”) that are connected to the
switch-2 region via loop L11, which is disordered in most kinesin crystal structures. This loop is
proposed to become ordered when kinesin is bound to the microtubule, thus re-establishing the

pathway of communication from the active site to the microtubule-binding interface. The
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ordering of loop L11 likely occurs during the isomerization step of microtubule binding in order
to achieve the tight microtubule-bound state. For Eg5, the “switch-2 cluster” likely re-organizes
to facilitate the “rigor” conformation of the neck-linker (/00). The vectorial ordering of the
neck-linker would bias the rearward motor domain of a dimeric Eg5 protein to be positioned at
the next microtubule binding site. The positioning of the neck-linker is believed to be critical to
the force generation ability of Eg5 and other kinesins. Further tests on the structural dynamics of
the neck-linker will better enhance our knowledge for how the neck-linker moves in response to
binding the microtubule. Taken together, the structural transitions that accompany the tight
microtubule-binding isomerization step in the mechanism are important for Eg5 force-

generation.

5.1.3 ATP Binding

ATP binding to Eg5 occurs in at least two steps, analogous to how Eg5 binds to the microtubule.
First, ATP collides with the Eg5 active site at a diffusion-limited rate (k:; >>100 pM's™,
forming the MtsEg5¢ATP collision complex, where ATP is only weakly bound (very large k).
Second, an isomerization of the MteEg5¢ATP collision complex promotes the increase in affinity
for MgATP. This isomerization event likely involves a structural rearrangement in the switch-1
region, given the mechanism for ADP release upon tight microtubule binding. In addition, the
“switch-2 cluster” (a4-L12-05) must undergo a structural transition due to the enhanced FRET
efficiency between probes positioned on the neck-linker and Taxol, which is bound to the -
subunit of the tubulin heterodimer (/00). This rearrangement of the “switch-2 cluster” allows
the neck-linker to fully “dock” onto the motor core (75, 99). In our mantATP binding
experiments and pulse-chase assays, we observed the maximum observed rate of ATP binding
similar to the rate of the neck-linker “docking” event [~40 s in our mantATP binding
experiments versus ~60 s’ for FRET experiments (/00)]. We propose that the structural
transitions that accompany the nucleotide binding steps are actively driven by the nucleotide
environment at the active site, rather than nucleotide binding being a passive process. In other
words, when ATP occupies the active site, the new physiological environment disrupts the

energetics of the system, and the motor reacts to attain a free energy minimum. The microtubule
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also accelerates these structural transitions in the Eg5 motor domain, and acts as a “chaperone”

to prevent “non-productive” complexes from becoming “trapped”.

5.1.4 ATP Hydrolysis

After nucleotide is bound tightly to the active site, a second conformational change must occur to
align the water molecule for nucleophilic attack of the y-phosphate bond. The intrinsic rate
constant for the ATP hydrolysis step is similar to the rate of the ATP-promoted isomerization
step (~30 s). “When two reactions in series occur at exactly the same rate, the kinetics are
difficult to distinguish from a single exponential, and the observed rate of reaction is
approximately half of the rate of either reaction” (/79). We observe single exponential kinetics
for the first ATP turnover event, with a rate approximately 11-15 s (Figure 2.12). This
structural transition likely corresponds to the “closing” of the switch-2 region. This “closing”
event would result in the rearrangement of loop L11, such that the interaction with the motor
domain becomes weakened. Rosenfeld et al. proposed that the motor domain “rolls” on the
microtubule at a rate similar to the rate of ATP hydrolysis that we measured (/00). This
weakening of the Eg5 motor domain for the microtubule would prepare the motor for
detachment, and the tubulin C-terminal tails likely participate in the modulation of this binding
state (191).

The actual chemical step of ATP cleavage is probably not accompanied by major
structural rearrangements of the active site. However, this step appears to be irreversible in the
mechanism due to the full burst amplitude obtained in acid-quench experiments in the absence of
nucleotide. The data are consistent with a slight conformational change in the active site
concomitant with bond cleavage in order for the P; product to move into a position where ATP
re-synthesis cannot occur. This re-positioning of the P; within the active site of kinesins is
supported by x-ray crystallographic data of KiflasADPeVanadate versus KiflasADP+AlF,,
where they see the phosphate analog in two distinct locations within the active site (78). Due to
the structural transitions that prepare the motor for ATP hydrolysis, the motor resides in a state
that can actively detach from the microtubule. However, in order to maintain tension in the
mitotic spindle, the Eg5 motor needs to remain tightly bound to the microtubule for a majority of

its ATPase cycle. Therefore, Eg5’s mechanism is fine tuned for its function in the cell.
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5.1.5 Phosphate Product Release and Eg5 Detachment from the Microtubule

After ATP hydrolysis, the MteEg5¢ADP<P; intermediate populates during steady-state ATP
turnover. This intermediate remains the most poorly understood intermediate along the pathway
both kinetically and structurally. The steps of P; product release and MteEg5 dissociation are
coupled in the Eg5 ATPase mechanism, whereby one step occurs at a slow rate and the other step
occurs at a fast rate. For conventional kinesin, a mutant kinesin motor that did not detach from
the microtubule showed the ability to release P; product from the active site (/38), thus
suggesting that P; release occurs before detachment. If the structural transition that leads to the
ATP-hydrolysis competent state results in a weakening of Eg5 binding to the microtubule, then
after ATP hydrolysis, this weak state would persist in the MteEg5¢ADP+P; intermediate. If P;
release happens before detachment from the microtubule, and this P; release event reverses the
structural transition in the switch-2 region, then perhaps the motor would attain a tight binding
conformation due to loop L11 ordering onto the microtubule. However, if the MteEg5¢ADP<P;
intermediate detaches from the microtubule, then in the dissociated state, Eg5 would release the
P; product rapidly and attain a conformation that can effectively re-bind the microtubule. At this
time, we cannot distinguish between these two mechanisms. A mutant in Eg5, similar to the
conventional kinesin mutant, would potentially uncover the hierarchical ordering of these steps.
Regardless of which step comes first — P; product release or MteEg5 dissociation — the
step following ATP hydrolysis is the slow, rate-limiting step in the Eg5 ATPase mechanism, and
the subsequent step is much faster (>10-fold faster). Again, this mechanism is fine tuned for the
motor remaining associated with the microtubule so that Eg5 can contribute to the assembly and

maintenance of the mitotic spindle.

5.2 STRUCTURAL MODEL OF EGS INHIBITION BY MONASTROL

Monastrol is a small, cell-permeable molecule that arrests cells in mitosis by specifically
inhibiting Eg5. 1 have used steady-state and presteady-state kinetics as well as equilibrium
binding approaches to define the mechanistic basis for monastrol inhibition of monomeric EgS5.

By investigating this small molecule inhibitor, we can gain further insight into the ATPase
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mechanism of Eg5 as well as understanding how this inhibitor can be refined to make inhibition
more efficient, not only for Eg5, but also for other motor proteins.

The Eg5 binding site for monastrol and other Eg5-specific inhibitors has been determined
by X-ray crystallography as other structural studies (69, 79, 105). This binding site is ~12 A
from the active site and is quite distant from the microtubule-binding interface. However, it is
still unclear how this small molecule inhibits the Eg5 ATPase mechanism. I present here my
structural model for how monastrol inhibits the ATPase mechanism and the implications for

Eg5-specific drug design (Figure 5.1).

5.2.1 Inhibition of Microtubule Binding

In Chapter 3.0 and Chapter 4.0, I have described the results from experiments that have provided

insight into the allosteric mechanism of Eg5 inhibition by monastrol. In Chapter 3.0, the data
argue for a mechanism whereby monastrol binding to the Eg5¢ADP intermediate leads to a
decreased affinity for the microtubule during the presteady-state step of Eg5 association with the
microtubule lattice, as well as under equilibrium conditions and steady-state ATP turnover. The
monastrol “effect” on Eg5 association with the microtubule requires that the motor has ADP
tightly bound to the active site. In Chapter 4.0, the data presented suggest that the isomerization
of the Eg5¢ATP or Eg5¢ADP collision complex leads to tightening of both nucleotide and
monastrol due to a conformational change in loop L5 at the monastrol binding site. Therefore, I
propose that monastrol binds weakly to the Eg5¢AXP collision complexes and presumably to the
nucleotide-free state as well.

How does tight monastrol binding inhibit effective microtubule binding? This question
remains unanswered. The data in Figure 3.13 show that the isomerization to the tight
microtubule-binding state was dramatically slowed, suggesting the movement of the switch-1
region is inhibited by monastrol. This effect promotes in the slowing of ADP product release
from the MteEg5¢ADP intermediate. The movement of switch-1 seems to correlate with the
“closing” of loop L5 during the ATP hydrolysis cycle. Data suggests that when Eg5 tightly
binds to the microtubule and releases ADP, then monastrol’s affinity weakens (Figure 3.1). If
you were able to design a small molecule that bound to the inhibitor binding site more tightly

and was better able to stabilize loop L5 from the natural conformational change it must undergo,
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then the Eg5 inhibitor should show little (if any) association with the microtubule, and ADP
strongly bound to the active site. There is no published data with the nanomolar inhibitors of
Eg5 that demonstrates that Eg5 colocalizes with the microtubules in the monoastral spindle, as
seen with monastrol (Figure 1.12).

However, when monoastral spindles induced by monastrol treatment are stained for EgS5,
there is still localization of Eg5 with the microtubule array (see Figure 1.12). This is likely due
to the “leaky” nature of the monastrol binding site. Monastrol does not have a nanomolar
affinity for Eg5; therefore, monastrol will eventually dissociate from the motor and the motor
can bind tightly to the microtubule. In order for monastrol to promote the dramatic reduction in

the overall rate of ATP turnover, inhibition must occur elsewhere in the pathway.

5.2.2 “Non-Productive” MtsEg5**ATP Complexes Promoted by Monastrol

Eventually, Eg5 will bind to the microtubule tightly and release its ADP, even in the presence of
monastrol. However, we have observed a kinetic defect at the ATP hydrolysis step that is best
explained by a “non-productive” subpopulation of Mt*Eg5“«ATP complexes that cannot properly
hydrolyze ATP. By “non-productive” we mean enzymatic sites that remain catalytically inert
during the first ATP turnover and also during subsequent ATP turnovers. The structure of this
“non-productive” intermediate remains speculative, but in the absence of microtubules, a similar
phenomenon is observed in the absence and presence of monastrol. In the absence of monastrol,
the microtubule can act as a “chaperone” to prevent the formation of this “non-productive”
species; however, in the presence of monastrol, this “chaperone-like” ability of the microtubule
is diminished, but not eliminated. It is intriguing to speculate whether the C-terminal tails of
tubulin mediate this “chaperone” ability of the microtubule, and monastrol binding to Eg5
somehow disrupts this interaction. This mechanism for Eg5 inhibition provides a “second line of
defense”, but still does not provide an adequate means to disrupt the force production by the Eg5
population in the mitotic spindle. A “third line of defense” is needed to ensure the maximal

inhibition of the enzyme.
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5.2.3 Monastrol Accelerates the Rate of P; Product Release and Mt*Eg5 Dissociation

It is interesting how a monastrol can inhibit the overall steady-state rate of ATP turnover, yet
accelerate Eg5’s rate-limiting step in the mechanism in the absence of monastrol. However,
these are the results from P; release and ATP-promoted MteEg5 dissociation experiments in the
presence of monastrol. This paradox can be resolved by realizing the observed rate of Eg5
association with the microtubule becomes the “new” rate-limiting step in the ATPase
mechanism, with the “non-productive” intermediate contributing to a further decrease in the
maximal rate of ATP turnover. This acceleration of detachment from the microtubule makes
sense in terms of inhibiting the force generation of the motor. If the motor is not associated with
its filament partner, it cannot transduce its force, thereby rendering the motor useless.

Monastrol and other inhibitors of Eg5 likely utilize a similar mechanism for inhibiting the
ATPase cycle. It is unclear if this approach to cancer treatment will be long-standing due to the
nature of the inhibitor binding site. Loop L5 “closes” during the ATPase mechanism and is
responsible for tightening the binding of monastrol. However, if you replace loop L5 with a
synonymous loop from conventional kinesin, the motor works “just fine” and the inhibitor is no
longer able to bind and inhibit the motor (/05). It would be interesting to know if you only
remove the tryptophan from loop L5, will monastrol inhibit Eg5’s ATPase? The answer to this
question could raise serious issues for cancer-resistance to arise against monastrol-like
chemotherapies, similar to the tumor lines that are resistant to Taxol. A cancerous cell could
attain a point mutant in the Eg5 gene that leads to a substitution of the tryptophan residue, and
the resulting Eg5 protein would become resistant to the drug. The task for the future in Eg5
inhibitors would be to screen for inhibitors that tightly bind to Eg5 mutants or other Kinesin-5’s

such as Klp61F, to eliminate this possibility.

5.3 FUTURE STUDIES

In order to better understand how motor proteins convert the energy of nucleotide turnover to
force production, more detailed structural studies will be needed to physically characterize the
dominant intermediates along the ATPase pathway. For kinesins, myosins, and dyneins, the co-

crystal structure of the motor with the filament would open the “black box™ that scientists have
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been waiting to see for quite some time. For kinesins, the microtubule-kinesin co-crystal
structure under different nucleotide conditions would greatly enhance our knowledge of the
intimacy of the protein-protein interface, and how the non-covalent interactions between the
motor and its filament promote varying conformations in the complex. So far, crystal structures
of kinesins provide insight into conformations that are attained off the microtubule, but we know
that force generation is tightly coupled to interactions with the microtubule.

Structural studies with higher-order oligomers of Eg5 (dimer, homotetramer) will provide
mechanistic information for how the motor domains communicate and coordinate to achieve
tension in the spindle. By directly comparing the ATPase mechanism of the dimer with the
ATPase mechanism proposed for the monomer, we would be able to tease apart the physical
attributes that are different, which arise due to tethering two motor domains together via a coiled-
coil.

It would be interesting to attain a high-resolution crystal structure of the apoEg5 protein.
To date, only one kinesin family member has been crystallized in the nucleotide-free state (87);
however, the physiological relevance of this structure is questionable due to the crystal
conditions used and the presence of a sulfate ion positioned at the active site where the -
phosphate of ADP would be positioned. Solving the structure of apoEg5 may also provide
insight into the promotion of the “non-productive” subpopulation proposed in this dissertation.

Further work to investigate the neck-linker conformation of Eg5 in the presence of
microtubules will provide insight into the movement of this critical component of the core
domain. By introducing a clonable density marker (SH3 domain) inserted at the end of the neck-
linker, we could localize the neck-linker using cryo-electron microscopy studies. Under various
nucleotide conditions, the orientation of the neck-linker can be probed, and the location of the
neck-linker can be correlated to the force generating steps in the mechanism.

Finally, the flexible tubulin C-terminal tails (CTTs) have recently been implicated in the
walking mechanism of dynein and kinesin and were shown to modulate the binding of
conventional kinesin to the microtubule (7917, 218, 219). The CTTs of tubulin can be removed
from microtubules using subtilisin, which cleaves ~10 amino acids from the C-terminus of o-
subunit and ~20 amino acids from the B-subunit. The ATPase mechanism of monomeric Eg5
can be investigated in the absence of the tubulin CTTs and in the absence and presence of

monastrol to characterize the physiological role for this protein-protein interaction.
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APPENDIX.1DYNAFIT SCRIPTS

A.1.1 MteEgS5 Mechanism: Fitting Acid-Quench Data

[task]
task = fit
data = progress

mechanism = Mt-Eg5 mechanism
[mechanism]

MEa + T <==> MEaT : kl k2 ; ATP Collision Complex
MEaT -——> MEDbT : k3 ; ATP Isomerization
MEbT <==> MEDbDP : k5 k6 ; ATP Hydrolysis

MEbLDP --——> M + EaD + P : k7 ; Pi Release/Dissoc

M + EaD -*-> MEaD : k9 ; Mt Association (SLOW)
MEaD -—-> MEa + D : k11l ; ADP Release

[constants]

k1l = 100, k2 = 909,
k3 = 20,

k5 = 30 2, k6
k7 = 6,

k9 = 4 7,

k1l = 43

0.001,

[response]

MELDP
EaD

MEaD =
D _

e

[concentration]

MEa = 5 ? ; used microMolar concentrations
T 400
M = 6

[progress]
file ./examples/Eg5/Control/Hydrolysis/AQ400control.txt

[output]
directory

./examples/Eg5/Control/Hydrolysis/E367/Model 2005 10 31/output

[end]
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A.1.2 MteEg5 Mechanism: Fitting P; Release Data

[task]
task = fit
data = progress

mechanism = Mt-Eg5 mechanism

[mechanism]
MEa + T <==> MEaT : k1l k2 ATP Collision Complex
MEaT -—=> MEDLT : k3 ATP Isomerization
MEbT <==> MEbDP : k5 k6 ATP Hydrolysis
MEbDP -—=> M + EaD + P : k7 Pi Release/Dissoc
M + EaD -*-> MEaD : k9 Mt Association (slow)
MEaD ---> MEa + D : k11l ADP Release
[constants]
k1l = 100, k2 = 909,
k3 = 20,
k5 = 30 72, ke = 0.001,
k7 = 6 7,
k9 = 0.8 ?,
k1l = 43
[response]
P =1
[concentration]
MEa = 0.5 ? ; used microMolar concentrations
T = 50
M = 1
[progress]
offset 0.05
file ./examples/Eg5/Control/Pi Release/PR50control.txt
[output]
directory

./examples/Eg5/Control/Pi Release/E367/Model 2005 10 31/output

[end]
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A.1.3 MteEg5 Mechanism: Simulation of Acid-Quench Kinetics

[task]
task = simulate
data = progress

mechanism = Mt-Eg5-Mon mechanism

[mechanism]
MEa + T <==> MEaT : k1l k2 ; ATP Collision Complex
MEaT -—=> MEDLT : k3 ; ATP Isomerization
MEbT <==> MEDbDP : k5 ko6 ; ATP Hydrolysis
MEbDP -—=> M + EaD + P k7 ; Pi Release/Dissoc
M + EaD -*-> MEaD . k9 ; Mt Association (SLOW)
MEaD ---> MEa + D : k11 ; ADP Release
[constants]
k1l = 100, k2 = 909,
k3 = 20,
k5 = 30 2, ke = 0.001,
k7 = o,
k9 = 472,
kll = 43
[sweep]

k6 = 0.001, 100, 250, 500, 1000, 10000

[response]

Il
e

MEDbDP

EaD =

MEaD

D
[concentration]

MEa = 5 7 ; used microMolar concentrations

T = 400

M = 06

[progress]

mesh from 0 to 1 step 0.001
file ./examples/Eg5/Monastrol/Hydrolysis/AQ400mon. txt

[output]

directory
./examples/Eg5/Monastrol/Hydrolysis/E367/Model 2005 10 31/outputgood

[end]
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A.1.4 MteEg5 Mechanism: Simulation of P; Release Kinetics

[task]

task
data
mechanism

[mechanism]

MEa + T
MEaT
MEDbT
MEbDP
M + EaD
MEaD

[constants]

k1 = 10
k3 = 20
k5 = 30
k7 6,
k9 0.
k1l = 43

[response]

P =1
[sweep]

ke = 0.

[concentrati

MEa = 0.

T 5
M = 1

[progress]
mesh
offset 0.
file

[output]

directory

simulate
= progress
= Mt-Eg5-Mon mechanism

<==> MEaT : k1l k2
-—-=> MEDbT : k3
<== MEbDP : k5 ko6
-—=-> M + EaD + P : k7
-*-> MEaD : k9
---> MEa + D : k11l
0, k2 = 909,
, ke = 0.001 2,
8 2,
001, 100, 250, 500, 1000, 10000
on]
5 ? ; used microMolar concentrations

0

from 0 to 0.75 step 0.001
05

ATP Collision Complex
ATP Isomerization

ATP Hydrolysis

Pi Release/Dissoc

Mt Association (slow)
ADP Release

./examples/Eg5/Monastrol/Pi Release/PR50mon.txt

./examples/Eg5/Monastrol/Pi Release/E367/Model 2005 10 31/outputgood

[end]
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A.1.5 ApoEgS Mechanism: Fitting Acid-Quench Data

[task]
task = fit
data = progress

mechanism = apoEg5-367 mechanism

[mechanism]

Fa + T <==> EaT

EaT <==> EbT

EbT <== EbDP
EbDP -——> EbD + P
EbD —*=> Ea + D

[constants]

k1 = 100,
k3 = 1 2,
k5 = 10,
k7 = 10,
k9 = 0.1,

[response]
EbDP

EbD =
D —

I I
e

[concentration]

Ea = 0.6 ?, ; used microMolar concentrations

T = 50

[progress]

k2
k4
k6

k1l
k3
k5
k7
k9

k2
k4
k6

= 2703,
= 0.014,
= 0.001,

ATP collision

ATP isomerization
ATP Hydrolysis

Pi Release

ADP Release

file ./examples/Eg5/apoEg5/Hydrolysis/AQ50good. txt

[output]

directory

./examples/Eg5/apokg5/Hydrolysis/ModelExpt20051020/output

[end]
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A.1.6 ApoEgS Mechanism: Fitting P; Release Data

[task]
task = fit
data = progress

mechanism = apoEg5-367 mechanism

[mechanism]
Ea + T <==> EaT : k1l k2 ; ATP Collision Complex
EaT <==> EbT : k3 k4 ; ATP Isomerization
EbT <== EbDP : k5 k6 ; ATP Hydrolysis
EbDP -———> EbD + P : k7 ; Pi Release
EbD —*=> Ea + D : k9 ; ADP Release
[constants]
k1 = 100, k2 = 2700,
k3 = 0.5 7?, k4 = 0.014,
k5 = 10, k6 = 0.001,
k7 = 10,
k9 = 0.13 ?,
[response]
P =1
[concentration]
Ea = 1 ?, ; used microMolar concentrations
T = 50
[progress]
file ./examples/Eg5/apoEg5/Pi Release/PR50good. txt
[output]
directory

./examples/Eg5/apoEg5/Pi Release/ModelExpt20051018/ocutput

[end]

181



A.1.7 ApoEgS5 Mechanism: Simulation of Acid-Quench Kinetics

[task]
task = simulate
data = progress

mechanism = apoEg5-367 mechanism

[mechanism]
Ea + T <==> EaT : k1l k2 ; ATP collision
EaT <==> EbT : k3 k4 ; ATP isomerization
EbT <== EbDP : k5 ko6 ; ATP Hydrolysis
EbDP -———> EbD + P : k7 ; Pi Release
EbD —*=> Ea + D : k9 ; ADP Release
[constants]
k1 = 100, k2 = 2703,
k3 = 1, k4 = 0.014,
k5 = 10, k6 = 0.001,
k7 = 10,
k9 = 0.10,
[sweep]
k6 = 0.001, 100, 250, 500, 1000, 2000
[response]
EbDP =1
EbD =1
D =1
[concentration]
Ea = 4, ; used microMolar concentrations
T = 50
[progress]
mesh from 0 to 7 step 0.005
file ./examples/Eg5/apoEg5/Hydrolysis/AQ50good. txt
offset = 0
[output]
directory

./examples/Eg5/apoEg5/Hydrolysis/ModelExpt20051020/output

[end]
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A.1.8 ApoEgS Mechanism: Simulation of P; Release Kinetics

[task]

task
data
mechanism

[mechanism]

EFa + T
EaT
EbT
EbDP
EbD

[constants]

k1l =
k3
k5
k7 =

k9 = 0

[sweep]

k4 = 0.
[response]

p =1
[concentrati

Ea =
T

[progress]

mesh
file

[output]

directory

./examples/Eg5/apoEg5/Pi Release/ModelExpt20051020/ocutput

[end]

= s
p

<==>
<==>
<==
———>
—* >

100,
10,

10,
.10,

014,

on]

1,
50

imulate
rogress

apoEg5-367 mechanism

EaT

EbT

EbDP

EbD + P

Ea + D
k2
k4
ko6

10, 25, 50, 100, 200

k1l
k3
k5
k7
k9

k2
k4
k6

2703,
0.014,
0.001,

; used microMolar concentrations

from 0 to 15 step 0.005

ATP collision

ATP isomerization
ATP Hydrolysis

Pi Release

ADP Release

./examples/Eg5/apoEg5/Pi Release/Pi50good. txt
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