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The Kinetic Characterization of the Weakly Processive Motor, Dimeric Eg5/KSP
Troy Christopher Krzysiak

University of Pittsburgh, 2007

The Kinesin-5 subfamily of the kinesin superfamily of molecular motors has been shown to play
an integral role in the transfer of genetic material from mother-cell to daughter-cell. These
homotetrameric kinesins function by crosslinking two microtubules in the mitotic spindle and
imparting a force necessary to both assemble and maintain the spindle. The purpose of this
dissertation has been to gain a better understanding of how Eg5/KSP, a member of the Kinesin-5
subfamily, coordinates the biochemical activities of its motor domains, to fulfill its cellular role.

This dissertation focuses on a truncation of the human Eg5 gene that produces a dimeric
motor. Analysis of this motor has indicated that the two motor domains, which interact with the
same microtubule, function cooperatively. In some respects, dimeric Eg5 resembles
conventional kinesin. Both motors are capable of translocating along the microtubule by taking
successive steps before dissociating. To achieve this phenomenon, both motors couple the
turnover of a single molecule of ATP to each advancement while maintaining the two motor
domains out of phase through alternating catalytic cycles. Also, both motors have their stepping
gated by ATP binding.

The mechanistic commonalities between dimeric Eg5 and conventional kinesin, however,
do not reach beyond a similar mechanism of stepping. This work has uncovered a novel
biphasic, microtubule associated mechanochemical cycle. Dimeric Eg5 is the first kinesin
known to begin the microtubule associated phase of its ATPase cycle with both motor domains
associated with the microtubule. Furthermore, the transition to this two-motor-domain-bound



state is the slow step governing steady-state ATP turnover. This slow transition only occurs once
in the cycle and prior to processive movement. During processive movement, the catalytic step
governs the rate of motor stepping. Dimeric Eg5 is also the first kinesin motor to have a rate-

limiting catalytic step.
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PREFACE

I guess the best way to sum up graduate school is that nothing was the way I had expected it to
be. I don’t mean this in necessarily a bad way, but the process of science is much different than
it appears as an undergrad. As an undergrad you learn science predominantly from text books
and assume/believe what you are reading about is fairly well understood and/or widely accepted.
It never ceased to amaze me how little people agree in the various fields of scientific research
and how many processes have a huge “magical” component to them. I suppose it is just the
nature of the practice that when you work with extremely complicated microscopic and
submicroscopic systems, it is impossible to directly examine an object in a truly direct way as is
possible in the macroscopic everyday world. A mechanic can figure out how a new engine
works by taking it apart with their hands and seeing what happens with their own eyes if a
particular part would be removed. In science, everything is a shadow-game. By this [ mean that
nothing is ever truly directly examined without one complication or another. It is these
complications that lead to multiple possible interpretations resulting from every experiment. If
anything this is the double-edged-sword of science. It is great in that a researcher can have a
seemingly endless supply of avenues to take when experiments give unexpected results, but bad
in that everyone has a tendency to get so wraped up in their particular models and doggedly

defend them well beyond reason.
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On a slightly related note, I thoroughly love the scientific breakthrough press releases
detailed on the evening news. The general public just gets told so much junk based off of
preliminary or predominantly circumstantial evidence. It is no wonder that the general public
has such little understanding of the way things really are.

Well, enough of my perspective on things. If anything, my perspective usually gets me in
trouble. As my Mom always would tell me before we would go somewhere with people out of
the immediate family: “Now don’t give anyone your opinion because they really don’t want to
hear it.” This then leads me in to the people that I need to thank for various things during the
course of this dissertation.

First and foremost I need to thank my family; Mom, Dad, Sean (Bonz), Pap, and Gram.
If I would go on and list all the things that they do for me or have done for me it would make
whomever is reading this jaw drop. I would probably need to double the size of this dissertation
to list all of them. Not many graduate students get to begin grad school with their own
townhouse. You can’t beat going home to your own nice house instead of some cruddy, old,
overpriced, apartment that most gradstudents are stuck with. I even had tons of help keeping it
nice. My Mom and Gram spent countless hours helping me clean and take care of it. Really, my
Mom has always just done so much for me. She has always gone out of her way to do everything
and anything for me so that my life could always be as convienient as possible. My Mom is the
best.

Next in line would be the Boss, Susan. On the core course third module exam I got an
invitation to rotate in the lab and it turned into this document. We have certainly argued over our
fair share of scientific data over the last four years but it was obviously all for the best. I have

been thinking for a while about what is the most important thing I have learned over the last four
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years and what I came up with basically led to some of the more important point in this
dissertation. At times when experimental data has given results so much different than what I
would have predicted it was imensly beneficial to try experiments that had worked in the past
from a different angle.

Along these same lines, I need to thank my thesis committee: Jeff Brodsky, Roger
Hendrix, Mike Ostap, and Bill Saunders. For the duration of this project they have taken the
time to critically evaluate my project and make sure I am accomplishing as much as possible.

The next group of people I need to thank are all the people I have worked with in the
Gilbert lab. I couldn’t have been luckier in getting Jared and Lisa as fellow grad students and
friends. Jared and I basically conqurered Eg5 together. Every morning we would have Eg5
project meeting time as we cycle microtubules. It is amazing, some of the ideas we came up
with, and how those ideas turned out to be true; well as true as anything can be in science. Lisa,
what can I say, you were my best friend, my twin, and someone I will always be very close too.
Being nonbiological twins we don’t look alike but we always had the ESP connection and would
finish each others sentences all the time. As I promised, when I have kids one day I will have
them call you Aunt Lisa.

Of course, as lab personel continually changes, there are plenty of people that impact
your life. Dave, it was great having someone in the lab with the same interests as me. Nothing
beats the way Lisa would describe us when we would talk about video games and such: “Oh you
boys.” You’re a good friend. Vince, I'm glad you came to the lab. It has been definitely fun
having a lab of you, me and Dave. Good luck up in Troy, NY. Karen, Yuan Yuan, Amy Ewing,

Brian, and Karli, everyone I have trained to do kinetics at some point or the other, trying to teach

XVvi



you guys things taught me a lot about both kinetics, conveying a message, and (not to name any
names) to make sure the person you are training isn’t blowing something up. Ha!

The last person I need to thank is Amy Mucka. As everyone that knows me is aware, |
think I know everything. For one of the many reasons that you have become as special to me as
you are, you also think that you know everything. I love the fact that you are able to challenge
me and on occasion point out that I am not entirely correct. Coupling that with the fact that we
enjoy just about all the same things results in the role you have played in my thesis. For the last

year you have been the person that makes me excited. For what? Well, just about anything.

To sum up grad school: I am so glad this is all finally over!
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1.0 INTRODUCTION

While the definition of what makes a particular entity alive is not a settled matter, all definitions
of a “living” organism involve it possessing the ability to reproduce. At the core of reproduction
is the accurate passage of genetic material to the offspring. For this to happen, two things must
occur: the accurate replication of DNA and the exact segregation of the duplicated genome into
the offspring. Both processes occur because there are proteins capable of producing a force that
will mechanically drive the process. By studying these molecular motors it should be possible to
learn what events are crucial to the fidelity of these processes and how science can manipulate

them to correct imbalances caused by disease.

11 MITOSIS

Looking at the cell cycle as a whole, it seems that the amount of time devoted to performing cell
division, 5% of the total cell cycle, would indicate that it is a rapid and rather simple process. On
the contrary, successful cell division putatively requires the coordination of 200-800 proteins in a
massive apparatus called the mitotic spindle [1, 2]. There are also several checkpoint
mechanisms to ensure that the process results in two daughter cells with a complete copy of the

genome [3-10].



Mechanically speaking, the mitotic spindle has two main components, microtubules and
motor proteins, that allow for the physical alignment of the genetic material and its subsequent
separation into the cell poles [11-19]. Physically, the spindle is an interdigitating mesh of a
noncovalent protein polymer called microtubules. This mesh is maintained through interaction
with motor proteins from the kinesin and dynein superfamilies. These motors provide a way for
the microtubules to connect to other objects in the spindle, such as the DNA, as well as remain
focused in a structure competent for separating the genetic material. These motor proteins are
not just static glue holding the spindle together, but are, more importantly, a way for the cell to
both maintain and modulate the force balance within in the spindle, allowing for spatiotemporal

control over necessary rearrangements.

1.2  MICROTUBULES

Microtubules are a very dynamic structural element in eukaryotic cells (Figure 1.1). As their
name suggests, microtubules are long hollow cylinders approximately 25 nm in width and can be
many microns in length [20]. These tubes form from the polymerization of af3-tubulin
heterodimers in a head-to-tail fashion [20, 21]. Initially, heterodimers come together to form
linear protofilaments which will laterally interact with other protofilaments to form the final
cylinder [22]. Microtubules have been seen to posses 8-19 protofilaments, however, most
contain 13 protofilaments in vivo [20, 23-25]. Because the individual protofilaments are formed
in a head to tail fashion, there is an intrinsic polarity to the microtubule with one end being
capped by the B-tubulin subunit, termed the plus-end, and one end capped with the a-tubulin
subunit, termed the minus-end [20, 22, 26-29]. This structural polarity directly contributes to the

2



dynamics of the microtubule with the net rate of subunit addition being faster at the plus-end
[30]. Furthermore, while both tubulin subunits bind GTP, only the B-tubulin subunit is capable
of hydrolyzing bound nucleotide [31-34]. In vivo, the minus-end of the microtubule is generally
anchored in another protein structure leaving the plus-end as the dominant source of dynamics
[35]. While heterodimers with GTP bound at the -subunit are being added on, the microtubule
is stable, however, when the GTP cap is lost due to hydrolysis, the individual protofilaments will

begin to curve outward and a rapid phase of depolymerization, called catastrophe, will ensue [34,

36-42].

B-Tubulin

Protofilament Microtubule
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Figure 1.1 The Microtubule Polymer

Figure 1.1 is an adaptation from [43] using the aff-Tubulin heterodimer crystal structure from
[44]. Microtubules are polar polymers formed by the initial interaction of the a-subunit of one
tubulin heterodimer with the B-subunit of another tubulin heterodimer to form a linear
protofilament. Lateral contacts made between several protofilaments induce the formation of
hollow, cylindrical microtubules.



Functionally, microtubules serve several purposes in the cell. At all points in the cell
cycle, microtubules serve as the roads for motor proteins in the kinesin and dynein superfamilies
as they transport various cargos [45-47]. During mitosis, microtubules become akin to the actin
filaments of muscle; they become the intermediary through which various motor proteins are
able to separate the two spindle poles. Microtubule dynamics are greater during mitosis [33, 48-
50] and play an important role in the search and capture of the paired chromosomes and their
proper alignment [20, 51-53]. After proper alignment of the chromosomes occurs, it is the
depolymerization of those microtubules attached to the kinetochores of the chromosomes that

drives the separation of the homologous pairs and their localization to the two cell poles [54-57].

1.3 FAMILIES OF MOLECULAR MOTORS

Molecular motors are a class of enzymes that transforms the chemical energy stored in a small
molecule or concentration gradient into mechanical energy. In some cases the result is the
translocation of the protein along a filament, i.e., cytoskeletal motors, polymerases, and
helicases, and in others, it is a stationary conformational change to force a small molecule
against a concentration gradient, e.g., V-ATPases.

There are three families of cytoskeletal motors (Figure 1.2): the actin based myosins, the
kinesins and the dyneins, both of which are microtubule based. Within each family, members
share a 30-50% amino acid sequence identity in their enzymatic globular domains, termed motor
domains [58]. All three families of motors are ATPases, and function by imparting a force on
their protofilament partner. Each superfamily has developed a unique mechanochemical cycle

with respect to how ATP modulates motor behavior; however, each mechanism is able to

4



produce both processive and nonprocessive motors. The ability to be processive, literally to take
multiple steps along the appropriate filament, or nonprocessive is crucial to the various functions

each motor performs.

Microtubule Based Motors Actin Based Motors

Kinesin-1 Dynein

Myosin V

Figure 1.2 The Three Families of Cytoskeletal Motors

Figure 1.2 is a cartoon adapted from [59], depicting representative members of the three families
of cytoskeletal motors, kinesins, dyneins and myosins. The motors are not drawn to scale. With
regard to Kinesin-1, KHC and KLC stand for Kinesin heavy chain and Kinesin light chain
respectively. With regard to Dynein, the 4 AAA containing domains with P-loops are in green
and red with red representing the domain acting as the primary site of the ATP hydrolysis. The
light blue oval represents the non-AAA density in the dynein motor domain ring. With regard to
Myosin V, the jagged yellow region represents the lever arm.

1.3.1 Dyneins

Dyneins are one of the two families of microtubule-based motor proteins. In comparison to the

other families of cytoskeletal motors, they are extremely large proteins with the dynein heavy



chain mass ~520 kDa and a molecular mass of up to 2 MDa [60]. There are two broad
classifications of dynein motors based on their subcellular localization, axonemal or cytoplasmic,
and 7 subclassifications [61]. Axonemal dynein motors, Dynein-3 through Dynein-7, are either
monomeric, heterodimeric, or heterotrimeric motors that are responsible for generating the
oscillatory motion of cilia and flagella [60, 61]. Cytoplasmic dynein motors, Dynein-1 and
Dynein-2, are homodimeric motors responsible for the retrograde transport of cargo during
interphase [60, 61]. During mitosis their role shifts to a more structural one as they are
responsible for focusing microtubules at the spindle poles as well as functioning in the
attachment of astral microtubules to the cell membrane [61].

While being one of the earliest known motors, there is much less known about dynein
mechanistically, than any other cytoskeletal motor. The size of the motor has contributed to the
difficulty of studying dynein, however, the motor is also highly complex. Dynein is a member of
the AAA+ (ATPases associated with various cellular activities) superfamily which is comprised
of multisubunit ATPases that form ring like structures [60, 62, 63]. The motor domain of
dynein, is a ~380 kDa ring composed of 7 distinct domains with 6 AAA domains; 4 of which
have been shown to bind ATP and only one acts as the primary site of ATP hydrolysis [60, 62-
66]. Functionally the four AAA domains that bind ATP are highly cooperative and modulate the

motors interactions with the microtubule and response to an applied load [60, 62, 67, 68].

1.3.2 Myosins

Myosins are the actin-based family of molecular motors. There are 18 classes of myosin motors
that function as monomers, homodimers, or much higher order oligomers [69]. This family of
motors was originally identified for their role in muscle contraction but also play important roles
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in cell locomotion, membrane trafficking, signal transduction, transcription, and vesicular
transport [70-72]. Unlike the dyneins, the myosins are evolutionarily related to G-proteins
instead of AAA+ ATPases [58, 73, 74].

Generally speaking, there is a good deal of knowledge on the ATPase cycle of these
motors. There are both processive and nonprocessive myosins, which are mechanistically
defined by the event that slows their ATPase cycle [75]. Most myosin motors, the only known
exclusion being Myosin IXb [76], will dissociate from the actomyosin complex upon the binding
of ATP. These motors will hydrolyze the ATP when detached actin, and rebind to the filament
with the products ADP and P; at the active-site [77-81]. The transition to tight binding is caused
by the release of P; resulting in a motor in the ADP bound state [77-81]. For myosins such as
Myosin II that spend the majority of their cycle detached from the actin filament, the ATPase
cycle is dominated by having the slowest step in the cycle occur upon association with the actin
filament, i.e. P; release [77-81]. For the processive myosins like Myosin V and VI, the release of
P; is rapid but the release of ADP is slowed, elongating the duration of the time the motor is

bound to its filament partner [82-91].

1.3.3 Kinesins

Kinesins are probably best known for their role in intracellular transport since the founding
member, conventional kinesin or Kinesin-1, was demonstrated to carry vesicles long distances
down the axon in neurons [92-94]. The kinesin superfamily has grown substantially in the last
two decades (Figure 1.3) and now comprises 14 subfamilies and a group of unclassified kinesins
called Orphans [95]. Amongst these motors are monomers, homodimers, heterodimers with two

catalytic motor domains, heterodimers with only one catalytic motor domain, heterotrimers,
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heterotetramers and homotetramers [96]. Kinesins are also grouped into three broad classes
based on the location of their motor domain in the peptide sequence [97]. The Kin-N motors,
Kinesin-1 through Kinesin-12 subfamilies, have their motor domain located at the N-terminus
and either walk or direct their force vectors to the plus-ends of microtubules. Kin-C motors, the
Kinesin-14 subfamily, have their motor domain located at the C-terminus and walk or direct their
force vectors to the minus-ends of microtubules. There are also Kin-I motors, the Kinesin-13
subfamily, that have their motor domains located in the middle of the protein sequence. These
motors do not demonstrate any motor driven movement and instead use a diffusive mechanism to
translocate along the microtubule until they reach their intended binding site at the microtubule
ends [98, 99]. All this diversity in the kinesin superfamily has not evolved to have a different
motor carry a different cargo; that role is often carried out by adapter proteins called light chains
[100-103]. Besides playing a role in transport, kinesins have been demonstrated to play
important roles in modulating microtubule dynamics, chromosome segregation, and ensuring the

fidelity of the mitotic spindle [104-115].
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Figure 1.3 is the latest depiction of the Kinesin superfamily containing 14 subfamilies and a
The tree is originally presented in [95] and
can be obtained at the Kinesin Home Page, www.proweb.org/kinesin.

group of unclassified Kinesins called the Orphans.




Members of the both the Kinesin-13 and Kinesin-14 subfamilies have been demonstrated
to posses the ability to modulate microtubule dynamics by promoting depolymerization [98, 113,
116-122]. The Kinesin-13s are mitotically active Kin-I motors that use their ATPase mechanism
to peel apart a microtubule’s protofilaments and induce the rapid depolymerization, catastrophe,
of microtubules that are improperly attached to kinetochores [98, 116-122]. The Kinesin-14s,
Kin-C motors, also have the ability to depolymerize microtubules, however, they appear to
function by a different mechanism than that of the Kinesin-13s [113, 123]. Furthermore, while
the ability to depolymerize microtubules has been seen in all Kinesin-14s examined, only one
family member, Kar3, has a biological role, karyogamy in budding yeast, associated with its
depolymerization ability [113].

The importance of Kinesins to the mitotic spindle does not end with their ability to
depolymerize microtubules. There is increasing evidence that kinesin motors are the linkages
between the chromosomes and the microtubules [105, 124-132]. One of these linking motors, an
Orphan Drosophila melanogaster motor called Nod has been seen to actively facilitate the
polymerization of microtubules [112]. The most important role for kinesins in the mitotic
spindle, however, comes from their ability to slide microtubules towards either the plus-end or
the minus-end. The plus-end-directed Kinesin-5s and the minus-end-directed Kinesin-14s
generate opposing forces that maintain a balance in the spindle, allowing it to both assemble and
maintain its structure [11, 14, 109, 133-137]. The Kinesin-5s are absolutely crucial to the
fidelity of chromosome segregation, because a loss of their function results in a loss of spindle
bipolarity and will induce the cell to apoptose [7, 8, 138].

Though the kinesins are microtubule-based motors, they are more closely related to the

myosins and G-proteins than dyneins [58, 73, 74, 139, 140]. Structurally, a kinesin motor is
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predominantly 8 [B-sheets sandwiched between 6 a-helices [58, 141]. While not showing any
sequence homology to myosins or resembling myosins in overall morphology, kinesins can be
aligned with myosins based on the P-loop. All a-helices and 7 of the 8 B-sheets of the kinesin
motor domain align in the region of the myosin motor domain containing the active-site [58].
There are also two highly conserved regions in this -sheet sandwich termed Switch-I and
Switch-II that alter their position depending out the presence of nucleotide at the active-site in an
effort to coordinate the attack of a water molecule on the y-phosphate of ATP [58, 73, 74, 139-
142]. The gross morphological differences between the two motor families can be related to
insertions that each family utilizes as their filament binding domains [58]. Mechanistically ATP
has the opposite effect on kinesins as compared to myosins; instead of promoting dissociation of
the motor from the filament, the ATP bound state is a strong microtubule binding state for the

kinesin [143-147].

1.4  THE ATPASE CYCLES OF CONVENTIONAL KINESIN AND NCD

Prior to this dissertation there were only two homodimeric kinesin motors, conventional kinesin
and Ncd, with highly characterized mechanochemical cycles. While conventional kinesin is a
highly processive motor [148-151], Ncd is not processive [152-158]. Furthermore, the direction
of motion by these two motors is reversed; conventional kinesin walks towards the plus-end of
microtubules [92, 159] while Ncd is a minus-end directed motor [160, 161]. Nevertheless, the
mechanisms of the two motors share several similarities. Following the initial collision with the
microtubule, both motors initially interact through only one of the two motor domains [147, 162-

171]. The motor domains of both motors display cooperativity: events need to occur on one of
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the motor domains before they can occur on the other motor domain [156, 162, 168, 172-174].
Also, the ATP bound state, while a tight microtubule binding state [165], is transitory for both
motors as rapid ATP binding is followed by rapid ATP hydrolysis [143, 150, 156, 158, 172, 174-
182]. It is the positioning of the slow step in the reaction that has apparently determined why

one motor can take multiple steps along the microtubule and why one cannot.

1.4.1 Conventional Kinesin

Key to processive motion by conventional kinesin is its ability to keep both motor domains from
being in the same biochemical state [183-191]. Both motor domains have ADP tightly bound to
the active-site off of the microtubule and appear biochemically indistinguishable from each other
[174, 176, 192]. However, a recent study by Alonso ef al. has suggested that the conformation of
the motor might bias the abilities of the motor domains to interact with microtubules [193].
Upon association with the microtubule a structural and biochemical asymmetry between the two
motor domains is present: only one motor domain will interact sufficiently with its binding site
to cause the release of bound ADP (Figure 1.4 state 1) [162, 168, 170, 172]. ATP binding to the
motor domain associated with the microtubule occurs (Figure 1.4 state 2). This necessary to
trigger a conformational change, docking of the neck-linker (see Chapter 1.6 and Figure 1.8),
which causes the second motor domain to interact with its binding site [168, 172, 193, 194] on
the next B-tubulin subunit, 8§ nm in front of the bound motor domain (Figure 1.4 state 3) [195-
197]. The bound ADP can now be release from this “Head-2.” Hydrolysis of the ATP bound to
“Head-1,” the rearward motor domain, rapidly occurs leaving Head-1 with ADP*P; on its active-
site and Head-2 nucleotide-free (Figure 1.4 state 4). The release of P; occurs from Head-1 while
it is still associated with the microtubule leaving that motor domain weakly bound to the
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microtubule in the ADP state [190]. Dissociation of Head-1 occurs leaving the motor in an
identical position to how it began the microtubule associated part of its mechanochemical cycle
(Figure 1.4 state 6). It is important to point out that the alternation between which motor domain
is tightly bound to the microtubule is made possible, in part, by the position of the slow step in
the mechanism. The slowest step in the ATPase cycle, the release of P;, occurs after the motor
domain that was previously detached from the microtubule, associates with its new binding site
[190]. If a slow step did not guard the dissociation of the rearward head from the microtubule,
there would be a race between two rapid steps in the cycle, dissociation and ADP release, to
determine whether the motor stays attached to the microtubule and completes a step or enters a
state where both motor domains are weakly bound to the microtubule favoring dissociation of the

entire motor from the microtubule.
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Figure 1.4 Conventional Kinesin ATPase Cycle

Figure 1.4 depicts the established ATPase cycle of conventional kinesin adapted from [190].
Conventional kinesin initially interacts with the microtubule through only one motor domain (1),
labeled 1 in the figure. ATP binding to that motor domain (2) triggers neck-linker docking (3)
(discussed elsewhere) and the release of ADP from the second motor domain (4), labeled 2 in the
figure. Hydrolysis of the bound ATP to Head-1 occurs and the interactions of Head-2 with the
microtubule strengthen (5). Following P; release, ADP is present on Head-1 and the motor
domain will dissociate from the microtubule; however, Head-2 is tightly associated with the
microtubule (6). ATP can now bind to Head-2 and the cycle will repeat (7). Motor domains that
are nucleotide-free are in white, ATP bound are in red, ADP bound are in blue, and ADP<P;
bound are a gradient of red.
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142 Ncd

The ATPase cycle of Ned is more controversial than that of conventional kinesin (Figure 1.5).
There is general agreement that the motor will initially rapidly associate with the microtubule
and release bound ADP from only one of the two motor domains [156, 174]. The microtubule
bound motor domain binds ATP rapidly [156, 158, 174, 180, 182] and undergoes a
conformational change directing the unbound head towards the minus-end of the microtubule
[166, 193]. ATP hydrolysis is rapid [156, 158, 174, 180, 182], and there is a general consensus
that the motor domains dissociate from the microtubule in the ADP+P; state [173]. Functionally,
the motor’s force production is believed to occur in a lever arm mechanism like many myosins
[171, 198]. The ADP states are the more controversial points.

In the Pechnatikova and Taylor model [156], the rate of ADP release upon the initial
collision with the microtubule is considered to be the rate-limiting step in the mechanism. After
releasing ADP, the motor domain attached to the microtubule will proceed through its ATPase
cycle and rapidly dissociate from the microtubule in the ADP+P; state (Figure 1.5 states 1-4).
Unlike conventional kinesin, the second motor domain does not bind to the microtubule and the
entire motor is dissociated from the microtubule (Figure 1.5 state 5P). The motor will then
rebind to the microtubule using the partner motor domain (Figure 1.5 state 6P). The authors
concluded that the entire cycle of one motor domain is roughly twice as fast as steady-state ATP
turnover, and the observed steady-state rate could be achieved through the alternation of
enzymatic cycles by the two motor domains.

In the Foster, Mackey, and Gilbert model [174, 182], the release of ADP from the first
motor domain to associate with the microtubule is rapid with respect to the cycle. Unlike in the

model of Pechatnikova and Taylor, the teathered motor domain, “Head-2,” is able to interact
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with the next tubulin binding site prior to the complete dissociation of the motor from the
microtubule (Figure 1.5 state SF). Release of ADP bound at the second motor domain is rate-
limiting in the cycle (Figure 1.5 state 5F), and the entire motor will dissociate from the
microtubule upon formation of ADPeP; at its active-site (Figure 1.5 state 9F). In this model
dimeric Ncd is proposed to hydrolyze two molecules of ATP per 8 nm advance of the motor and
then dissociate. An unresolved aspect of this model, though, is the means by which Ncd would
be able to essentially take one step before motor dissociation. Cryo-EM (electron microscopy)
studies have been able to capture conventional kinesin bound to the microtubule using both
motor domains in the presence of AMPPNP, consistent with models of processive motion [199,
200]. Unlike conventional kinesin, the simultaneous interaction of both Ncd motor domains with
the microtubule has not been observed in either the ADP, nucleotide-free, or AMPPNP (ATP-

like) states [169, 198, 200, 201].
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Figure 1.5 ATPase Cycle of Ncd

Figure 1.5 depicts the two models for the ATPase cycle of Ned. Species particular to the model
of Pechatnikova and Taylor [156] are on the left and species particular to the model of Foster et
al. [174] are on the right. The species in the middle column are shared between the two models.
The artistic representation of the Ncd dimer is an adaptation from [198]. PLEASE NOTE, THE
MOTOR DOMAIN DRAWN SMALLER IS NOT TO BE CONSIDERED ASSOCIATED
WITH THE MICROTUBULE. Ncd initially interacts with only one motor domain (1), labeled 1
in the figure. ATP binding to Head-1 (2) causes a power-stroke towards the minus-end of the
microtubule (3). ATP will be hydrolyzed on Head-1 (4). In the model of Pechatnikova and
Taylor, the entire motor will dissociate from the microtubule when the ADP+P; state is reached
on Head-1 (5P). Ncd will then reassociate with the microtubule using its other motor domain,
labeled 2, and have ADP bound to Head-1 (6P). Head-2 then proceeds through ATP binding
(7P), the power-stroke (8P), ATP hydrolysis (9P) and dissociates in the ADPe<P; state as did
Head-1 (10P). In the model of Foster et al., the presence of ADP+P; on Head-1 (4) only causes
Head-1 to dissociate from the microtubule but Head-2 will be bound to the microtubule at the
next binding site. The ADPeP; state is proposed to be maintained on Head-1 while Head-2
proceeds through its catalytic cycle (SF-8F). The entire motor will only dissociate from the
microtubule after the ADPeP; state is reached on both motor domains (9F). Motor domains that
are nucleotide-free are in white, ATP bound are in red, ADP bound are in blue, and ADP<P;
bound are a gradient of red.

15 EG5/KSP

Eg3, also known as KSP (kinesin spindle protein), is a homotetrameric motor in the Kinesin-5
subfamily [202, 203]. These homotetramers have long been hypothesized to be formed through
the antiparallel coiled-coil interactions of two dimers oligomerized through parallel coiled-coil
interactions. While this has not been explicitly verified, evidence from the fusion yeast Kinesin-5
motor Cin8p [204] and work in this dissertation involving human Eg5 [205] would suggest this
assumption is accurate. Kinesin-5 motors function predominantly in mitosis and meiosis.
During interphase their expression is repressed, however, in late G2 the expression is up
regulated and the protein localizes to the cytoplasm [206, 207]. At the C-terminus, there is a

globular regulatory domain containing a conserved phoshorylation site among all Kinsen-5
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members termed the BimC box after the founding member, BimC (blocked in mitosis) from
Aspergillus nidulans [208]. Once the threonine in the BimC box gets phosphorolated by p34°/®
kinase, the motors become targeted to the spindle microtubules [209-211]. Though this
regulatory mechanism is present in higher organisms, mutation of the conserved threonine in S.
pombe homologue Cut7, does not prevent motor localization to the spindle microtubules or cause
abnormal cell growth [212]. In the spindle, Eg5 will crosslink two microtubules (Figure 1.6) and
slide them against each other [109, 203]. This function is initially necessary for separation of the
two centrosomes to occur and continued activity is necessary to maintain spindle bipolarity prior
till anaphase B [111, 135, 206, 210, 213-220]. When Eg5 function is blocked, the bipolar
spindle will either not assemble or if blocking occurs after assembly, the spindle will collapse
into a monoaster. This phenotype can be rescued if cytoplasmic dynein function is also inhibited
[213, 216, 221]. Inhibition of Eg5 after anaphase B does not have an effect on spindle bipolarity,
however, the overlapping microtubules, that link the two daughter cells during cytokinesis,

appear shorter, though they do not compromise cytokinesis [206, 222].
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Figure 1.6 Eg5 in the Mitotic Spindle

Figure 1.6 is the model of Sharp et al. [109] depicting the Eg5 homologue from Drosophila
melanogaster, KLP61F, cross-linking and sliding two microtubules in the mitotic spindle. B, C
An enhancement of Eg5 cross-linking two parallel microtubules, microtubules with their plus-
ends pointing in the same direction, and two antiparallel microtubules, microtubules with their
plus-ends pointing in opposite directions, respectively.

Being the lynchpin of mitosis, Eg5 has become an intriguing target for chemotherapeutic
agents in cancer treatment. At present there are several specific Eg5 inhibitors that bind to an
allosteric site on the motor domain [217, 223-239]. These inhibitors target a particular loop
[240-242], loop LS5, in the Eg5 motor domain that is longer than in other kinesin superfamily
members [243]. Crystallographic, FRET (fluorescence resonance energy transfer), and kinetic
evidence would suggest that these inhibitors, in the presence of nucleotide, cause a decrease in

the mobility of loop L5 and leave the motor in a state not competent for generating force [244-

247]. However, the motor has not lost its ability to bind microtubules. Immunostaining
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indicates that homotetrameric Eg5 can still localize to the microtubules (Figure 1.7) in the
presence of the inhibitor [218]. Microtubule pelleting experiments using monomeric Eg5 motor
domains has indicated that while the inhibitor weakens the affinity of the motor domain for the
microtubule, formation of a microtublesmotor complex does occur [248]. Prior to work in this

dissertation, there wasn’t a structural model of how microtubule association could occur without

force generation.

Figure 1.7 Inhibition of Eg5 Function

Figure 1.7 is a reconfiguration of a figure from Kapoor and Mitchison [218]. 4, B display a
normal bipolar spindle with the chromosomes lined up along the metaphase plate while C, D
display the monaster that results from the addition of the Eg5 inhibitor, monastrol, to spindles
formed from Xenopus egg extracts. B, D display antibody staining for Eg5 while 4, D display
the merge DNA, rhodamine labeled microtubules, and the a-Eg5 antibody.

1.5.1 Monomeric Eg5 Motor Domains

The vast majority of the mechanistic information on Eg5 has come from work using momomeric
motor domains. Kinetically speaking, monomeric Eg5 appears very similar to monomeric
conventional kinesin motor domains. Both associate with the microtubule rapidly, release ADP

rapidly upon association, bind ATP rapidly, hydrolyze ATP rapidly, and hit the rate-limiting step
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with the kinetically coupled release of P; to the dissociation of the motor domain from the
microtubule [146, 177, 179, 181, 249-251]. While mutational analysis has suggested that P;
release is the rate limiting step for conventional kinesin [190], comparable work to decouple P;
release and microtubulesmotor complex dissociation has not been performed for Eg5. It is
interesting that monomeric Eg5 motor domains, more closely resemble conventional kinesin with
regards to having tight microtubule interactions and a rate-limiting step coupled to dissociation
from the microtubule instead of a fellow spindle motor, Ncd, that displays very weak
microtubule interactions and a rate-limiting step occurring upon microtubule association [180,
182].

Off of the microtubule, monomeric Eg5 provided an important tool to study how
microtubules modulate kinesin motors. All kinesins release ADP much more slowly off of the
microtubule and this in conjunction with the copurification of ADP with kinesin motors has
made it difficult to study kinesins without their filament partner [176, 192, 252, 253].
Furthermore, both conventional kinesin and Ncd are unstable in the absence of nucleotide, which
has thwarted attempts to begin analyses in a nucleotide-free state [175, 176, 180, 252]. Eg5 is
the only kinesin known at present that is stable in the nucleotide-free state and can be purified in
mg quantities [246]. Two very interesting results came of this work: (1) the microtubule not
only accelerates the ATPase cycle by increasing the rate of ADP release but also enhances the
rate of ATP binding, and (2) the microtubule limits the potential conformations of the motor
domain such that a productive ATPase cycle is favored. To expound on (2), it was seen that
within a population of monomeric Eg5 motor domains, the entire population was capable of
binding ATP with the same relative affinity for the nucleotide; however, a fraction of the

population was either in or entered into a state that did not support the hydrolysis to ADP<P;.
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1.5.2 Tetrameric Eg5

Mechanistically, very little is known on how the homotetramer physically coordinates its four
motor domains to slide two microtubules. Work with Xenopus laevus egg extracts indicates that
the motor will localize along the length of the spindle placing the motor in contact with both
parallel (microtubules with the plus-ends facing in the same direction) and anti-parallel
(microtubules with the plus-ends facing opposite directions) microtubules [109, 209, 218, 254].
This would place the motor in situations where it would either have all four motor domains
walking in the same direction, the parallel case, or two motor domains walking in one direction
and the other two walking in the other direction, the anti-parallel case (Figure 1.6). In vitro
microtubule sliding experiments suggest that Eg5 can slide microtubules in both cases [255].
This would imply that the motor has a sensing mechanism for the orientation of one microtubule
in relationship to the other. The exact basis of this is unknown at this point as well as how the
motor might change its behavior depending on the orientation of the microtubules.

With regards to motility, Eg5 exhibits two different phases of motility. There is motor
powered movement that is processive, akin to the way conventional kinesin takes multiple steps
along the microtubule [149], and a one dimensional diffusional component initially observed to
be utilized by the Kin-Is [98, 99] as they rapidly move along the microtubule in search of the
microtubule end [256]. The nature of the diffusive movement appears to be tied to having ADP
bound to the motor domains as the Eg5 inhibitor monastrol, which has been shown to stabilize
the ADP bound state of monomeric Eg5 motors [248, 257], appears to promote this type of
movement [245, 256]. From present published work on the homotetramer, it is unclear as to
what causes the change from motor powered to diffusive movement and vice-a-versa, let alone

the mechanism for accomplishing the switch. The work presented in this dissertation on a
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dimeric Eg5 motor; however, proposes a suitable mechanism for the switch from motor driven to

diffusional movement.

1.6 KINESIN MOTOR DOMAIN STRUCTURE

At present, there are 47 structures of kinesin family members in the protein data bank
(http://www.pdb.org/pdb/home/home.do). As more structures of kinesins belonging to the
various subfamilies are being determined, the subtle features corresponding to the cellular
function of the motor are becoming clearer; however, more often than not, the relevance of a
flexibility change caused by a particular insertion or deletion (the mobility comparison is made
to conventional kinesin) is unknown. One feature of kinesin motors with a breadth of literature
is the nucleotide binding pocket, which is similar among all known kinesins as well as myosins
and G-proteins [58, 73, 74, 139, 140, 142, 258, 259]. There are four conserved motifs, N-1
through N-4, that contribute to the binding of nucleotide and its proper alignment for the
nucleophylic attack of a water molecule on the y-phosphate. One of these regions termed the P-
loop (N-1), is a Walker A motif with a concensus sequence of GXXXXGKS/T with X
representing any amino acid. This region is important for binding the oxygens of the 3 and y-
phosphates of ATP. Region N-4 coordinates with residues at the end of the P-loop to bind the
adenosine base. Regions N-2 and N-3 are more commonly called Switch-I (NXXSSR) and
Switch-1I (DXXGXE) respectively. A conserved serine of Switch-I and the conserved glycine of

Switch-II hydrogen bond to the y-phosphate of the bound nucleotide causing larger scale

conformational changes in these regions and their associated clusters. In the presence of a y-
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phosphate, the arginine of Switch-I and the glutamate of Switch-II form a salt bridge and
coordinate the nucleotide-bound magnesium atom.

Besides helping to coordinate the nucleotide at the active-site, Switch-II is also crucial in
relaying the nucleotide bound state of the motor to the microtubule binding interface [142, 194,
260-266]. The Switch-II cluster (04, L11, L12, a5, L13) is located on the positively charged
microtubule binding interface [140]. In particular helix-o4 and loop L11 are hypothesized to
make the majority of the motor contacts in the interface between the o-tubulin and B-tubulin
subunits of the two neighboring heterodimers making up the microtubule binding site [260, 267,
268]. The position of this cluster in relation to the rest of the motor domain and the size of helix-
a4 are proposed to change in response to the nucleotide bound at the active-site [142, 258, 262,
264, 269-274]. The other regions of the motor domain contributing to microtubule interactions
have also been mapped by means of protease digestion/protection experiments, scanning alanine
mutagenesis, and docking of crystal structures of the af-tubulin heterodimer and various kinesin
motor domains into cryo-EM maps of the microtubuleskinesin complex. The microtubule
binding interface is made up of B5-L8, and the Switch-II cluster [167, 199, 260, 267, 273, 275-
277] with minor contribution from L2-a6 in the case of Ncd only [167, 267]. It should be noted
however, that in the absence of the microtubuleekinesin motor domain co-structure, the exact
interactions of binding interface are not known.

The last highly studied region of the kinesin motor domain is a 14-20 amino acid stretch
termed the neck-linker. Structurally, this region of the protein is responsible for tethering the
motor domain to the coiled-coil oligomerization interface [278, 279]. Functionally, this region is
responsible for the directional bias of a particular motor [153, 279-283] and could potentially be

the force transducing element in the motor [153, 194, 284, 285]. In most crystal structures of
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kinesin motor domains, the neck-linker is disordered in the ADP state [139, 142, 243, 272], and
would be oriented perpendicular to the motor domain if the motor were bound to the
microtubule. In crystal structures representing the ATP-like state, the neck-linker is visible and
seen stabilized along the B-sheet core of the motor domain [142, 229, 244, 272, 286]. If the
motor were bound to the microtubule, the neck-linker would appear parallel to the microtubule
[167, 244, 272, 287]. In the cases of conventional kinesin, and Kifl A, several studies indicate
that the neck-linker alters its position from the perpendicular or “undocked” state to the parallel
or “docked” state in response to ATP binding to the active-site [142, 194, 272, 288-291]. The
only kinesin seen to display a different neck-linker behavior is Eg5. In both the ADP and the
ATP-like states, the neck-linker has been visible in the crystal structures suggesting that it
undergoes an order-to-order transition [229, 238, 239, 243, 244]. Also, FRET evidence would
suggest that the transition from the undocked to docked states for Eg5 might be a result of motor
binding to the microtubule instead of ATP binding at the active-site [251]. Work presented in
this dissertation further supports the concept of the Eg5 neck-linker altering its position in

response to microtubule binding instead of ATP binding.
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Figure 1.8 Eg5 Crystal Structure

Figure 1.8 depicts the crystal structure of human Eg5 complexed with (4, B) ADP [243] or (C,
D) ADP and the specific Eg5 inhibitor monastrol [244]. The ADP is represented by the space fill
model to indicate the motor active-site; however monastrol is not shown. A, C highlight three
specific regions of the Eg5 motor domain: the beginning of the neck-linker (red), Switch-I (blue),
and the Switch-II cluster (green). The motor is displayed such that a side view is given if the
motor would be bound to a microtubule. The plus-end of the microtubule is to the right and the
microtubule itself would be located below the Switch-II cluster. B, D highlight (green) the
regions thought to directly interact with the microtubule. Note, the microtubule binding regions
of Eg5 have not been experimentally mapped out; the highlighted regions represent regions of
conventional kinesin demonstrated to interact with the microtubule. This view is a 90°
clockwise rotation about the x-axis such that the viewer would be looking through the
microtubule.
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1.7  DISSERTATION OVERVIEW

The purpose of this work has been to further the understanding of how homotetrameric Eg5 is
modulated by nucleotide to facilitate the establishment and maintenance of the mitotic spindle.
Also, this work sought to increase the understanding of how the communication between two
kinesin motor domains can be modulated to perform a particular function. In order to do this, a
truncation of the human Eg5 gene was constructed that yielded a homodimeric motor. A kinetic
analysis of this motor was performed to understand how the two motor domains that interact
along the same microtubule are able to communicate with each other. A minimal kinetic
mechanism was developed indicating that dimeric Eg5 has a more complicated ATPase cycle
than other previously characterized kinesins. The major findings from this work include: (/)
unlike conventional kinesin and Necd, dimeric Eg5 initially binds the microtubule with both
motor domains, (2) the catalysis of ATP to ADPeP; is the rate-limiting step for Eg5 driven
motility, and (3) a mildly processive motor can be engineered by weakening the coupling
between the nucleotide states of the two motor domains. These findings will be related to

potential mechanistic properties of homotetrameric Eg5 as well as other dimeric kinesin motors.
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20 BUFFERS, CLONING, AND GENERAL METHODS

This section contains a detailed description of procedures used to generate common reagents.
This section also contains a table of all buffers requiring more than two components. Also, the
cloning strategy for the generation all motor constructs as well as a table containing all primers is
present in this section. Details of specific experimental designs can be found in the chapter

where the data from that experiment is discussed.

2.1  STANDARD BUFFERS

The following table lists all complex buffers used throughout this work. In subsequent sections,

buffers will only be referred to by the name listed in this subsection.

Table 1 The Big Buffer List

BUFFER NAME CONCENTRATION COMPONENT
ATPase Buffer 20 mM HEPES pH 7.2 w/KOH
5mM Magnesium Acetate
50 mM Potassium Acetate
100 uM EDTA
100 uM EGTA
1 mM DTT
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PM Buffer

Blue Goodies

Lysis Buffer

S-Sepharose Column Buffer

S-Sepharose Elution Buffer

MCAC Column Buffer pH 7.6

MCAC Elution Buffer pH 7.6

Tubulin Column Buffer

100 mM
5 mM
1 mM

0.05 %
0.1 %
10 %
0.05N

10 mM
20 mM
2 mM
I mM
I mM
2 mM

10 mM
20 mM
2 mM
I mM
I mM

10 mM
600 mM
2 mM
I mM
I mM

10 mM
150 mM
2 mM
20 uyM

10 mM
200 mM
150 mM

2 mM

20 uyM

100 mM
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PIPES pH 6.7 w/KOH
Magnesium Acetate
EDGTA

CuSOq4
Potassium Sodium Tartrate
Na,COs3
NaOH

NaPO4 pH 7.2
NaCl
MgCl,
EGTA
DTT
PMSF

NaPO4 pH 7.2
NaCl
MgCl,
EGTA
DTT

NaPO4 pH 7.2
NaCl
MgCl,
EGTA
DTT

NaPO4 pH 7.2
NaCl
MgCl,
ATP

NaPO4 pH 7.2
Imidazole
NaCl
MgCl,
ATP

PIPES pH 6.7 w/KOH



5 mM MgCl,

1 mM EGTA
200 mM KCl
50 uM GTP
Tubulin Elution Buffer 100 mM PIPES pH 6.7 w/ KOH
5mM MgCl,
1 mM EGTA
500 mM KCl
50 uM GTP
Lauria Broth (LB) 10 g/L Tryptone
5¢g/lL Yeast Extract
5¢g/L NaCl
PBP Minimal Media pH 7.5 100 mM HEPES
20 mM KCl
15 mM (NH4)SOg4
1 mM MgCl,
10 uM FeSO,
1 pg/ml Thiamine
0.25% Glycerol
2 mM KH,PO4

2.2  TUBULIN PREPARATION

2.2.1 Tubulin Extraction From Bovine Brains

Tubulin was initially extracted from bovine brains using a series of polymerization and
depolymerization cycles [292, 293]. Bovine brain matter was homogenized on ice in PM buffer

supplemented with 1 mM PMSF at a ratio of 1g brain matter per ml of buffer to extract the
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tubulin. The extraneous brain matter was subsequently pelleted out of solution (24,000 X g / 20
min / 4°C). The resulting supernatant was adjusted to 500 uM PuTP (purine triphosphate, both
ATP and GTP) and clarified by centrifuging at 180,000 X g for 30 min at 4°C. The clarified
supernatant was adjusted to 25% glycerol, and the extracted microtubules were polymerized by
incubating at 34°C for 30 min. Microtubules were then pelleted by centrifuging at 100,000 X g
for 45 min at 34°C. The microtubule pellets were resuspended in PM supplemented with 250
uM PuTP and incubated on ice for 30 min to depolymerize the microtubules. Another cold,
high-speed spin was performed (180,000 X g / 30 min / 4°C), and the resulting supernatant was
again adjusted to 25% glycerol. Microtubules were polymerized one final time by incubating at
34° for 30 min. At the end of the incubation, the solution was adjusted to I mM MgATP and
200 mM KCI and centrifuged (180,000 X g / 30 min / 34°C). The addition of MgATP and salt
prior to pelleting helps to dissociate and therefore remove any microtubule based motors that
have accompanied the microtubules during purification. The microtubule pellets were
resuspended one last time in PM buffer supplemented with 250 uM PuTP, incubated at 34° for

10 min to encourage polymerization, and flash-frozen with liquid N,.

2.2.2 Tubulin Purification by lon Exchange Chromatography

The series of polymerization and depolymerization cycles resulted in a solution of both MAPs
(microtubule associated proteins) and tubulin. In order to remove the MAPs, the solution was
subjected to anion exchange chromatography [294, 295]. DEAE sepharose resin (GE
Healthcare) was first charged with 1 M KCI and then equilibrated in 10 column volumes (30-50
ml columns) of tubulin column buffer. The solution of tubulin and MAPs was adjusted to 500
uM GTP and incubated on ice for 30 min. The solution was then centrifuged (40,000 X g / 30
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min / 4°C) and the supernatant was adjusted to 200 mM KCI before loading on to the column. In
this design, the tubulin will stick to the DEAE column and the MAPs should pass through the
column in the flowthrough. Tubulin was eluted using the tubulin elution buffer and the pooled
fractions were dialyzed against PM buffer supplemented with 250 pM PuTP. The dialysate was
adjusted to 7% DMSO, and microtubules were polymerized at 34°C for 45 min. After
polymerization, the solution was adjusted to 500 pM MgATP and 200 mM KCl and centrifuged
(40,000 X g / 30 min / 34°C). The final microtubule pellet is resuspended in PM supplemented

with 500 uM GTP and aliquots were flash frozen with liquid N».

2.2.3 Cycling of Microtubules

For each day’s experiment, microtubules were cycled from a polymerized state, to a
depolymerized state, and back to a polymerized state in order to remove any tubulin not
competent for microtubule assembly [296]. An aliquot of microtubules was diluted 1:1 with PM
buffer, supplemented with 500 uM GTP, and depolymerized on ice for 30 min. In order to
separate any tubulin aggregates from the soluble tubulin, the solution is centrifuged at 18,000 X
g for 15 at 4°C. Microtubules are then polymerized from the soluble tubulin by incubating at 34°
for 10 min. To stabilize the microtubules, 20 uM taxol, Paclitaxel from Taxus brevifolia (Sigma-
Aldrich Co.), was added, and the solution was incubated for another 10 min at 34°. The
polymerized microtubules were pelleted (18,000 X g / 30 min / 25°C) and resuspended in
ATPase buffer with 20 uM taxol. To determine the concentration of polymerized tubulin, the

Lowry protein assay was performed using BSA as a standard [297, 298].
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2.3 PHOSPHATE BINDING PROTEIN PURIFICATION AND

CHARACTERIZATION

In order to monitor the release of P; following hydrolysis of ATP by dimeric Eg5, the enzyme
coupled system utilizing the A197C E. coli phosphate binding protein (PBP) mutant, originally
developed in the laboratory of M. R. Webb, was used [299]. In this system, an attached 7-
diethylamino-3-((((2-maleimidyl)ethyl)amino)carbonyl)coumarin fluorophore (MDCC) to C197

enhances it fluorescence upon the conformational change caused by the protein binding P;.

2.3.1 Purification of MDCC Labeled Phosphate Binding Protein

The following protocol for the expression, purification, and labeling of PBP with MDCC is that
of Brune et al. [299] with modifications enhancing prep efficiency by H. White (unpublished).
E. coli strain BW 24777 was inoculated into two 100 ml flasks containing 10 ml LB
supplemented with 12.5 pg/ml tetracycline. The cultures were grown for 6 hrs at 37°C with
shaking. The two cultures were then used to inoculate two 500 ml flasks containing 90 ml LB
supplemented with 12.5 pg/ml tetracycline. These larger cultures were then allowed to grow for
16 hrs. Ten ml of the most rapidly growing culture was inoculated into 8 X 2L flasks containing
500 ml of minimal media. When the cultures reached an ODgg of ~0.2, expression of the PBP
was induced by adjusting the culture to 2 mM L-rhamnose pH 7.5. The rhamnose inducible
expression of PBP was developed by E. W. Taylor and W. Epstein [300].

Cells expressing PBP were harvested by centrifugation (16,000 X g/ 10 min / 25°C) and

resuspended in 10 mM Tris-HCI pH 7.6 / 30 mM NaCl. The cells were then washed to remove
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all traces of minimal media by pelleting followed by resuspension. The cells were pelleted one
more time and resuspended in 33 mM Tris-HCI pH 7.6 to prepare the cells for osmotic lysis.
The lysis was performed by diluting the cell suspension further with 40% sucrose / 0.1 mM
EDTA /33 mM Tris-HCI pH 7.6 and incubating at room temperature for 10 min. The cells were
then pelleted (16,000 X g / 10 min / 4°C) and rapidly resusupended in ice cold 0.5 mM MgCl,.
Because PBP is a periplasmic protein, osmotic lysis will rupture the periplasmic space releaseing
the protein while leaving the majority of the cell structure intact, allowing PBP to be separated
from the majority of the other E. coli proteins by centrifugation. The lysis solution was clarified
of cellular debris (16,000 X g / 10 min / 4°C) and dialyzed into 5 mM Tris-HCI pH 8.0.

To separate the PBP from the remaining periplasmic proteins, ion exchange
chromatography was performed using Q-sepharose resin (GE Healthcare). The dialysate was
clarified with a high speed spin (180,000 X g / 45 min / 4°C) and applied to a 25 ml Q-sepharose
column (binding capacity is ~10 mg PBP/ml resin). PBP was eluted using a 200 ml linear 5 mM
Tris-HCI pH 8.0 / 1-100 mM KCI gradient. The fractions containing PBP separate from other
contaminants were determined using SDS-PAGE with a 12% gel (Figure 2.1). The
concentration of PBP (¢ = 60,880 M'lcm'l, M, = 34,440 Da) in the pooled fractions was
determined by subtracting the absorbance at 320 nm from the absorbance at 280 nm.
Subsequently the pooled PBP was concentrated to ~100 uM using Centriprep 10 concentrators
(Millipore Corp.) and dialyzed against 20 mM Tris-HCI at 4°C overnight. The S-sepharose
column was also regenerated (washed with 100 ml 5 mM Tris pH 8.0 / 2 M NacCl followed by 3
L of 5 mM Tris pH 8.0).

Before labeling of PBP with MDCC (Invitrogen Corp.), any P; present in solution was

removed by incubating at 25°C for 30 min with a “P; mop” comprised of 0.2 units/ml PNPase
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(Sigma-Aldrich Co.) and 200 pM 7-methyguanosine. Any P; present in solution needed to be
removed prior to labeling because the covalent linkage of the MDCC to C197 at the active site is
extremely inefficient when P; is bound to the active site. The “mopped” PBP was then incubated
with 150 uM MDCC dissolved in N,N-dimethylformamide at 25°C with end-over-end rotation
for 30 min. To separate the MDCC-PBP from free PBP, the solution was diluted to 5 mM Tris-
HCI and loaded back onto the Q-sepharose column. The column was washed with 5 mM Tris-
HCI pH 8.0 to remove any free MDCC, and the MDCC-PBP was eluted using 5 mM Tris-HCl
pH 8.0 / 200 mM NaCl.  Stoichiometric labeling of PBP with MDCC is represented by an
Ango/Ags ratio of 1.6. Fractions displaying a ratio of 1.5-1.7 were pooled, and dialyzed into 10
mM Hepes pH 7.2. Following dialysis the protein solution was diluted to 100 uM MDCC-PBP,
clarified (180,000 X g / 45 min / 4°C), and aliquots were flash frozen with liquid N,. The prep

resulted in a yield of 90 mg of MDCC-PBP.

1=2=8-488 6 7 8 91011712
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21KDa

]
15Kba -

Figure 2.1 PBP Prep Gel
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Figure 2.1 is a 12% acrylamide / 2 M urea SDS-polyacrylamide gel representing the elution of
PBP from the Q-sepharose column. (1) is a PBP standard; (2) BW 24777 in the absence of L-
rhamnose; (3) BW 24777 in the presence of L-rhamnose; (4) osmotic lysis supernatant; (5)
osmotic lysis pellet; (6-12) fractions of the elution of PBP from Q-sepharose.

2.3.2 Characterization of MDCC-PBP

To verify that the MDCC-PBP prep was able to rapidly bind phosphate and display the expected
fluorescence response, both fluorimetry and stopped-flow experiments were performed. MDCC
labeled PBP has been demonstrated to both enhance its fluorescence as well as undergo a blue-
shift in its emission spectrum when P; is bound [299]. The fluorescence yield as well as the
emission spectrum was monitored in the presence and absence of P; using an Aminco-Bowman
Series 2 luminescence spectrometer (Thermo Spectronic). The MDCC-PBP prep displays a 4-
fold increase in fluorescence as well as the expected blue-shift in peak emission intensity from
474 nm to 466 nm (Figure 2.2A).

The MDCC-PBP prep was further characterized by examining the kinetics of P; binding
and the shape of the fluorescence response. To examine the kinetcs of P; binding, the MDCC-
PBP was mixed in the Kin-Tek stopped-flow instrument (Kin-Tek Corp.) with KH,PO4. The
MDCC-PBP prep displays an apparent second-order rate constant of P; binding at ~100 pM™'s™
with an off-rate of 98 s (Figure 2.2B). When 1 uM MDCC-PBP (final concentration) was
mixed with increasing KH,PO4 in the stopped-flow, the fluorescence enhancement
predominantly displayed a linear dependence on the KH,PO,4 concentration, with curvature as
the KH,PO4 concentration approached 1 uM, leading to a maximal fluorescence inhancement at
~ 1 uM KH,PO4 (Figure 2.2C). A deviation from linearity as the MDCC-PBP approaches

saturation with P; has been observed previously [299].
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Figure 2.2 Characterization of MDCC-PBP

Figure 2.2 depicts the characterization of the MDCC labeled PBP. A, An emission scan (A = 425
nm) of MDCC-PBP in the presence or absence of KH,PO4. In the presence of P; the maximum
fluorescence emission increases 4-fold and undergoes a blue-shift from 474 to 466 nm. B, The
observed rate of fluorescence enhancement when MDCC-PBP was mixed with KH,POy, in the
stopped-flow instrument is plotted as a function of KH,POj4 concentration (Final: 5 uM MDCC-
PBP, 0.025 U/ml PNPase, 75 uM MEG). The apparent second-order rate constant of substrate
binding is 97 + 5 uM™'s™ with an off-rate defined by the y-intercept of 98 + 5 s. C, The
fluorescence amplitude obtained from mixing MDCC-PBP with increasing KH,PO4 in the
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stopped-flow instrument is plotted (Final: 1 uM MDCC-PBP, 0.025 U/ml PNPase, 250 uM
MEQG).

24 CLONING

This section details the cloning procedure used to generate 12 different Eg5 motor constructs:
Eg5-464, Eg5-474, Eg5-481, Eg5-488, Eg5-495, Eg5-513, Eg5-513-5His, R234K, CysLight V1,
CysLight N358C V1, CysLight V2, and CysLight N358C V2. All motors have been expressed
and purified except for Eg5-481. All primers used have been listed in Table 2 along with the

primer name. All primers will be referred to in the text by their primer name and not by the

sequence.
Table 2 List of Primers
Primer Name 5’_Sequence-3’ Tm (°C)
TKF1HsEg5-513 GCG TAT GGC CAA ACT GGC AC 60.5
TKRI1HsEg5-513 ATC CAG CTC GAG TTA GAG ACC AGA TAC ATC 62.4
pRSET A reverse CTA GTT ATT GCT CAG CGG TGG 56.6
TKF SeqM HsEg5-513 GAT GTT TCT GAG AGA CTA C 47.4
TKR3HsEg5-464 TTG CAC CTC GAG TTA AGT GGT TTC AAG TTC 62.9
TKR4HsEg5-474 CACTTT CTC GAG TTATTG TAATTT AGT TTC 53.1
TKR5HsEg5-481 CAC CAA CTC GAG TTA GAT ATA TTC TTC TTT  56.5
TKR6HsEg5-488 g}éé TTT CTC GAG TTA ACT TTC CAA AGC TGA  62.8
TGT GA
TKR7HsEg5-495 CAG CTT CTC GAG TTA ATC ATG AAG TTT CTC  59.8
CTC
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HsEg5-513 rev SHis
Asn 358 F

Asn 358 R

Cys 25 F New

Cys 25 R New
Cys43 F

Cys43 R

Cys 87F

Cys 87 R

Cys 9 F

Cys 99 R

Cys 450 F

Cys 450 R

TK C25S F

TK C25S R

TK C87S F

TK C87S R

TK C99S F

TK C99S R

TK R234K Forward 2

TK R234K Reverse 2

ATC CAG CTC GAG TTA GTG GTG GTG GTG GTG

CAT GGC CTT GTG GAG ACC AGA TAC ATC

CTC ATA GAG CAA AGT GCA TAT TGA ATA AGC

GCT TAT TCA ATA TGC ACT TTG CTC TAT GAG

GTG GTG GTG AGA GTC AGA CCA TTT AAT

ATT AAA TGG TCT GAC TCT CAC CAC CAC

CGT AGA GGA TCA GAT TCT ACT ATT G

CAA TAG TAG AAT CTG ATCCTG TACG

CCG AAG TGT TGT TGC TCC ATT CTG GAT G

CAT CCA GAA TGG AGC AACAACACTTCG G

ATG GGC TAT AAT GCC ACT ATCTTITGCG T

ACG CAA AGA TAG TGG CAT TAT AGCCCA'T

GAA CTT GAC CAG TCT AAA TCT GAC CTG

CAG GTC AGA TTT AGA CTG GTC AAG TTC

GTG GTG GTG AGA TCC AGA CCATTT AAT

ATT AAA TGG TCT GGA TCT CAC CAC CAC

CCG AAG TGT TGT TTC TCC AAT TCT GGA TG

CAT CCA GAA TTG GAG AAA CAA CACTTC GG

ATG GGC TAT AAT TCCACT ATCTTT GCG T

ACG CAA AGA TAG TGG AAT TAT AGCCCAT

GCA TACTCT AGT AAG TCC CACTCA GTT TTC

GAA AAC TGA GTG GGA CTT ACT AGA GTA TGC

71.9

56.3

56.3

58.4

58.4

52.5

525

61.4

61.4

60.1

60.1

57

57

58.6

58.6

59.6

59.6

58.1

58.1

58.1

58.1
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2.4.1 Cloning of Eg5-464, 474, 481, 488, 495, 513, and 513-5His

The template for all Eg5 constructs was a plasmid containing human Eg5 cDNA
(generously provided by Anne Blangy, Centre de Recherches de Biochimie Macromoléculaire).
The Eg5 cDNA was excised from the plasmid by means of an EcoRI restriction digest and used
as the template for polymerase chain reaction (PCR) designed to amplify bases 307 to the desired
truncation point (base pairs 1392, 1422, 1443, 1464, 1485, or 1539 respectively) as well as to
insert a TAA stop codon followed by a Xhol restriction site after the truncation point. For all
constructs, the TKF1HsEg5-513 primer was used to amplify bases beginning with 307. Each
construct had a different truncation primer, TKR3HsEg5-464, TKR4HsEg5-474, TKR5SHsEg5-
481, TKRO6HsEg5-488, TKR7HsEg5-495, TKRI1HsEg5-513, and HsEg5-513 rev S5SHis
respectively. The PCR product was purified by agarose gel electrophoresis followed by
extraction from the gel matrix using a QIAquick Gel Extraction Kit (Qiagen). Both the purified
PCR product and a pRSET A plasmid containing HsEg5-405 [224] were digested with BstEII
and Xhol. The various PCR amplifications were then ligated to the piece of the plasmid
containing the first 306 base pairs of the Eg5 gene. The ligation reaction was then transformed
into the Nova Blue cell line (EMD Chemicals Inc.) for amplification and storage. Plasmids were
harvested from the clones using QIAprep Spin Miniprep Kits (Qiagen), verified by restriction
digest with Bgll and sequenced. Sequencing of the gene was accomplished using three primers:
one at promoter, T7 Promoter Primer (EMD Chemicals Inc.), one in the middle, TKF SeqM
HsEg5-513, and a primer in the reverse orientation beginning just outside the stop codon, pRSET
A reverse. Plasmids bearing the expected sequence were transformed into the BL2I-

CodonPlus(DE3)-RIL cell line (Stratagene) for protein expression.
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2.4.2 Cloning of R234K

The cloning, purification, and initial kinetic characterization of R234K were performed with the
assistance of Yuan Yuan Duan, a rotation student from the Biophysics and Structural Biology
Graduate Program. Mutation of arginine 234 to lysine was accomplished through PCR site-
directed mutagenesis with the primers, TK R234K Forward 2 and TK R234K Reverse 2, using
the pRSET A plasmid containing Eg5-513-5His as the template. The amplified plasmids
containing the mutation were separated from the template DNA by Dpnl digestion (New
England Biolabs Inc.) and transformed into the Nova Blue Cell line. Plasmids were extracted

from the clones and sequenced as described in section 2.4.1.

2.4.3 Cloning of the CysLight Constructs

In an unpublished collaboration with the Selvin lab at the University of Illinois examining the
mechanism of dimeric Eg5 stepping along the microtubule, four dimeric Eg5 constructs were
generated that only encode for a single cysteine. These mutants were engineered in order to
allow for site specific labeling of the motor such that the motion of individual motor domains
could be followed as dimeric Eg5 steps along the microtubule. Two different mutational
approaches were used to generate the mutant constructs. One mutational design, constructs
termed V1, converted each cysteine to the most commonly used amino acid at the position of the
particular cysteine by other Kinesin-5 family members [251]. The other, constructs termed V2,
was to conserve the biochemical properties by converting all the cysteines to serines.

The cloning of CysLight V1 and CysLight N358C V1 were accomplished through a

series of 4 or 6 rounds, respectively, of PCR site directed mutagenesis using the pRSET A
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plasmid containing Eg5-513-5His as the template as described in section 2.4.2. For CysLight V1
the following mutations were made: C25V using the primer pairs Cys 25 F New and Cys 25 R
New, C43S using the primer pairs Cys 43 F and Cys 43 R, C99A using the primer pairs Cys 99 F
and Cys 99 R, and C450S using the primer pairs Cys 450 F and Cys 450 R. In this mutant, only
one naturally occurring cysteine is still present at position 87. According to the Eg5 crystal
structure [243], this residue is completely solvent exposed and is located on sheet-33 on the top
of the motor domain, diametrically opposite the microtubule binding domain. For the CysLight
N358C VI mutant, the two additional rounds of mutagenesis made the following mutations:
C87A using the primers Cys 87 F and Cys 87 R, and N358C using the primers Asn 358 F and
Asn 358 R. This mutant also only contains one cysteine residue; however, it was introduced at
the juncture of helix-a6 and the neck-linker.

The cloning of CysLight V2 and CysLight N358C V2 required 2 and 3 rounds of site-
directed mutagenesis as CysLight V1 and CysLight N358C V1 were used as the respective
templates. For CysLight V2 the following mutations were made: V25S using the primer pair TK
C25S F and TK C25S R, and A99S using the primer pair TK C99S F and TK C99S R. The
CysLight N358C V2 construct required the same two mutations and the additional A87S

mutation using the primer pair TK C87S F and TK C87S R.

43



2.5 PROTEIN PURIFICATION

2.5.1 Purification by Microtubule Affinity

Purification of the Eg5-464, Eg5-474, Eg5-488, Eg5-495, Eg5-513, Eg5-513-5His, and all 4 CysLight
mutants proteins was accomplished by microtubule affinity as previously described [301] with
modification (Figure 2.3). Cells were grown in LB medium supplemented with 100 pg/ml ampicillin and
50 pg/ml chloroamphenicol at 37 °C until cultures reached an Ag < 0.4 (yield ~ 2.5 g cells/L). Protein
expression was then induced with 400 uM IPTG, and the cultures were allowed to grow overnight at 20
°C. The cells were collected by centrifugation (16,000 X g / 10 min / 4°C) and diluted at 10 g/100 ml
lysis buffer. After lysis by freeze-thaw, the lysate was clarified (180,000 X g / 30 min / 4°C) and the

supernatant was adjusted to 8 uM microtubules, 0.1 mM MgGTP, 20 puM Taxol, and 0.5 mM
MgAMPPNP. The supernatant was incubated at 34°C for 5 min to warm the solution back to room
temperature and then incubated for another 15 min to promote MT+Eg5 complex formation. The MT+Eg5
complexes were pelleted (40,000 rpm / 35 min / 25°C), and the resultant pellet was resuspended in 15 ml
of ATPase buffer supplemented with 60 uM Taxol plus 0.5 mM MgAMP-PNP. MT<Eg5 complexes
were again centrifuged (33,000 rpm / 35 min / 25°C) to remove any proteins that were nonspecifically
bound to the microtubules. The resulting microtubule pellet was resuspended in 15 ml ATPase buffer
supplemented with 1 mM MgATP, 0.1 mM MgGTP, 100 mM KCI, plus 100 uM Taxol and allowed to
incubate at room temperature for 10 min prior to centrifugation (33,000 rpm / 35 min / 25°C). The
supernatant contained the Eg5 protein. The ATP-dependent release of Eg5 from the microtubules was
repeated. The supernatants were pooled, adjusted to 20 uM Taxol plus 0.1 mM MgGTP, allowed to
incubate at room temperature for 10 min, and centrifuged (160,000 rpm / 35 min / 25°C). This step was
used to drive the polymerization of any soluble tubulin in the supernatant to microtubules and to separate

the microtubules from the soluble Eg5 protein. The Eg5 supernatant was then concentrated (Amicon
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Ultra 50K molecular weight cutoff, Millipore Corp.) to ~ 1 ml and subjected to gel filtration (Superose-6
HR 10/30 gel filtration column, Amersham Biosciences). The fractions enriched with Eg5 were pooled,
adjusted to 5% sucrose, clarified (160,000 rpm / 25 min / 4°C), and concentrated to ~1.5 ml. Motor
domain concentration was subsequently determined by the Bio-Rad Protein Assay (Bio-Rad Laboratories

Inc.) using IgG as the protein standard. The approximate yield of an Eg5-513 preparation is ~ 7-8 mg.
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Figure 2.3 Eg5-513 Microtubule Affinity Prep

Figure 2.3 is an 8% acrylamide / 2 M urea SDS-polyacrlyamide gel representing the purification
of Eg5-513 using the motor’s affinity for the microtubule. (1) cell sample before induction; (2)
IPTG induced cell sample; (3) 18K spin supernatant; (4) 18K spin pellet; (5) 40K spin
supernatant; (6) supernatant after pelleting the MT*Eg5 complexes; (7) formation of a MT<Eg5
pellet;(8) wash supernatant; (9) wash pellet; (10) ATP Eg5 release 1 supernatant; (11) ATP Eg5
release 1 pellet; (12) ATP Eg5 release 2 supernatant; (13) ATP Eg5 release 2 pellet; (14) final
sample.
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2.5.2 Purification of R234K by Column Chromatography

The R234K mutant was purified by means of ion exchange chromatography followed by affinity
chromatography as described for monomeric Eg5-367 (Figure 2.4, [250]). E. coli cells were
grown in LB supplemented with 100 pg/ml ampicillin and 50 pg/ml chloroamphenicol and expression
was induced as described in section 2.5.1. The cells were harvested by centrifugation (16,000 X g/ 10
min / 4°C), resuspended 1 g/ 10 ml in lysis buffer, and lysed by freeze thaw. The solution was
clarified by two successive rounds of centrifugation; a low speed spin (24,000 X g / 30 min / 4°C)
followed by high speed spin (180,000 X g / 45 min / 4°C). The clarified supernatant was then
applied to a 50 ml S-sepharose column (Sigma-Aldrich Co.) equilibrated in S-sepharose column
buffer. Bound protein was eluted using a linear gradient from 20-600 mM KCI. Fractions
containing R234K were determined by SDS-PAGE, pooled and dialyzed overnight against
MCAC column buffer. The next day, the dialysate was clarified (180,000 X g / 45 min / 4°C)
and applied to a 6 ml Ni-NTA agarose column (Qiagen). Bound protein was eluted using a
linear 0-200 mM imidazole gradient. As with the S-sepharose column, fractions enriched for
R234K were resolved using SDS-PAGE, pooled, and dialyzed overnight against ATPase buffer
supplemented with 20 uM ATP and 150 mM NaCl. On the last day of the prep, the pooled
protein underwent three successive rounds of dialysis into ATPase buffer supplemented with 5%
sucrose. The protein was then clarified (180,000 X g / 45 min / 4°C) and concentrated to ~ 100
UM active-sites. Protein concentration was determined in the same manner as with microtubule

affinity purification.
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Figure 2.4 Purification of R234K

Figure 2.4 is an 8% acrylamide / 2 M urea SDS-polyacrlyamide gel representing the purification
of R234K by a series of ion exchange and affinity chromatography. (1) Eg5-513 standard; (2)
cell sample before induction; (3) IPTG induced cell sample; (4); low speed spin supernatant; (5)
low speed spin pellet; (6) high speed spin supernatant; (7) Ni-NTA load; (8) post dialysis; (9)
pellet from final clarification spin; (10) concentrator flowthrough; (11) final sample.
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3.0 EQUILIBRIUM CHARACTERIZATION OF EG5-513

Eg5 or KSP is a homotetrameric Kinesin-5 involved in centrosome separation and assembly of
the bipolar mitotic spindle. In an effort to understand how two Eg5 motor domains that interact
with a single microtubule communicate, the human Eg5 gene was truncated in order to generate
a construct capable of producing a dimeric motor. Analytical gel filtration of purified protein
and cryo-electron microscopy (cryo-EM) of unidirectional shadowed microtubule-Eg5
complexes have been used to identify the stable dimer, Eg5-513. Eg5-513 exhibits slow ATP
turnover (ke = 0.48 s™), high affinity for ATP (Kj,47p = 7.9 uM), and a weakened affinity for
microtubules when compared to monomeric Eg5 (K y: = 1.8 uM versus 0.7 uM for Eg5-367).
Microtubule cosedimentation assays indicate that dimeric Eg5 has the highest affinity for the
microtubule prior to ATP hydrolysis and the weakest in the presence of ADP. The effect of the
Eg5 specific inhibitor, S-monastrol, was also examined. S-monastrol caused a 10-fold reduction
in the steady-state ATPase rate, and in large part, negated the enhanced affinity that dimeric Eg5
has for the microtubule in the presence of AMPPNP. The binding of monomeric Eg5 to
microtubules in the presence of AMPPNP and S-monastrol, under equilibrium conditions, was
predominantly unaffected, suggesting that the inhibition of homotetrameric Eg5 by S-monastrol

is probably a result of impaired cooperativity between motor domains.'

' The data presented in this chapter is reprinted with permission from the Nature Publishing Group. The original
form of this data is by Krzysiak ef al. and can be found it EMBO Journal, 25: 2263-2273.
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3.1 INTRODUCTION

Molecular motors are prominent participants in mitosis and not only provide the force
necessary to assemble the spindle, but they also strike a delicate balance of forces to generate the
synchronized set of movements necessary for chromosome segregation [reviewed in [11, 12, 14-
19]]. One of the mitotic motors, Eg5 or KSP, is a member of the homotetrameric BimC Kinesin-
5 subfamily. These N-terminal kinesins are responsible for providing a plus-end-directed force
associated with sliding microtubules during centrosome separation to assemble the bipolar
spindle and for prevention of bipolar spindle collapse prior to anaphase [104, 109, 111, 133, 202,
203,210, 213, 217-219, 302].

Of the Kinesin-5 members, human Eg5 is of particular interest because of its potential as
a therapeutic target for cancer treatment. A number of small molecule inhibitors have been
identified that can specifically and reversibly inhibit Eg5 function leading to monoaster
formation, arrested cell division, and apoptosis [7, 8, 138, 217, 223-239, 303, 304]. The best
known of these inhibitors, monastrol, has been shown to slow ADP release, significantly alter
Eg5 interactions with the microtubule, and alter the conformation of both the Switch-II region
and neck-linker of the catalytic core [224, 243-245, 247, 248, 250, 256]. However, for these
initial experiments, a monomeric Eg5 was used. To understand the mechanochemical properties
of Eg5 for its mitotic function and the mechanism of inhibition by the monastrol class of small

molecule inhibitors, it is critical to define the cooperative interactions that occur between the two
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motor domains that interact on a single microtubule and to define the pathway of communication
between the catalytic active site and the motor-microtubule interface.

The section presents an anlysis of monomeric and dimeric Eg5 motors comprising the N-
terminal 367 (Eg5-367) and 513 (Eg5-513) amino acids of the human gene sequence expressed
in E. coli. Analytical gel filtration and cryo-electron microscopy (cryo-EM) in combination with
high-resolution surface shadowing [e.g. see [305]] indicate that Eg5-513 forms a stable dimer.
Steady-state kinetics, equilibrium binding, and cryo-EM 3-D analyses have been used to
compare the monomeric and dimeric motors in the presence and absence of monastrol. The
results indicate that in dimeric Eg5-513, the cooperative head-head interactions slow ATP
turnover, tighten ATP binding, and weaken binding to microtubules. While monomeric Eg5 can
bind to microtubules in the presence of monastrol in the ATP and nucleotide-free state,
monastrol disrupts dimeric Eg5-513 interactions with the microtubule at every nucleotide
condition. Based on the reorientation of the neck-linker and Switch-II cluster in the Eg5¢ADP
[243] and Eg5°ADPemonastrol [244] crystal structures, monastrol is proposed to weaken the
interactions of Eg5 with the microtubule by stabilizing a conformation with the neck-linker of

each motor domain docked onto its catalytic core.

3.2 MATERIALS AND METHODS

The biochemical analysis of Eg5-513 was performed in ATPase buffer at room temperature

(25°C). Paclitaxel in DMSO was used throughout to stabilize the microtubule polymer. The
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concentrations reported are final concentrations after mixing. For the cloning and purification of

all motors see chapter 2.

3.2.1 Analytical gel filtration

Gel filtration was performed using a Superose-6 HR 10/30 gel filtration column with the System
Gold high-pressure liquid chromatography system (Beckman Coulter Inc.). Elution was
monitored using intrinsic protein fluorescence (Aex = 280, Ay = 340) with a Jasco RP-2020
detector (Jasco Inc.). All proteins were eluted in ATPase buffer at a flow rate of 0.5 ml/min at
room temperature. The void volume was determined using bacteriaphage HK97 proheads
(generously provided by Roger Hendrix, University of Pittsburgh), and the included volume was
determined using L-tryptophan. The protein standards used were aldolase (158 KDa), catalase
(232 KDa), ferritin (440 KDa), and thyroglobin (669 KDa). The apparent molecular weight (M,)

of Eg5-513 was determined using a semilog plot of K,, versus the log of M.

3.2.2 Steady-state ATPase kinetics

Steady-state kinetics were determined by monitoring the hydrolysis of [a->’P]JATP [306]. In
Figure 3.4, the observed rate of ATP turnover as a function of MgATP concentration was fit to
the Michaelis-Menten equation, and the ATPase rate as a function of microtubules (tubulin

concentration) was fit to quadratic Equation 1.
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Rate = 0.5%keo* {(Eo+ K201 + MTo) — [(Eo + K201 + MTo)* — (4EQMT0)]"%} Eq. 1

Rate is the concentration of product formed per second per active site, and k., is the maximum
rate constant for product formation at saturating microtubules and MgATP conditions. The
Kyarp and K;,yr are the constants at which the concentration of substrate yields half the
maximal velocity. E, is the concentration of motor active sites in the reaction, and MT)j is the
tubulin concentration as microtubule polymer.

For the inhibition of Eg5 steady-state ATPase as a function of S-monastrol concentration

(Figure 3.4C), the data were fit to the following quadratic equation,

Rate = -0.5* {(Aimn + Kavton + S0) — [(Ainn + Kavton + S0)* — (44imnS0)1"*} + Kmax Eq.2

Ajnn 1 the amplitude of S-monastrol inhibition defined by &y (kcqr in the absence of S-monastrol)
minus Ay, (ke at saturating S-monastrol), Ky, 1S the apparent dissociation constant for S-

monastrol, and Sy is the S-monastrol concentration.

3.2.3 Detection of ADP copurification with Eg5-513

Eg5-513 or an equimolar amount of ADP (2 uM) was incubated with 0.1 U/ml apyrase (Grade
VII, Sigma-Aldrich Co.) for 2 hrs to convert all ADP that might be present to AMP + P;. The
apyrase treated solution was then rapidly mixed in the KinTek SF-2003 stopped-flow (KinTek
Corp.) with a coumarin labeled phosphate binding protein (MDCC-PBP) [143, 299] as
previously described [246]. Briefly, an initial 10 uM MDCC-PBP solution was treated with a “P;
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mop” (0.05 U/ml purine nucleotide phosphorylase (Sigma-Aldrich Co.), 75 puM 7-
methylguanosine (MEG)) and mixed with the “unmopped” apyrase solutions so that any P;
released would be rapidly and tightly bound by the MDCC-PBP and cause a fluorescence

enhancement (Aex = 425 nm, Aem = 464 nm, 450 nm cutoff filter).

3.2.4 ADP release from Eg5-513 free in solution

The release of ADP from Eg5-513 was measured as described in [306]. Eg5-513 was incubated
with trace [a->"P]JATP for 90 minutes to convert all [o->*P]JATP to [a->"P]JADP. The solution
was then mixed with a creatine kinase / phosphocreatine ATP regeneration system (Sigma-
Aldrich Co.) with or without a nonradiolabeled MgATP chase (Final: 0.15 mg/ml creatine
kinase, 2 mM phosphocreatine, 5 mM MgATP). In this system, all [o->*PJADP tightly bound to
an active site should be protected from the ATP regeneration system. However, in the presence
of the ATP chase, when [oc-32P]ADP is released from the active site, the cold ATP will
outcompete it for rebinding allowing the regeneration system to phosphorolate it back to [a-
2PJATP. [a-°P]JATP was separated from [a-**P]ADP by thin layer chromatography and
quantified using Image Guage V4.0 software (Fuji Photo Film U.S.A). The regeneration of ADP

to ATP was fit to a single exponential function.

3.2.5 Cosedimentation assays

The cosedimentation assays using uM amounts of Eg-513 were performed as previously
described [250]. Eg5-513 (2 uM) was incubated with varying concentrations of microtubules for
10 min before the addition of nucleotide. The MT*Eg5*AXP complex was incubated at room
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temperature for 30 min to reach equilibrium and centrifuged (100,000 X g / 30 min / 25°C). In
the apyrase-treated experiments, the MT+Eg5 complex was incubated with 0.1 U/ml apyrase
(Grade VII, Sigma-Aldrich Co.) for 1 hr prior to centrifugation. For each reaction the
supernatant was collected, and the microtubule pellet was resuspended to an equal volume with
ATPase buffer. Laemmli 5X sample buffer was added to both supernatant and pellet samples and
subjected to SDS-PAGE followed by staining with Coomassie Brilliant Blue R-250. The gels
were digitized using the Fuji LAS-3000 (Fuji Photo Film USA), and the fraction of motor
partitioning with the microtubule pellet was determined by comparing the intensity of the Eg5
bands in the supernatant and pellet fractions for each microtubule concentration using Fuji Image

Guage 4.0 software. For Eg5-513 (Figure 3.5E-H, 3.6B) where sigmoid data were obtained, the

Hill equation was used to estimate the degree of cooperativity:

Y, = [MT]" / (K, + [MT]") Eq.3

where Y, is the fraction of motor sedimenting with the microtubules, [MT] is the tubulin
concentration as microtubule polymer, 7 is the Hill coefficient, and K is the product of the K,
values for the cooperative sites.

To more accurately determine the dissociation constants for the MT<Eg5-513 complex
under varying nucleotide conditions, cosedimentation experiments were performed using 100
nM motor. There were several complications to this experiment. At such low motor
concentrations Coomassie Brilliant Blue is not able to detect the protein necessitating the use of
SYPRO®™ Ruby dye (Invitrogen Corp.) to stain the gels. Digitization was performed using a laser

scanner (FLA-5100, Fuji Photo Film USA) and the data were analyzed using Image Guage V4.0.
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Supernatant and pellet fractions could not be compared because if tubulin was present in the gel,
no other protein was detectable. Therefore, the amount of motor in the microtubule pellet was
inferred by comparing the intensity of the motor in the supernatant with the intensity of soluble
motor centrifuged in the absence of microtubules. Also, at low motor concentrations, Eg5-513
was found to significantly interact with the centrifuge tubes such that soluble protein could not
be detected. Addition of 50 pg/ml ovalbumin to the reaction prior to addition of Eg5-513

minimized motor from adhering to the walls of the tube (Figure 3.1).
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Figure 3.1 Staining with SYPRO® Ruby

Figure 3.1 indicates that any Eg5-513 that pellets in the absence of microtubules is probably due
to nonspecific interactions with the centrifuge tube walls. Eg5-513 + ovalbumin was centrifuged
at 100,000 X g; the supernatant was collected, and the tube was washed with an equal volume of
buffer. The supernatants and pellets were subjected to SDS-PAGE and the gels were stained
with SYPRO® Ruby. As the Eg5-513 concentration was increased the amount of motor pelleting
does not continually increase. Addition of ovalbumin prevents or minimizes the amount of
motor found in the pellet. B = before spin, S = supernatant, P = pellet.
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3.3 RESULTS

3.3.1 Eg5-513is dimeric

A series of Eg5 constructs were engineered for protein expression (Figure 3.2A, B). Each was

expressed, purified, and evaluated by analytical gel filtration to determine its oligomeric state.
Out of all of the motors, only Eg5-513 appeared to produce a single species at an elution time
expected for a potential dimer. Eg5-464 was seen to undergo proteolysis throughout the
purification (data not shown) while Eg5-474, Eg5-488, and Eg5-495 were seen to elute as
multiple species (Figure 3.2B). Eg5-513 was compared to dimeric conventional kinesin K401
[301, 307] and monomeric Eg5-367 [224, 243, 244, 250]. As shown in Figure 3.2C, Eg5-513
and Eg5-513-5His elute from the gel filtration column at similar retention times, preceding
dimeric K401 and monomeric Eg5-367. A plot of K,, versus log M, yielded an apparent
molecular mass of 189,688 for Eg5-513 and 181,036 for Eg5-513-5His. The predicted M, for
dimeric motors based on amino acid sequence was 91,062 Da for K401, 115,288 Da for Eg5-
513, and 117,594 for Eg5-513-5His. On the basis of this comparison alone, it could be argued
that Eg5-513 was monomeric but appeared to elute with a larger apparent molecular mass
because the protein is elongated rather than globular. A comparison of two other human Eg5
motors, Eg5-474 (blue trace) and Eg5-488 (black trace), argues against this possibility (Figure
3.2B). The faster elution peak for both motors elutes at about the same time as Eg5-513, and the
contribution of the faster peak to the overall motor population increases with the increasing size
of the motor. Gel filtration of this series of motors has apparently captured the shift of the
equilibrium from monomeric Eg5-367 to dimeric Eg5-513. Gel filtration of Eg5-495 also
appears to contain two species as a leading hill is attached to the main elution peak.
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Furthermore, the elution profiles of varying concentrations of Eg5-513 overlap without the
presence of a preceding or trailing peak (Figure 3.2D). The proposed dimeric state of Eg5-513
remains stable over a range of protein concentrations commonly used experimentally (0.5—4

uM).
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Figure 3.2 Gel Filtration of Eg5 Motors

Analytical gel filtration was used to determine the oligomeric state of various Eg5 motors
through a comparison to known standards (not shown). The void volume eluted at 16 min and
the included volume eluted at 51.5 min. A, Cartoon highlighting the motor domain and regions
predicted to form a coiled-coil. The various truncated human Eg5 motors are also drawn with
the color coding serving as the legend for B. B, Representative gel filtration traces of each
human Eg5 motor with the retention time indicated. C, A comparison of the elution profiles of
Eg5-513, Eg5-513-5His, dimeric kinesin K401, and monomeric Eg5-367. D, Gel filtration of
Eg5-513 in the protein concentration range most commonly used for the presented kinetic and
equilibrium studies. The inset shows an SDS-Coomassie Blue stained gel of Eg5-513.
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Additional evidence for the oligomeric state of Eg5-513 was provided by Andreas
Hoenger and colleagues, through their unidirectional shadowing of both monomeric Eg5-367 and
the prospective dimeric Eg5-513 on microtubules and tubulin sheets [205]. Using a 1:8 ratio of
Eg5-367 to tubulin, individual motor domains were visible and spaced stochastically along the
microtubule lattice. The same ratio of Eg5-513 to tubulin also produced a stochastic distribution
of motors. However, the density of a motor domain was predominantly accompanied by a
companion. In most cases, the second density was located in the axial direction 8 nm apart to the
next tubulin dimer on the same protofilament, indicative of a physical attachment expected for a
dimeric motor. A few isolated motor domains were also seen, but it was not apparent whether
they represent the overlay of two motor domains or are monomeric motors. These electron

microscopy results provide additional evidence that purified Eg5-513 is a stable dimer.

3.3.2 ADP copurifies with Eg5-513

To initially characterize dimeric Eg5, the nucleotide state of the purified motor was determined.
All previously studied kinesins have been purified with ADP at their active sites. To examine
whether dimeric Eg5 was purified with ADP on its active sites, Eg5-513 was first incubated with
apyrase to allow for the cleavage of the B-phosphate, and then the solution was mixed with
MDCC-PBP in the stopped-flow (Figure 3.3A). The fluorescence enhancement observed from
mixing Eg5-513 treated with apyrase with MDCC-PBP was much larger than that observed
when untreated Eg5-513 was mixed with MDCC-PBP, indicating that dimeric Eg5 like other
kinesins was purified with ADP. The fluorescence enhancement was ~65% of that obtained
when an equimolar amount of ADP treated with apyrase was mixed with MDCC-PBP,
suggesting that not all Eg5-513 active sites might be purified with ADP.

58



[ T T T T T T T [_ 1 4 T T T i
A ( ADP + Apyrase B
o ol
0.8 |
@ —_— "
2 =
3 06 Eg5-513 + Apyrase- = i
o a
S 04 Eg5-513 no Apyrase- g il
lL -
0.2 i
ADP no Apyrase T
O 1 1 L L 1 1 1 L 0 1 1 1 1
0 5 10 15 20 25 30 35 40 0 10 20 30 40 50 60
Time (ms) Time (min)

Figure 3.3 ADP Copurifies with Eg5-513

A, Either 2 uM ADP or 2 uM Eg5-513 was treated with apyrase to cleave off the B-phosphate
from any ADP that is present. The reaction was then mixed in the stopped-flow instrument with
MDCC-PBP. Treatment of Eg5-513 with apyrase elicits a fluorescence response greater than
background P; contamination (black and red traces) suggesting that ADP copurifies with the
motor. B, To examine the rate of ADP release by Eg5-513 while free is solution, a Eg5-513¢[a.-
32P]ADP solution was mixed with a creatine kinase / phosphocreatine ATP regeneration system
in the presence (@) or absence (©) of 10 uM cold MgATP. The conversion of ADP to ATP was
fit to an exponential function giving k,»s = 0.002 = 0.0002 st

In order to measure the release rate of bound ADP while the motor is free in solution,
Eg5-513 was first incubated with [a-*P]JATP for a sufficient time to allow for the conversion of
all [a-"’P]JATP to [a-’P]JADP. The Eg5-513+[a->*P]JADP was then mixed with a creatine
kinease / phosphocreatine ATP regeneration system + 10 uM MgATP [306]. In the presence of
the regeneration system and additional MgATP, [a->"P]ADP was phosphorylated to ATP very

slowly k,ps = 0.002 st (Figure 3.3B).

3.3.3 Eg5-513 exhibits slow steady-state ATP turnover

The steady-state ATPase kinetics for Eg5-513 (Figure 3.4) were pursued as a function of either
ATP concentration at 20 pM microtubules or microtubule concentration at 400 uM MgATP in
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the presence or absence of 150 uM monastrol. In comparison to monomeric Eg5-367, Eg5-513
was 10-fold slower (ke = 0.48 s vs. 5.5 s for Eg5-367), exhibited an apparent 3-fold tighter
affinity for ATP (K, 4rp = 7.9 uM vs. 25 uM for Eg5-367), yet ~3-fold weaker apparent affinity
for microtubules (Kypr = 1.8 uM vs. 0.7 uM for Eg5-367). The slower ATPase kinetics
observed for the dimer in comparison to the monomer are consistent with the interpretation of
cooperative interactions between the motor domains of the dimer to slow the overall rate of the
reaction. This behavior has been well documented for Kinesin-1, Myosin-V, and Myosin-VI
[145, 181, 249, 308-310].

In the presence of monastrol, the steady-state k., of Eg5-513 was reduced 10-fold to
0.046 s with the affinity for S-monastrol at Ko = 4.8 M (Figure 3.4C). The apparent K.
von determined for dimeric Eg5-513 was 2-fold tighter than reported for monomeric Eg5-367
[224, 248], which also evaluated the more potent S-monastrol enantiomer. Surprisingly, the

Ky, yr was not altered (K pr.0 = 2 WM) whereas a 10-fold increase was seen for the monomer.
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Figure 3.4 Steady-State ATP Turnover

A preformed MT<Eg5 (@) or MT<Eg5-monastrol () complex was rapidly mixed with [a-
32P]ATP. A4, Final concentrations: 0.5 uM Eg5-513 motor domain, 20 pM tubulin, 20 pM Taxol,
150 uM S-monastrol, 1-200 uM MgATP. The fit of the data to the Michaelis-Menten equation
provided the steady-state parameters: k.= 0.44 = 0.01 s'l, Kparp=7.5% 0.7 uM and kegr-pon =
0.034 + 0.001 s'l, Koy arpsion = 4.5 £ 0.9 uM. B, Final concentrations: 1 uM Eg5-513 motor
domains, 0.1-40 uM tubulin, 20 uM Taxol, 150 uM S-monastrol, 400 uM MgATP. The data
were fit to Equation 1: k., =0.48 £0.01 s'l, Kypyr=1.8£0.1 uM and kegnon = 0.048 £ 0.002 s
1, Kypr mon = 1.7 £ 0.3 puM.  C, Final concentrations: 0.5 uM Eg5-513 motor domain, 20 uM
tubulin, 20 uM Taxol, 150 uM MgATP, 0-150 uM S-monastrol. The data were fit to Equation 2:
Kanon=2.88 £0.04 uM.

61



3.3.4 Monastrol disrupts the microtubule binding properties of dimeric Eg5-513 but not

monomeric Eg5-367

The effect of a second motor domain could also be seen using equilibrium cosedimentation
assays to analyze the affinity of Eg5-513 for the microtubule in the presence of various
nucleotides. For these assays, either 2 uM Eg5-513 or 100 nM Eg5-513 was incubated with
varying concentrations of microtubules plus nucleotide, allowed to come to equilibrium, and then
centrifuged. The supernatant and pellet for each reaction were analyzed by SDS-PAGE to
determine the fraction of Eg5 motor that partitioned with the supernatant or the microtubules in
the pellet (Figure 3.5). In these assays, a dimeric motor would cosediment with the microtubules
as long as one motor domain of the dimer was bound to the microtubule. When no additional

nucleotide was added to the MT*Eg5 complex (Figure 3.5A, B), only ~70-80% of the motor

partitioned to the microtubule pellet with the K;yr = 0.6 uM. Incomplete binding was seen
using both Eg5-513 concentrations.

This observation that ~20-30% of the Eg5 motor remained in the supernatant came as
somewhat of a surprise because monomeric Eg5-367 showed stoichiometric binding to
microtubules under these conditions [250]. Eg5-513, like other kinesin motors, was purified
with ADP bound at the active site (Figure 3.3), and the ADP could affect the microtubule
affinity. To test the possibility that the ADP state was affecting the partitioning of Eg5-513 with
the microtubules, cosedimentation assays were performed in the presence of 2 mM MgADP. As

Figure 3.5G, H shows, the presence of additional ADP increased the partitioning of Eg5-513 to

the supernatant. Only 30-50% of the motor sedimented with the microtubules, K;r = 2.2 uM.
In contrast, when the MT*Eg5 complex was treated with apyrase to remove any ADP that

accompanies the motor through purification, all Eg5-513 partitioned with the microtubule pellet
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(Figure 3.5C, D). Incubation of the MT+Eg5-513 complex with the non-hydrolyzable ATP

analogue, MgAMPPNP, also caused all Eg5-513 to partition in microtubule pellet (Figure 3.5E,
F). The 2 uM data obtained from apyrase treatment as well as incubation with AMPPNP display
a sigmoid profile (K = 1.2 uMz, n=1.6and Ky;; = 0.5 uM3, n = 2.9 respectively), however
only a quadratic dependence is detectable at 100 nM motor. Comparison of the AMPPNP (K7
< 35 nM) results with the apyrase results (K yr = 370 nM) suggests that it is the ATP state that

has the highest affinity for the microtubule (Figure 3.5F inset). Additionally, the weak binding

of Eg5-513 in the presence of ADP suggests that that Eg5 motor detachment follows ATP

hydrolysis.
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Figure 3.5 Cosedimentation of Eg5-513 with Microtubules

Eg5-513 at 2 uM (large panels) or 100 nM (insets) was incubated with microtubules (0-30 uM
tubulin, 20 uM Taxol) in the 4, B absence of added nucleotide, i.e., as purified with ADP bound
to the active sites, C, D 0.1 U/ml apyrase, E, F 2 mM MgAMPPNP, or G, H 2 mM MgADP.
The fraction of Eg5-513 that sedimented with microtubules based on the Coomassie Blue-stained
SDS gels was plotted as a function of microtubule concentration. 4, B In the absence of added
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nucleotide, the fit of the data provided Ky = 1.0 £ 0.2 uM with maximal fractional binding at
79 £ 0.04%. C, D Apyrase-treatment yields a nucleotide-free state. The sigmoid data were fit to
the Hill equation: Ky = 0.93 £ 0.06 uMz, Hill coefficient n = 1.8 £ 0.1 with maximal fractional
binding at 100%. D inset, A comparison of microtubule binding in the absence of added
nucleotide (@) and the nucleotide-free, apyrase treatment, state (A ) using 100 nM Eg5-513. In
the absence of added nucleotide K = 561 + 180 nM with maximal fractional binding at 70 +
10%. In the nucleotide-free state, K;yr = 553 £ 252 nM; however, the maximal fractional
binding could not be experimentally observed due to the presence of microtubules in the
supernatants at the higher microtubule concentrations. E, FF MgAMPPNP was used to generate
an ATP-prehydrolysis state. The fit to the Hill equation provided Ky = 0.53 + 0.03 uM’, Hill
coefficient n = 2.7 £ 0.15 with maximal fractional binding at 100%. F inset, Displays Eg5-513
binding to the microtubule at nM concentrations of motor. All motor is observed to bind to the
microtubule with K; =22 + 6 nM. G, H, The MgADP data yielded K= 2.6 £ 0.4 uM with
maximal fractional binding at 45 £ 2%. S, supernatant; P, pellet.

Cosedimentation experiments using both monomeric and dimeric motors were also
perfomed under all nucleotide conditions in the presence of S-monastrol. Sedimentation of
monomeric Eg5-367 in the presence of AMPPNP, in the nucleotide-free state achieved with
apyrase treatment, and in the presence of AMPPNP + S-monastrol revealed stoichiometric
binding of Eg5-367 to microtubules (Figure 3.6A). Cosedimentation of Eg5-513 with
microtubules in the presence of S-monastrol did however alter the binding performance of Eg5-
513 though the sigmoid profile remained (Figure 3.6B). In the absence of inhibitor AMPPNP,
dimeric Eg5-513 exhibits tight, stoichiometric binding, however, in the presence of S-monastrol,
the data became superimposable with the weaker, nucleotide-free binding curve. These results
for dimeric Eg5-513 are consistent with the observation that S-monastrol does not abolish
MTe+Eg5 complex formation [217, 218, 245]. Also, consistant with monastrol stabilizing the

ADP state, sedimentation in the presence of 2 mM ADP + S-monastrol further decreased the the

fraction of Eg5-513 bound to microtubules from 45% to 19% (Figure 3.6B inset).
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Figure 3.6 S-Monastrol's Effect on MT+Eg5 Complex Formation

Monomeric Eg5-367 4 or dimeric Eg5-513 B (2 uM motor) was incubated with microtubules, in
the presence or absence of monastrol. A, Eg5-367 lacking nucleotide at the active-site (A), in
the presence of 2 mM MgAMPPNP (o), and 2 mM MgAMPPNP + 150 uM S-monastrol (¢)
displays stoichiometric binding to the microtubule. B, Eg5-513 lacking nucleotide at the active-
site (A), in the presence of 2 mM MgAMPPNP (e), and 2 mM MgAMPPNP + 150 uM S-
monastrol (¢) displays a sigmoid binding profile. Notice that in the presence of S-monastrol the
higher degree of cooperativity seen in the presence of MgAMPPNP as compared to the apyrase
treated nucleotide-free state is lost. Inset, Comparison of Eg5-513 microtubule binding in the
presence 2 mM MgADP (o) or 2 mM MgADP + 150 uM S-monastrol (¢). S-monastrol
decreased the fractional binding to 19 + 2%

3.4  DISCUSSION

3.4.1 Eg5 Dimerization

A stable Eg5 dimer was identified based on both analytical gel filtration and electron
microscopy. Eg5-513, however, contains significantly more amino acid sequence than has been
necessary to induce dimerization of other kinesins. For example, the Kinesin-1 motor of rat,
Drosophila melanogaster, and Neurospora crassa all dimerized with 379-391 amino acids [278,
307,311, 312]. The presence of multiple species in the gel filtration traces of Eg5-474, Eg5-488

and, though not as easily visible, Eg5-494 (Figure 3.2B, C) suggest either multiple
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conformations of the motors or multiple oligomeric states. While the multiple conformations
hypothesis cannot be strictly ruled out, the elution of the larger species at the same time as Eg5-
513 suggests that the two species represents equilibrium between monomeric and dimeric species
favoring the dimeric species in motors comprised of more amino acids. In preparation for
designing the constructs, both the COILS [313] and PAIRCOIL programs [314] were used to
examine the coiled-coiled probability of full length human Eg5. The coiled-coil prediction score
was largely uninterrupted from amino acid 368 to 523. Interestingly, the coiled-coil prediction
score decreases around amino acid 480 and depending on the program, decreases to zero either
shortly before or after amino acid 513. Quite possibly, Eg5 dimerizes by using C-terminal
sequence flanking regions with a propensity to form coiled-coils to set the register for stable
oligomerization. A C-terminal to N-terminal dimerization of a kinesin motor has been observed

with Xklp3A/B, a Kinesin-2 from Xenopus laevis [315, 316].

3.4.2 Intramolecular Cooperativity

In vivo, Eg5 is a homotetramer with two motor domains interacting with one microtubule and
two motor domains interacting with a second microtubule [109]. This organization raises
questions about the intramolecular cooperativity of the four motor domains of the homotetramer.
(1) Do all four motor domains function independently of each other? (2) Do the two sets of
motor domains alternate their mechanochemical cycles while the two motor domains that interact
on the same microtubule function in unison? (3) Do all four motor domains alternate their
mechanochemical cycles? (4) Do the two motor domains that interact with the same microtubule
alternate their mechanochemical cycles but function in unison with a corresponding motor

domain on the second microtubule? The steady-state ATPase kinetics strongly argue against the
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first two hypotheses. In comparison to the monomer, dimeric Eg5 exhibits differences in all

three kinetic parameters (Figure 3.4, Table 3). If the motor domains were independent or

functioned in unison, the steady-state kinetic parameters of both monomeric and dimeric motors
should be indistinguishable. With regards to cooperativity between the dimeric halves of Eg5,
hypothesis 3 and 4 cannot be definitively distinguished; however, hypothesis 4 is temporarily
favored. Microtubule gilding experiments performed with dimeric Eg5 display microtubule
displacement at rates comparable to what has been seen for the homotetramer (see section 3.5).
If all four motor domains alternated their mechanochemical cycles, the rate of microtubule
displacement by the homotetramer should be half that of the dimer. Regardless of the sequence
of activity by all four motor domains, at some point, the motion imparted on one microtubule
will be delayed until the half of the motor interacting with the second microtubule completes its
function; essentially doubling the time it takes for the motor to undergo two displacement events

on the same microtubule.

Table 3 Steady-state Parameters

Kinetic Eg5-513 Eg5-513 Eg5-367" Eg5-367°
Parameter Monastrol Monastrol
Steady-state kcq 0.48+025s" 0.046 £ 0.006 5™ 55+035s" 12+0.035"
n=17 n==6
Ko atp 7.9+2.4 uM 4.5+0.06 uM 25.1+£0.7 uM 3.6+0.3 uM
n=10 n=3
Ky mr 1.8+ 0.2 uM 1.94+02uM 071 £0.15uM 6.7 +0.4 M
n=7 n=3
Kifomon 48+1.3puM 13.8+ 1.0 uM
n=3

*Cochran et al. [250]
®Cochran et al. [248]
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3.4.3 Intermolecular Cooperativity

One of the more surprising observations was the sigmoid binding data obtained from
cosedimentation of 2 uM Eg5-513 following treatment with apyrase or in the presence of

MgAMPPNP (Figure 3.5C-F). Typically, one would argue that a sigmoid binding profile was

indicative of intermolecular cooperativity between two or more dimers, yet the unidirectional
shadowing suggests that Eg5-513, at concentrations insufficient to saturate the microtubule
lattice, binds microtubules stochastically rather than cooperatively [205]. The sigmoid profile
was not apparent in the cosedimentation assays using 100 nM Eg5-513, but that could be a result
of inherent error in detecting such small amounts of motor using the particular experimental
design. Cooperativity by a kinesin motor when binding to microtubules has been most evident in
the case of dimeric Ncd [317]; cryo-EM techniques imaged fully decorated microtubules side-
by-side with empty microtubules.

Intermolecular cooperativity between Eg5 dimers cannot be ruled out, though. If it were
completely absent, the regularity of the surface pattern observed in the unidirectionally
shadowing of Eg5 dimers on microtubules by Andreas Hoenger and colleagues [205] would
most likely have been disrupted as found for dimeric Kinesin-1 [see Figure 4 in [305]]. In fact, a
recent study with Kinesin-1 suggested that it also displays cooperative binding toward the plus-
end of the microtubule during ATP turnover, yet absent with the addition of ADP or AMP-PNP
[318]. Possibly, the interplay between the Eg5 motor domains and the microtubule causes a more
subtle global effect preventing binding cooperativity from being easily detected by the cryo-EM

analysis of dimeric Eg5.
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3.4.4 Model for the Inhibition of Eg5-513 by Monastrol

Cosedimentation assays using monomeric Eg5-367 did not indicate an affect by S-monastrol on
the ability of the motor to bind to microtubules in the nucleotide-free form or in the presence of
AMPPNP (Figure 3.6A). Likewise, the cryo-electron microscopy (cryo-EM) performed by
Andreas Hoenger and colleagues, which accompanied the cosedimentation data in [205],
indicated similar binding geometries under the three conditions. A higher degree of mobility
was seen in the presence of AMPPNP + S-monastrol, though large differences were not detected
in the averaging.

To the contrary, in cosedimentation assays using dimeric Eg5-513, an enhancement in
binding was seen in the AMPPNP state as compared to the nucleotide-free state (Figure 3.5F
inset). In the presence of AMPPNP + S-monastrol the enhancement in binding caused by
AMPPNP is not observed, though all motor was seen as pelleted with the microtubules in the
nucleotide-free pattern (Figure 3.6B). Under the more stringent cryo-EM conditions, a more
drastic difference was seen between the three conditions [205]. In the nucleotide-free state and
AMPPNP state, Eg5-513 was sufficiently able to decorate the microtubules, but the motor
domain density in the nucleotide-free state was only 50% that of the AMPPNP state. Decoration
of the microtubule was not observed in the presence of AMPPNP + S-monastrol [205].

These differences in binding between monomeric and dimeric Eg5 would suggest that the
inhibitory effects of monastrol on Eg5 are not merely a result of induced conformations in one
motor domain alone. More likely the induced conformations in the two motor domains of the
dimer or four motor domains of the in vivo tetramer act synergistically to impair microtubule
binding and possibly force generation. Structurally, the neck-linker was seen to be “docked”

along the motor domain in the Eg5¢ADPemonastrol crystal structure [244] whereas the neck-
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linker was seen to be “undocked” in the Eg5¢ADP crystal structure [243]. In the collaborative
effort with the Hoenger lab [205], it was proposed that a monastrol induced docking of the neck-
linkers of both motor domains of the dimer could sterically constrict the motor and prevent the
motor from engaging in its normal microtubule contacts. This idea was based off of the walking
model of conventional kinesin in which the rearward motor domain is capable of docking its
neck-linker but the forward motor domain cannot due to intramolecular strain [186, 191, 291,
319-321]. In the past year, the model proposed in Krzysiak et al. [205] has gained support from
FRET studies identifying a change in the position of the neck-linker upon binding of monastrol

to monomeric Eg5 motor domains [247].

3.5 CHAPTER 3 ADDENDUM: EG5-513 DRIVEN MICROTUBULE GLIDING

Finally, as a prelude to the later chapters in this dissertation, the contribution of Lisa R. Sproul,
who performed the multiple motor microtubule gliding assays in reference [205], needs to be

mentioned.

3.5.1 Methods

Highly fluorescent microtubules were polymerized by incubating a 1:1 ratio of rhodamine-
labeled tubulin (Cytoskeleton, Inc.) to native bovine tubulin in PME buffer (10 mM Pipes, 5 mM
MgCl,, 1 mM EGTA) at 34 °C, and subsequently stabilized with 20 pM Taxol. The
microtubules were sheared using a 23.5 gauge needle to generate seeds, and a 1:4 ratio of

rhodamine-tubulin to native bovine tubulin was added. The highly fluorescent microtubule seeds
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were extended with soluble tubulin at a lower concentration of rhodamine-labeled tubulin. The
resulting microtubules were polarity marked with a highly fluorescent short minus end and more
dim plus end. Microscopy was performed in OSM: PME supplemented with 1.5 mM MgATP
or MgAMPPNP, 1.0 mg/ml BSA, 0.2 mg/ml glucose oxidase, 35 pg/ml catalase, 4.5 mg/ml
glucose, 2.5 pl of B-mercaptoethanol, and 20 uM Taxol. A preformed MT+Eg5-513*AMPPNP
complex (2 uM Motor, 300 nM tubulin, 20 uM Taxol, | mM MgAMPPNP) was flowed into an
acid washed perfusion chamber and incubated for three minutes. The chamber was rinsed OSM
plus 1 mM MgAMPPNP to remove unattached microtubules. Three-to-four image frames of the
stationary microtubules were collected prior to reaction initiation by 1.5 mM MgATP plus an
ATP regeneration system (0.3 pg/ul creatine phosphokinase, 2 mM phosphocreatine in OSM).
Images were collected every 20 s over 20 min. Microtubules were analyzed using Adobe
Photoshop 7 based on the following criteria for evaluation: microtubules exhibited continuous
movement in one direction for ¢# > 1 min, microtubules did not contact other microtubules,
microtubules were > 2.5 um in length, and the microtubules were completely in the field of view.
The average length of the scored microtubules was 6 um. The motility was imaged with an
Olympus BX60 epifluorescence microscope using a 100X oil immersion objective. Digital
images were captured with a Hamamatsu 4742 CCD-cooled camera in conjunction with QED In

Vivo™ imaging software

3.5.2 Results and Discussion

As expected for a plus-end-directed motor, polarity marked microtubules were observed to move
with their brightly labeled minus-ends leading when Eg5-513 was present (Figure 3.7).
Microtubule gliding was not observed in the absence of either Eg5-513 or MgATP. The average
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rate at which Eg5-513 promoted microtubule gliding was 2.83 + 0.06 um/min with a range of 1.6
pum/min to 5.2 um/min (Figure 3.7). The rate of Eg5-513-promoted microtubule gliding was
comparable to the 2.75 um/min observed in vitro for Xenopus homotetrameric Eg5 with
translocation on microtubule asters [135] and the 2.4 pm/min observed for Baculovirus-
expressed and purified Eg5 homotetramer sliding microtubules against axonemes [255]. The
polarity of the microtubule seeds was confirmed using conventional kinesin, a well described
plus-end directed motor (Figure 3.7). This commonality between the results for dimeric Eg5-513
and homotetrameric Eg5 motors strongly supports the idea that mechanistic data obtained using
Eg5-513 will be applicable in defining the cooperative interactions and mechanistic basis of
homotetrameric Eg5 function in vivo.

Time O 1 min

* *
A A
2uMMotor n Rate (um/min) Polarity Marked Microtubules
n_ Plus-end Lead Minus-end Lead
No Motor 50 0.0 50 0 0
_Eg5-513 144 2.83 + 0.06 56 3 53
KHC 57 0.79=0.02umisec 17 1 16

Figure 3.7 Microtubule Gliding by Eg5-513

Eg5-513-5His promotes plus-end-directed microtubule gliding in the presence of 1.5 mM
MgATP. Polarity-marked microtubules exhibit a more highly fluorescent microtubule minus-
end. The A indicates a microtubule that is changing its position over time in comparison to the
stationary microtubule denoted by*. Conventional Kinesin-1 (KHC) was used to assess the
polarity of the microtubules. The microtubule gliding assays as well as this figure are the work
of Lisa R. Sproul.
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40 THE TRANSIENT-STATE KINETICS GOVERNING PROCESSIVE MOTION

BY EG5-513

Eg5/KSP is a homotetrameric, Kinesin-5 family member whose ability to cross-link
microtubules has associated it with mitotic spindle assembly and dynamics for chromosome
segregation. Transient-state kinetic methodologies have been used to dissect the
mechanochemical cycle of a dimeric motor, Eg5-513, to better understand the cooperative
interactions that modulate processive stepping. Microtubule association, ADP release, and ATP
binding are all fast steps in the pathway. However, the acid-quench analysis of the kinetics of
ATP hydrolysis with substrate in excess of motor was unable to resolve a burst of product
formation during the first ATP turnover event. In addition, the kinetics of P; release and ATP-
promoted microtubule-Eg5 dissociation were observed to be no faster than the rate of ATP
hydrolysis. In combination the data suggest that dimeric Eg5 is the first kinesin motor identified
to have a rate-limiting ATP hydrolysis step. Furthermore several lines of evidence implicate
alternating-site catalysis as the molecular mechanism underlying dimeric Eg5 processivity. Both
mantATP binding and mantADP release transients are biphasic. Analysis of ATP hydrolysis

through single turnover assays indicates a surprising substrate concentration dependence, where
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the observed rate is reduced by half when substrate concentration is sufficiently high to require

both motor domains of the dimer to participate in the reaction.

4.1 INTRODUCTION

Eg5 is member of the homotetrameric, BimC/Kinesin-5 family. Members of this family function
during mitosis and provide a plus-end directed force that has become associated with bipolar
spindle assembly, spindle maintenance, and microtubule flux [104, 106, 109, 219, 322-327]. The
function of Eg5 in the mitotic spindle has been shown to be indispensable. Perturbation of its
function prior to anaphase B by either antibody [104, 328] or small molecule inhibitors [217,
218, 223, 225, 226, 231-233, 236, 238, 329, 330] causes collapse of the bipolar spindle into a
monoaster and leads to apoptosis in cells with intact spindle checkpoint machinery [8, 331]. As
a result Eg5 has garnered substantial interest as a potential chemotherapeutic target in cancer
treatment.

Mechanistically, the ATPase cycle of monomeric Eg5 motor domains are fairly well
understood both free in solution and bound to microtubules [245-248, 250, 251, 332]. Off the
microtubule, monomeric Eg5 demonstrates weak ATP binding and has a propensity to form a
nonproductive Eg5*ATP complex [246]. However, on the microtubule, ATP binding is tight,

substrate productively proceeds through ATP hydrolysis, and the rates of all the individual steps

* The data presented in this chapter is reprinted with permission from the American Society for Biochemistry and
Molecular Biology, Inc. The original form of this data is by Krzysiak et al. and can be found in J. Biol. Chem. 281:
39444-39454.
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in the mechanochemical cycle are accelerated [250]. The microtubule-activated ATPase cycle
concludes with a conformational change of the motor domain in relation to the microtubule,
termed “rolling” [251], followed by the rate-limiting event in the cycle, the coupled action of
phosphate release, and motor detachment from the microtubule [250, 251].

In vivo the individual Eg5 motor domains probably do not function independently,
therefore analysis of a higher order oligomeric structure is necessitated. Indeed, previous
analysis of dimeric Eg5, Eg5-513, has indicated that two conjoined motor domains exhibit
cooperativity in vitro [205, 333]. In comparison to a single Eg5 motor domain, the steady-state
ATPase of Eg5-513 is reduced 10-fold suggesting the physical attachment of two motor domains
causes a reciprocal modulation of each enzymatic cycle [205]. Also, a Hiss-tagged form of Eg5-
513 has displayed processivity in single molecule studies [333], strongly suggesting that dimeric
Eg5, like other kinetically characterized dimeric kinesins, is able to maintain the ATPase cycles
of its motor domains out of phase to facilitate processive stepping. To begin to dissect the nature
of these cooperative interactions, a mechanistic analysis of the individual steps in the ATPase
cycle has been employed. Like conventional kinesin [143, 162, 168, 172], dimeric Eg5
alternates the catalysis of its motor domains to allow for processive movement along the
microtubule. However, dimeric Eg5 is the first kinesin motor found to have its ATPase cycle

limited by ATP hydrolysis during a processive run.
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4.2 MATERIALS AND METHODS

The biochemical analysis of Eg5-513 was performed in ATPase buffer at room temperature
(25°C). Paclitaxel in DMSO was used throughout to stabilize the microtubule polymer. The
concentrations reported are final concentrations after mixing. For the cloning and purification

off all motors see chapter 2.

4.2.1 Generation of Nucleotide-Free MT<Eg5-513 Complexes

For experiments in which a MT<Eg5-513 complex was treated with apyrase, the complex was
incubated with 0.02 U/ml apyrase (Grade VII, Sigma-Aldrich Co.) for 20 min. Apyrase
treatment was performed for 1 hr when Eg5-513 was free in solution because ADP release is
slowed significantly in the absence of microtubules. Apyrase converts free ADP to AMP + P;.
However, the affinity of Eg5-513 for AMP is so weak that apyrase treatment effectively
generates a nucleotide-free state for Eg5 (data not shown). Apyrase treated Eg5-513 was fully
active based on microtubule binding (Figure 3.5, [205]) and steady-state ATP turnover (k. =

0.67 s™).

4.2.2 MantATP Binding

The MT+*Eg5 complex was first treated with apyrase to produce the nucleotide-free state of the
motor. After treatment the complex was rapidly mixed with mantATP in the Kin-Tek SF2003

stopped-flow (Kin-Tek Corp.), and an increase in fluorescence was monitored (Aex = 360 nm, Aep
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= 460 nm, 400 nm longpass filter). Experiments were performed using either racemic mantATP
(Invitrogen Corp.) or the 3’-mant-2’'-dATP isomer. Differences in the data produced using the

pure isomer as compared to the racemate were not apparent (Figure 4.1D). The data were best fit
by a double exponential function. The rate of the initial exponential phase was plotted as a

function of mantATP concentration and fit both hyperbolically and to Equation 4,

kops = Kik+ 1 {ATPY(K[ATP] + 1) + k.; - (Eq. 4)

where K; represents the equilibrium association constant for the collision complex (K; = 1/K)

and k.;-1s the maximum rate of the first-order isomerization. The second-order rate constant for

mantATP binding is defined by Kk, and the y-intercept defines the dissociation rate, k_;~.

The second phase of the fluorescence enhancement displayed a linear dependence on
mantATP concentration. The observed exponential rates of second phase as well as the first
phase, at low concentrations of mantATP, where the data approximate a line, were fit to the

linear function,

kobs = kon*[ATP] + k0ff (Eq 5)

where k., is the observed exponential rate of fluorescence enhancement, k,, is the second-order

rate constant of nucleotide binding, and k, is the dissociation rate obtained from the y-intercept.
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4.2.3 Pulse-Chase Measurement of ATP Binding

Preformed MT+Eg5 complexes were rapidly mixed with MgATP + trace [o’°P]JATP in the
KinTek chemical quench-flow instrument for a set time and chased with an excess of unlabeled
MgATP (10 mM final). The reaction was allowed to proceed for 10 half-lives and quenched
with formic acid. [a**P]JADP and P; were separated from ATP using thin layer chromatography
and quantified using Image Guage V4.0 software (Fuji Photo Film U.S.A.). The individual

transients were fit to the burst equation,

[ADP] = A*[ 1-exp(-kvf)] + kstowt (Eq. 6)

where A4 is the amplitude of the initial burst of product formation on the active site during the
first turnover, ¢ is the time in seconds, k;, is the rate constant of the exponential burst, and kg, 1S

the rate of subsequent ATP binding events.

424 Acid-Quench Experiments

A preformed MT+Eg5 complex was rapidly mixed with MgATP + trace [o’’PJATP in the
quench-flow. At varying times of incubation, reactions were quenched with 5 M formic acid,
and product formation was both resolved and quantified in the same manner as described for the
pulse-chase experiments. Single turnover experiments were performed with Eg5-513 active sites
in excess of MgATP concentration. The data from these experiments were fit to a single

exponential function.
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4.25 Phosphate Release

A solution containing a preformed MT+Eg5 complex and the MDCC labeled phosphate binding
protein from E. coli (MDCC-PBP) [143, 299] was rapidly mixed with MgATP in the stopped-
flow instrument (Aex = 425 nm, Aep = 466 nm, 450 nm longpass filter). Final concentrations: 0.5
uM Eg5-513, 4 uM microtubules, 20 uM Taxol, 5 uM MDCC-PBP, varying MgATP. In this
assay, P;j liberated from the hydrolysis of ATP to ADP+P; will be rapidly and tightly bound by the
MDCC-PBP, eliciting a fluorescence increase [299]. To remove any P; present in the buffer that
is not a result of an enzymatic event, all solutions were supplemented with a “P; Mop” (0.05
U/ml PNPase + 0.5 mM MEG) and incubated at 25 °C for at least 30 min prior to
experimentation. The fluorescence amplitude was converted to P; concentration using a KH,PO4
standard curve generated the day of the experiment [334]. Single turnover experiments were
also performed with Eg5-513 active sites in excess of MgATP concentration. A MT<Eg5-513
complex (30 uM Eg5-513, 40 uM microtubules, 40 uM Taxol) was treated with apyrase, and the
complex was sedimented (100,000 X g for 30 min) to remove the apyrase, AMP, and P; that
partitioned to the supernatant. The microtubule pellet was then resuspended in ATPase buffer
supplemented with the “P; Mop” and incubated at 25 °C for 20 min. The solution was adjusted
to 40 uM MDCC-PBP and incubated at 25 °C for 1 hr. During resuspension, recovery of the
MT<Eg5-513 complex was assumed to be 100%. To determine the concentration of Eg5-513
present following centrifugation, SDS-PAGE was performed to compare the experimental

sample with an Eg5-513 standard curve.

80



4.2.6 Dissociation of the MT*Eg5-513 Complex

MTe+Eg5-513 complex dissociation was observed by monitoring a decrease in turbidity (A = 340
nm) in the stopped-flow instrument. A preformed MT*Eg5-513 complex was rapidly mixed with
MgAXP (ATP, ADP, ATPyS, or AMPPNP). Kinetic measurements of the rate of MT<Eg5
complex dissociation were performed as a function of MgATP. The observed exponential rates
were plotted and hyperbolically fit.  For dissociation experiments, an additional 200 mM KCl
(100 mM final) was added to the nucleotide syringe to weaken ionic interactions between the
motor domains and the microtubule, therefore, slowing motor rebinding to the microtubule.
Dissocation of the MT+Eg5-513 complex was also pursued by mixing motor with microtubules +

MgATP without additional salt.

4.2.7 Formation of the MT+Eg5-513 Complex

The presteady-state kinetics of MTeEg5-513 association were determined by monitoring an
increase in turbidity (A = 340 nm) in the stopped-flow instrument. Apyrase-treated or untreated
Eg5-513 was mixed with increasing microtubule concentrations. The rates of the exponential
phase of each transient were plotted as a function of microtubule concentration and fit to the

following linear equation,

kobs = kassoc* [MT] + ko]f (Eq 7)

where ks is the rate of the exponential change in turbidity, ks 1S the second-order rate
constant of complex formation (k+4), and k,; 1s defined by the y-intercept.
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4.2.8 MantADP Release

Measurements of the rate of ADP release from Eg5-513 triggered by the formation of the
MT+Eg5-513 complex were performed by first incubating Eg5-513 with mantADP racemate at a
1:1 stoichiometry. The Eg5-513*MantADP complexes were subsequently mixed with increasing
amounts of microtubules + 1 mM MgATP, and a decrease in mantADP fluorescence was
monitored (Aex = 360 nm, Aem = 460 nm, 400 nm longpass filter). The observed exponential rate

constants were then fit to a hyperbola.

43 RESULTS

4.3.1 MantATP Binding

The rate of substrate binding by dimeric Eg5 was pursued by two methods: monitoring the
fluorescence enhancement of mantATP binding to Eg5-513 (Figure 4.1) and pulse-chase analysis
(Figure 4.2). A preformed MT+Eg5-513 complex was treated with apyrase to remove any ADP
that accompanied Eg5-513 through purification, and the resultant nucleotide-free complex was
rapidly mixed with mantATP in the stopped-flow instrument. A nucleotide-free MT*Eg5-513
complex was used in these experiments because ADP copurified with Eg5-513 [205], has been

observed to cause Eg5-513 to partition off of the microtubule [[205], and Figure 4.2C inset] , and

in essence reduce the number of Eg5-513 active-sites that participate in the first mantATP

binding event. The resultant mantATP transients were best fit by a double exponential function
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with both phases showing a mantATP concentration dependence. This is in contrast to the
monophasic transients obtained from mantATP binding to monomeric Eg5-367 [250].

At low concentrations of mantATP, the data from the initial phase can be linearly fit with
the slope of the line providing a second-order rate constant of mantATP binding at 3 pM's™
(Figure 4.1B inset). However, a plot of the observed rate as a function of mantATP

. . . . . . -1
concentration over the entire concentration range examined was hyperbolic with k.. = 54 s~ and

Kymanarp = 11.3 uM (Figure 4.1B, Table 4). Deviation from linearity indicates that ATP
binding is at least a two step process with the initial collision (K;) followed by a rate-limiting
conformational change (k:;). As such, the data in Figure 4.1B were also fit to Equation 4, the
mathematical representation of two-step substrate binding. The fit of the data provided a second-
gl

order rate constant of mantATP binding K;ki;- = 5.8 uM''s”, the maximal rate of the

isomerization to tight ATP binding k+;-= 54 s, and an apparent Ky namarp = 9.4 uM.

Data from the second, slower exponential phase can also be fit to a linear function
providing a second-order rate constant for mantATP binding of 0.14 uM™'s™ (Figure 4.1C). The
concentration dependence of both phases suggests that this assay is monitoring two separate
nucleotide binding events by two distinct populations, presumably Head-1 versus Head-2 of the

dimeric molecule.
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Figure 4.1 MantATP Binding

A MT+Eg5-513 complex was first treated with apyrase and then rapidly mixed with
MgMantATP in the stopped-flow instrument. Final concentrations after mixing were 0.5 uM
Eg5-513/8 uM microtubules for 0.5-4 puM MgMantATP and 2.5 pM Eg5-513/8 uM microtubules
for 4-50 uM MgMantATP. A, The averaged fluorescence transients for the listed MgMantATP
concentrations are displayed. B, Each transient was fit to a double exponential function, and the
observed rate of fluorescence enhancement for the first exponential is plotted as a function of
MgMantATP concentration. The data display a hyperbolic dependence and were fit to Equation
4withK;=0.11+0.02 uM ™", kv =54 +2 5" and Ky manarp = 9.4 M. B inset, At low substrate
concentrations, the observed rates of the initial exponential phase were linear providing the
second-order rate constant of MantATP binding, k+; =3 + 0.2 uM™'s”". C, The observed rates of
the second exponential phase also display a linear dependence with respect to the MantATP
concentration range examined. The apparent second-order rate constant of substrate binding
defined by this phase is 0.14 + 0.01 pM's™. C inset, A representative transient, 0.5 pM Eg5-
513/8 uM microtubules and 0.5 uM MgMantATP, displaying the completion of both phases.
The amplitudes of both phases of this transient are equal with corresponding rates of 0.41 s and
0.12 s respectively. D, A representative transient obtained from mixing a MT<Eg5-513
complex with the 3’-mant-2'-dATP isomer only. The inset table compares k., for a few
mantATP concentrations.
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4.3.2 ATP Binding by Pulse-Chase

To determine the kinetics of Eg5-513 binding the natural substrate, MgATP, pulse-chase
experiments were performed (Figure. 4.2). A preformed MT+Eg5-513 complex was rapidly
mixed with MgATP + trace [a’*P]ATP and chased with an excess of unlabeled MgATP. This
experimental design ensures that any weakly bound radiolabeled substrate from collision
complex formation will be effectively outcompeted by unlabeled substrate, and only the
formation of an MT<Eg5-513*ATP complex that proceeds through ATP hydrolysis will be

monitored. The individual transients were fit to the burst equation (Equation 6) (Figure 4.2A).

A plot of the observed rates of the exponential burst of product formation as a function of ATP
concentration can be fit to a hyperbolic function providing k+; = 50 s™ and K 47p = 35 pM
(Figure 4.2D). At low ATP concentrations, where the data can be fit linearly, the slope of the
line provides a second-order rate constant of ATP binding, k+; = 1.2 uM's™ and an off-rate

determined by the y-intercept of 1.4 s (Figure 4.2D inset). As with the mantATP binding

experiment, deviation from linearity indicates multistep process with substrate binding limited by
a conformational change. The observed rates from both the pulse-chase and mantATP
experiments (50 s and 54 s respectively) are in good agreement with each other, suggesting
that the experimental approaches were monitoring the same event. Furthermore, the fact that
product formation during the first ATP turnover was visible as well as the k., being 100-fold
faster than steady-state ATP turnover (Figure 3.4, [205]), indicates that ATP binding is a rapid
event in the cycle.

Additional information can also be gained from the amplitude of the transients as well as
from the rate of the linear phase of the transients. From the burst amplitude data, the percentage

of the motor population that is participating in the first ATP turnover can be determined. In
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these experiments, the effective motor population is represented only by motor bound to the
microtubule. When Eg5 is free in solution, the ATPase cycle is limited by ADP release at 0.002
s™ (Figure 3.3B) and will not significantly contribute to the observed signal. As evidenced by
the inset SDS-polyacrylamide gel in Figure 4.2C, not all motor is bound to the microtubule at the
start of the experiment and the effective motor population needs to be corrected for the motor
that is free in solution. After normalizing for the percentage of the motor population that is
bound to the microtubule and therefore able to bind and hydrolyze ATP at the microtubule-
activated rate, 97 = 5% of motor active sites were competent to bind and hydrolyze ATP during
the first turnover. The K, 47p determined from the burst amplitude data at 57 uM (Figure 4.2F) is
higher than the K; 47» determined from the rate of the burst in Figure 4.2D at 35 uM. The K, 47p
difference is suggestive that the burst rate is monitoring Head-1 while the burst amplitude data
represent both Head-1 and Head-2.

The rate of the linear phase represents subsequent ATP turnovers and is therefore enzyme
concentration dependent. Like the amplitude data, the rate of the linear phase must be corrected
for the fraction of motor that is not bound to the microtubule at the start of the experiment. The
observed rate of the linear phase approached k. = 5.7 uM ADPes"! with a Kgarp = 26.7 pM.
Considering that only 85-90% of the motor (4.25-4.5 uM out of 5 uM) was bound to the

microtubule under the experimental conditions (Figure 4.2C, inset), the predicted slow step

governing subsequent ATP turnover events was 1.27-1.34 s per uM Eg5-513.
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Figure 4.2 Pulse Chase Kinetics of ATP Binding

A preformed MT+Eg5 complex was rapidly mixed with Mg[a’*P]JATP and chased with 10 mM
unlabeled MgATP. A4, Individual transients displaying an ATP concentration-dependent
presteady-state burst of product formation followed by a linear phase of product formation. B,
The observed exponential rates were plotted as a function of MgATP concentration and fit to a
hyperbola: kye =52+ 7 s and Ky rp = 20.4 + 14.5 uM. C inset gel, Not all Eg5 was bound to
the microtubules at the start of the experiment. Displayed are two load volumes of the
supernatant and pellet fractions of centrifuged MT<Eg5 complexes. C, The burst amplitude as
uM ADP formed is plotted. The hyperbola extrapolates to 4.1 uM of possible 4.5 uM maximal
amplitude based on the fraction of motor that was bound to the microtubules at the start of the
experiment. While B and C display the data from individual experiments, D-F represent data
from multiple experiments. D, the hyperbolic fit of the observed burst rates providing k&, = 50
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+3 5" and K47p = 35.3 £ 7.4 uM. The inset displays ATP binding at low ATP concentrations
where the data can be linearly fit to Equation 5. The second-order rate constant for ATP binding
given by the slope is k+; = 1.15 + 0.1 uM™'s™ and the off-rate provided by the y-intercept is 1.4 +
0.6 5. E, The observed rates for subsequent ATP binding events obtained from the linear phase
of the transients were plotted and fit to a hyperbola: &y, = 5.7 £ 0.4 uM ADP'S_I, Kgarp=27%7
uM. F, The burst amplitudes from multiple experiments have been normalized according to the
amount of Eg5 sites that partition with the microtubule pellet on the day of the experiment, and
were plotted as function of MgATP concentration. The hyperbolic fit extrapolates to 97 £ 5 % of
Eg5 active sites with K; 47p = 57 £ 8 uM. Final concentrations of the MT*Eg5 complexes: 1 uM
Eg5-513/6 uM MTs for 1-3 uM ATP, 2 uM Eg5-513/6 uM MTs for 2-6 uM ATP, and 5 uM
Eg5-513/6 uM MTs for 5-300 uM.

4.3.3 Acid-Quench Analysis of ATP Hydrolysis

The kinetics of ATP hydrolysis were originally pursued by rapidly mixing a preformed MT*Eg5-
513 complex (5 uM Eg5-513, 6 uM microtubules) with Mg[a’’P]JATP in excess of enzyme
concentration in the quench-flow instrument. Surprisingly, a burst of product formation during
the first ATP turnover was not observed as compared to the pulse-chase transients at the same
ATP concentration (Figure 4.3). There are several possibilities that can account for this result:
(1) ATP binding is rate limiting, (2) steady-state ATP turnover is fast enough to significantly
obscure visualization of the burst phase, (3) copurifying ADP is occupying the active sites, (4)
ATP hydrolysis is the rate limiting step in the mechanism. The first hypothesis, that the ATP
hydrolysis step is limited by rate limiting substrate binding, must be rejected because ATP

binding is a fast step (Figures 4.1-4.3).
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Figure 4.3 Comparison of Pulse Chase and Acid Quench Transients

Pulse-chase (®) and acid-quench (m) experiments were performed on the same day at the
specified MgATP concentrations. Note the absence of a presteady-state burst in the acid-quench
transients, yet present in each pulse-chase transient.

To address the hypothesis that steady-state ATP turnover is obscuring the burst phase,

additional KCI1 was added to the nucleotide syringe. In the case of conventional kinesin [143,
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181, 335] and monomeric Eg5 [250], additional salt was added to the nucleotide syringe to better
visualize the burst phase. The additional salt did not have an affect on the first ATP turnover,
but was able to lower steady-state by weakening ionic interactions between the motor domains
and the microtubule. In this design, dissociation of the MTemotor complex is favored following
the initial ATP hydrolysis event: effectively disrupting the microtubule’s ability to enhance ATP
turnover and revealing the burst phase. Incorporation of an additional 100 mM KCl (final after
mixing) into the MgATP syringe did not permit resolution of a burst of product formation in the
case of Eg5-513 (Figure 4.4A).

ADP has been demonstrated to have an affect on the equilibrium of the MT+Eg5-513

complex [Figures 3.5, 4.2C inset, [205]], and there was the possibility that it could be influencing

the experimental readout. Removal of copurifying ADP by apyrase treatment was done to
ensure that all motor was bound to the microtubule [Figure 3.5, [205]], and there would be no
nucleotide to compete with ATP for binding sites at the start of the experiment. A burst of
product formation was not observed when the MT+*Eg5-513 complex was pretreated with apyrase
prior to performing the acid quench experiment (Figure 4.4B). The failure to resolve product
formation during the first turnover event from subsequent ATP turnovers using several
experimental designs, in conjunction with ATP binding being a rapid event, implied that ATP

hydrolysis may be the rate-limiting step in the cycle.
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Figure 4.4 Inability to Resolve First Hydrolysis Event

A preformed MT+Eg5 complex was rapidly mixed in the quench-flow with Mg[a**P]JATP, and
the reaction was quenched with formic acid. Final concentrations: 5 puM Eg5-513, 6 uM
microtubules, varying MgATP. A, Subsequent ATP turnovers were slowed by the addition of
KCI to the MgATP syringe. The data in the presence (0) and absence (@) of 100 mM KCI are
similar and appear linear. B, Treatment of the MT<Eg5 complex with 0.1 U/ml apyrase (¢) does
not resolve of a presteady-state burst.

4.3.4 Single Turnover Analysis of ATP Hydrolysis

A series of single turnover experiments were pursued to test this hypothesis and to determine the
intrinsic rate constant of the ATP hydrolysis step (Figure 4.5). With Eg5-513 active sites present
in excess of ATP, the observed exponential conversion of ATP to ADP<P; would reflect the
intrinsic rate of ATP hydrolysis as long as the rate of substrate binding governed by [E]*k; is
faster than the intrinsic rate of ATP hydrolysis. Experimental conditions at which the observed
rate of ATP hydrolysis saturated were not able to be met due to technical difficulties in
combining high concentrations of motor and microtubules. At the highest concentration of
MTe+Eg5-513 used (45 uM Eg5-513, 50 uM microtubules, 1 uM MgATP), the observed rate was

3.3 57! with the hyperbolic fit of the data providing k., = 5.4 s™ (Figure 4.5B).
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With the high motor concentration used in these experiments, it was a concern that the
amount of ADP copurifying with Eg5-513 was effectively competing with the low concentration
of ATP at 1 uM. To examine if this hypothesis were true, the MT+*Eg5-513 complex was treated
with apyrase to remove the copurifying ADP. The observed rate after apyrase treatment
increased slightly for most of the motor concentrations tested, suggesting that co-purifying ADP
did have an impact on this experiment (Figure 4.5B). A hyperbolic fit to the data produced a k-,
=9.6+ 1.7 ™. This range of 5-10 s™ for the rate of ATP hydrolysis, appears to be suitable based
off of motility experiments and the MT<Eg5 dissociation kinetics (Figure 4.7) which will be
discussed later.

If both Eg5-513 active sites of the dimer bound and hydrolyzed ATP independently of
each other, the observed rate should be independent of ATP concentration. An ATP
concentration dependence was pursued using single turnover experiments to test for
cooperativity between the two motor domains. If the MT<Eg5-513 complexes were mixed with a
substrate concentration greater than half the active site concentration such that both Head-1 and
Head-2 bind and hydrolyze ATP, the observed rate of ATP hydrolysis was reduced by almost
half (Figure 4.5C). These results provide compelling evidence that the two motor domains

hydrolyze ATP in a sequential fashion in these single turnover experiments.
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Figure 4.5 Single Turnover Acid Quench Kinetics of ATP Hydrolysis

A, A prefomed MT+Eg5 complex was rapidly mixed with Mg[o’°PJATP in the quench-flow.
Final concentrations were 15 puM Eg5-513/20 uM microtubules (0), 20 uM Eg5-513/25 uM
microtubules (¢), 30 uM Eg5-513/35 uM microtubules (®), 45 uM Eg5-513/50 uM microtubules
(A) and 1 uM MgATP. Each transient was fit to a single exponential function. B, The observed
exponential rates were plotted as a function of Eg5-513 concentration and hyperbolically fit; k-,
=54+ 1s". The (+) represents data from a MT*Eg5 complex that was pretreated with apyrase,
ki;=9.6+1.7s". Inset, Transients obtained on the same day from a MT<Eg5 complex (45 pM
Eg5-513, 50 uM microtubules final concentrations after mixing) in the absence of apyrase
pretreatment (@) and treated with apyrase (¢). No treatment, k,»; = 3.3 £ 0.1 s! compared to 4.8 +
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0.2 s with apyrase treatment. C, The rate of ATP hydrolysis was examined by varying the
MgATP concentration to evaluate ATP hydrolysis for one head versus two heads of the dimer at
single turnover conditions.

4.3.5 Phosphate Release

If the kinetic step of ATP hydrolysis were the slowest step in the enzymatic cycle, then any step
following ATP hydrolysis, such as phosphate release, should be limited by ATP hydrolysis. The
rate of phosphate release was first examined by mixing an MT*Eg5-513 complex and MDCC-
PBP with ATP in excess of motor concentration (Figure 4.6A). Under these conditions, product
formed in the first turnover could not be separated from subsequent ATP hydrolysis events. As
an example (Figure 4.6A), when the MT<Eg5-513 complex was mixed with MgATP (0.5 uM
Eg5-513, 2 uM MTs, 10 uM MgATP ), kops = 0.22 5™ with the burst amplitude equal to 3 uM
phosphate based on the KH,PO, standard curve (Figure 4.6A). These results at 0.5 uM Eg5-513
indicate that the slow exponential phase of phosphate release represents six ATP turnovers.
Single turnover experiments were also performed to monitor the first phosphate release
event. An apyrase treated MT*Eg5-513 complex plus MDCC-PBP was rapidly mixed in the
stopped-flow with MgATP (Final: 11 uM Eg5-513, 20 uM microtubules, 20 uM MDCC-PBP, 1
UM MgATP). The resultant single exponential function displayed ko, = 1.9 s with an
amplitude corresponding to 0.98 uM phosphate (Figure 4.6B). The observed amplitude is in
good agreement with the expected amplitude of 1 uM phosphate released from 1 uM ATP.
Furthermore, single turnover ATP hydrolysis data of an apyrase-treated MT<Eg5-513 complex at

11 uM Eg5-513 predicts ATP hydrolysis at 1.85 s (Figure 4.5B). The observed rate of
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phosphate release at 1.9 s™' supports the hypothesis that phosphate release is limited by ATP

hydrolysis.
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Figure 4.6 Phosphate Release

A, A preformed MT*Eg5-513 complex plus MDCC-PBP was mixed in the stopped-flow with
MgATP. Final concentrations: 0.5 uM Eg5-513, 2 uM microtubules, 5 uM MDCC-PBP, 10 uM

MgATP. The transient displays an amplitude corresponding to 3 pM P; with k,»s = 0.22 £ 0.0002
s'. B, A preformed MT+Eg5-513 complex plus MDCC-PBP was mixed in the stopped-flow

with MgATP at single turnover conditions. Final concentrations: 15 puM Eg5-513, 20 uM
microtubules, 20 uM MDCC-PBP, 1 uM MgATP). The data were fit to a single exponential
function with k., = 1.9 =+ .002 s with the amplitude of 0.98 uM. A4, B insets, The KH,PO4
standard curves used to convert fluorescence voltage to pM P; released for the corresponding
experiments.

4.3.6 Dissociation of the MT+*Eg5-513 Complex

To evaluate whether Eg5 detachment from the microtubule occurred following ATP hydrolysis
as has been observed for conventional kinesin, Ncd, Kar3, and monomeric Eg5, dissociation of
the MT<*Eg5-513 complex was explored as a function of various nucleotides and nucleotide
analogues [250, 336, 337]. A preformed MT<Eg5-513 complex was rapidly mixed in the
stopped-flow with 2 mM MgAXP (ATP, ADP, AMPPNP, or ATPyS) or buffer supplemented

with salt (100 mM KCI final concentration). Again, the presence of additional salt does not
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affect the first ATP turnover but weakens MTemotor interactions such that the dissociated state
becomes more predominant [143, 181, 250, 335] . A slight decrease in turbidity was seen in the
presence of the nonhydrolyzable ATP analogue AMPPNP and the slowly hydrolysable analogue
ATPyS. However, the amplitudes of the transients were quite small and similar to that of buffer,
suggesting that the decrease was caused by the presence of the additional KCl and not the
nucleotide (Figure 4.7A). In contrast, if the MT*Eg5-513 complex were mixed with either
MgATP or MgADP, a dramatic decrease in turbidity was detected. In conjunction, these results
further support Eg5-513+<ADP as a weak microtubule binding state and suggest that dissociation
occurs, as observed for other kinesin family members, after ATP hydrolysis.

Since dissociation follows ATP hydrolysis, the observed rate of dissociation should not
exceed the rate of ATP hydrolysis if hydrolysis were rate-limiting in the pathway. The kinetics
of dissociation were explored as a function of MgATP concentration. The individual transients
were biphasic with the rate of the initial fast phase extrapolating to 6.6 5™ with a Ky, 47p = 5.4 pM
(Figure 4.7). The slow rate of the second phase did not display an ATP concentration
dependence (average kops = 0.7 s'l).

Another expectation as a result of dissociation following ATP hydrolysis would be that
the dissociation transients would display a lag before the decrease in turbidity because of the
time required for ATP binding, ATP hydrolysis, and phosphate release. The presence of such a
lag was not always detected in experiments with additional salt in the nucleotide syringe.
Therefore, to verify that the dissociation data were indeed measuring a signal attributable to
dissociation of the MT<*Eg5-513 complex following ATP hydrolysis, Eg5-513 was mixed with
microtubules + MgATP in the stopped-flow. There was an initial increase in turbidity as

expected for motor association with the microtubule, followed by a lag of ~100 ms, and a
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biphasic decrease in turbidity. This profile is consistent with MT*Eg5-513 complex formation
followed by a lag representing at least one slow intermediate preceding detachment from the

microtubule.
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Figure 4.7 Dissociation of the MT<Eg5-513 Complex
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A, A preformed MT*Eg5 complex was rapidly mixed in the stopped-flow with either buffer,
MgAMPPNP, MgATPyS, MgADP, or MgATP. In each case the nucleotide syringe contained an
additional 200 mM KClI resulting in final concentrations of 100 mM KCI, 1 mM MgAXP, 4 uM
Eg5-513, 6 uM tubulin. The average of 4-6 transients for each condition is displayed. The ATP
and ADP transients were fit to a double exponential function yielding the initial fast kyp = 6.2 £
0.2 s' and 23.9 + 0.6 s and the slower second phase ks = 0.76 = 0.02 stand 1.2 £ 0.02 s'l,
respectively. The amplitudes associated with the fast and slow phases were approximately equal
for both the ATP and ADP transients. B, The observed rates of both the fast (@) and slow (m)
exponential phases were plotted as a function of MgATP concentration. A hyperbolic fit to data
from the initial rapid phase produces a k., = 6.7 £ 0.2 s and Kyarp=69 1.2 s, The data
from the slower exponential phase does not vary as a function of MgATP concentration (average
kops = 0.7 £0.1 s'l). C, Dissociation of the MT*Eg5-513 complex was examined in the absence
of additional KCIl. Eg5-513 was mixed with microtubules + MgATP. Final concentrations: 5
uM Eg5, 5 uM microtubules, 1 mM ATP. The resultant transient exhibits an increase in
turbidity at 14.4 + 0.3 s™ followed by a 100 ms lag, and a biphasic decrease in turbidity of equal
amplitude (phase 1 4,5 = 1.05 £ 0.05 s'l, phase 2 k,5s =0.19 £ 0.01 s'l).

4.3.7 MicrotubulesEg5-513 Association

Besides examining steps in the mechanochemical cycle of Eg5-513 while it is associated with the
microtubule, experiments were performed to address steps in the cycle leading to MT<Eg5-513
complex formation. Formation of the MT*Eg5-513 complex was measured by monitoring an
increase in turbidity when Eg5-513 and microtubules were mixed in the stopped-flow. The
second-order rate constant of association was measured at kyssoc = 2.8 uM'ls'l, with an off-rate of
ko= 9.7 st (Figure 4.8). These kinetic constants provide a K;ur = 3.5 puM which is similar to
the steady-state Ky 7= 1.8 uM [Figure 3.4, [205]]. To address the contribution that copurifying
ADP might have on the association kinetics, Eg5-513 was treated with apyrase prior to mixing
with microtubules in the stopped-flow. After apyrase treatment the second-order rate constant
for complex formation is kyss0c = 3.2 uM'ls'1 with an off-rate ko= 7.7 s'l, and Kjyr= 2.4 uM .
These kinetic constants are similar, and the results indicate that the magnitude of k,;was not due

to the presence of copurifying ADP.
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Figure 4.8 Association of Eg5-513 with Microtubules

Eg5-513 + apyrase treatment was rapidly mixed with microtubules in the stopped-flow
instrument, and the increase in turbidity was monitored. Final concentrations are 1.25 uM Eg5-
513 for 1.25-2.5 uM microtubules, 2.5 uM Eg5-513 for 2.5-5 uM microtubules, 5 uM Eg5-513
for 5-10 uM microtubules. The individual transients were fit to a double exponential function,
and the observed rate of the initial fast phase was plotted as a function of microtubule
concentration. The data were fit to Equation 7, yielding a second-order rate constant for
complex formation in the absence of apyrase treatment () of 2.8 + 0.2 uM™'s™ and 3.2 + 0.2 5!
with apyrase treatment (), and an off-rate provided by the y-intercept of 9.7 + 1 s™' (no apyrase
treatment) and 7.7 + 1.4 uM’'s" with apyrase treatment. Insefs, representative MTsEg5
association transients with and without apyrase treatment (upper left: 5 uM Eg5-513, 8 uM
microtubules final) or with apyrase treatment (lower right: 5 uM Eg5-513, 5 uM microtubules
final concentrations).

4.3.8 MantADP Release from Eg5-513

To measure the rate of ADP release with motor collision with the microtubule, Eg5-513 was first
incubated with an equimolar amount of mantADP to exchange bound ADP with the fluorescent
analogue. Eg5-513+*mantADP was then rapidly mixed with microtubules plus | mM MgATP in
the stopped-flow, and the decrease in fluorescence upon mantADP release from the active site
was monitored. The addition of non-fluorescent MgATP to the reaction served to diminish the

probability that mantADP released to the solution would rebind the motor domain. The resultant
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fluorescence decrease was biphasic with the initial fast phase producing k., =28 s™ with a Ky, y7;
= 3.7 uM (Figure 4.9). The slower phase was also microtubule concentration dependent with

kmax = 0.5 s and a Ky yrs =13 uM.
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Figure 4.9 MantADP Release

The Eg5*MantADP complex was rapidly mixed with microtubules + MgATP in the stopped-
flow and the decrease in MantADP fluorescence emission was monitored. Final concentrations
were 2 pM Eg5-513*mantADP, 1 mM MgATP, 2-30 uM microtubules. A, The individual
transients were biphasic. B, the observed rates of both phases were plotted as a function of
microtubules concentration and hyperbolically fit. The fits for the first (@) and second (m)
phases extrapolate to k1, =29 + 2 s'l, Kyyr=3.810.7 uM, and ke = 0.5 £ .04 s'l, Kyur=13 £
2 uM respectively. Inset, the observed rates of the second phase.
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44  DISCUSSION

This study provides kinetic evidence for the observed processive stepping of dimeric Eg5 [333].
Dimeric Eg5-513 like conventional Kinesin-1 alternates the enzymatic cycles of its motor
domains to ensure that one motor domain is tightly bound to the microtubule while the other
detaches to rebind at its next microtubule site 16 nm away and toward the microtubule plus-end.
Dimeric Eg5 also has the striking characteristic of having a rate-limiting catalytic step while
microtubule associated. This result is in direct contrast to what has been observed for the Eg5
monomer [250] and unlike any other kinesin we have examined to date. Therefore, Eg5 is not
simply a slower version of conventional Kinesin-1 although both motors step toward microtubule

plus-ends, are processive, and exhibit cooperative interactions.

4.4.1 ATP Hydrolysis is Rate Limiting for Eg5-513

For monomeric Eg5, the rate-limiting step in the ATPase cycle was proposed to be the coupled
step of phosphate release and detachment from the microtubule [250]. The data presented here
suggest that the rate-limiting step for dimeric Eg5 is altered from that of the monomer. A
presteady-state burst of product formation was not observed for MT+*Eg5-513 for the step of ATP
hydrolysis using acid-quench techniques with ATP in excess of Eg5-513 active sites (Figure 4.3,
4.4). This result was surprising because all other kinetically characterized kinesin motors have
displayed a presteady-state burst of product formation under these conditions [143, 156, 158,
172, 175, 179, 180, 182, 250, 338]. The analysis of ATP binding by pulse-chase or with

mantATP indicates that ATP binding is a rapid step in the cycle with the ATP-dependent
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isomerization, k., at 50 s (Figure 4.1, 4.2, Table 4). In addition, the single turnover acid

quench experiments measured ATP hydrolysis at 5-10 s™ (Figure 4.5, Table 4),

Table 4 Comparison of Monomeric and Dimeric Eg5 Constants

Eg5-513 **Eg5-367
MantATP Binding Kk =58 uM's™ kij=34+03uM's"
k;=163%065s"
ki =54+35¢" k. =212+135"
Kamantarp = 9.4 uM Ky manarp =44 £ 1.1 },lM
ATP Binding kiy=12%0.1pM's" NA
(Pulse Chase) k;=14+065s" NA
ki =50+3s" k. =197+1.15¢"
Kd,ATP =353+74 I.LM Kd,ATP =142=+4.1 I.LM
Apax =97 + 5% Apar =75 2%
Kd,ATP =578 ].J,M NA
ATP Hydrolysis Fax = 5-10 ! Kpmax =102 +0.7 57!
MT-Eg5-513 Dissociation Ky = 6.6 0.1 5 ke =7.7£0.2 8"
K’/z,ATP =54+13 l.lM K’/z,ATP =42403 IJ,M
MantADP Release ax =282%0.5 Kpax =433 £0.2s
KI/},MTS =37+02 HM K’/z,MTs =25+0.1 IJM
MT-Eg5-513 Association kon=2.8+02puM's™! kow=17+22uM"s™
koy=9.7%15s" NA
Steady-State ke =04810.2" kew=54+0.15"
"Kyparp=7.9+2.4 uM Kyarp=17.0 0.4 pM
IK%‘MTS =1.8%£0.2 MM K’/z,MTs =0.29+0.02 I.LM
'Krzysiak et al. (34)
>3Cochran et al. (30)
1 K 2 3 5

M¢<E + ATP = M*E*ATP = M*E**ATP = M+*E*ADP+P; = M*E*ADP = M*E + ADP

4 1
E<ADP
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suggesting that ATP hydrolysis was intrinsically slower and no faster than other steps in the
ATPase cycle. This interpretation was supported by the phosphate release kinetics as well as the

ATP-promoted dissociation kinetics of the MT*Eg5 complex (Figure 4.6, 4.7, Table 4). In both

cases, the observed rates were no faster than ATP hydrolysis. These results in combination also
indicate that phosphate release occurs as a fast step and while the motor is still associated with
the microtubule.

Steps in the mechanochemical cycle not directly involved with catalysis were also
examined. Both Eg5 association with the microtubule and the subsequent release of mantADP

were rapid steps in the cycle (Figure 4.8, 4.9, Table 4). At present, dimeric Eg5 is the only

microtubule-based motor to have its ATPase cycle slowed at the catalytic step although myosin

IXDb has been reported to have a rate-limiting ATP hydrolysis step as well [339, 340].

4.4.2 E@g5-513 Displays Alternating-Site Catalysis

For a processive motor, it would be logical to expect an alternating-site mechanism for ATP
hydrolysis as observed previously for conventional Kinesin-1 [143, 162, 168, 172], and there are
multiple lines of evidence that provide support for such a model for Eg5-513. The kinetics of
mantATP binding, and mantADP release were biphasic (Figure 4.1, 4.9), suggesting that the
second phase of each was gated by a slower structural transition. In addition, the single turnover
experiments for ATP hydrolysis show that the observed rate decreases by approximately half
when both heads of the Eg5 dimer bind and hydrolyze ATP as compared to an experiment in
which only one head of the dimer can bind and hydrolyze ATP (Figure 4.5C). Lastly, two
dissociation constants for ATP have been observed with one being ~5-10-fold tighter than the
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other (Table 4). The higher affinity for ATP was seen in the mantATP binding experiments (~9
uM), the ATP promoted dissociation of the MT*Eg5-513 complex (~6 pM), and in the steady-
state K, 47p (~8 uM). The pulse-chase analysis of ATP binding however produced a K, 47p of
~60 uM. Because the higher K, 47p in the pulse-chase experiments was obtained from a plot of
the burst amplitude, which is a reflection all of the Eg5-513 sites, and the tighter affinity for ATP
only require substrate binding by one motor domain, these different ATP affinities suggest a
biochemical asymmetry between the two motor domains favoring ATP binding to one motor
domain only. Although these results taken together are consistent with an alternating-site
mechanism for catalysis, they do not address the nature of the gating between the two motor

domains (see Chapter 6)

4.4.3 Establishing the Processive Run

The kinetic data presented in this chapter argue for a rate-limiting step of ATP hydrolysis
between 5-10 5. This range is acceptable with relation to the predicted steady-state rate of 11.9
s obtained from single molecule studies [333], but it cannot account for the steady-state k., of
0.48 s determined by our solution studies [205]. Could the solution steady-state measurements
just be inaccurate? This is not likely as the rate of the linear phase from the pulse-chase

transients (Figure 4.2E) was measured at ~1.3 s™

. If steady-state ATP turnover was in fact the
12 s suggested by the motility studies, the rate of the linear phase governed by the slowest step
in the ATPase cycle should be measured to be near 12 s”. Furthermore, a kinetic event that could

correspond to the solution k., was observed in the second phase of mantADP release transients

with kops = 0.5 s (Figure 4.9).
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So, where does this steady-state limiting event fit in the ATPase cycle of dimeric Eg5?
This event does not appear to occur during the first ATP turnover. If ATP hydrolysis at 5-10 s™'
were followed by a slow step at 0.5 s™', a presteady-state exponential burst phase followed the
linear phase at 0.5 s, once enzyme concentration was considered, would have been easily
detected in the acid quench experiments. Furthermore, the single molecule results from
Valentine and Fordyce et al. [333] indicate that the rate-limiting step during a processive run
must occur significantly faster than 0.5 s and at ~10 s'. Therefore, the steady-state governing
slow step cannot occur while the motor is converting chemical energy to mechanical energy, i.e.
stepping along the microtubule. Also, the experiments to determine the kinetics of ATP binding,
ATP hydrolysis, P; release, and motor detachment from the microtubule were all begun with a
preformed MT+Eg5 complex. These events were not seen to be limited by the steady-state
governing step, indicating that it is possible for this event to be completed by the mere
incubation of dimeric Eg5 and microtubules. This slow step must occur upon formation of the
MT+Eg5-513 complex because the event tied to this slow step was visualized as a second phase
in the mantADP release experiments.
Dimeric Eg5 is proposed to rapidly associate with the microtubule and couple release of
ADP from at least one of its motor domains to a slow structural transition occurring only after
the initial contact of the motor with the microtuble. Once this transition has occurred, then each
additional step is limited by ATP hydrolysis until the processive run is ended with the Eg5 motor
falling off the microtubule. Dimeric Eg5 exhibits very short processive runs of approximately 8
steps [333], while Kinesin-1 can continue for > 100 steps [148-151]. Because of the short

processive run length of dimeric Eg5, the steady-state solution studies would be more sensitive
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to the slow transition that begins the processive run rather than the ATP hydrolysis step within
the processive run.

Based on their fluorescence resonance energy transfer (FRET) studies with monomeric
Eg5, Rosenfeld et al. proposed that neck-linker docking occurred upon collision with the
microtubule [251]. The FRET results in combination with the single molecule studies and the
kinetics presented here suggest a model in which there is a structural transition, possibly neck-
linker docking, that occurs at ~0.5-1 s™, yet once the Eg5 motor begins stepping, then its
movement is limited by ATP hydrolysis at ~5-10 s™'. From the work presented in this chapter,
the communication from Head-1 to Head-2 that maintains the two heads out-of-phase and
controls the processive stepping is unknown. These cooperativity questions will be addressed in
Chapter 6 where experiments that examine the nucleotide state of the motor domains of dimeric
Eg5 both before the steady-state rate-limiting conformational change and during processive

stepping are presented.
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5.0 CHARACTERIZATION OF R234K

The R210K mutation in Drosophila conventional kinesin resulted in a motor that displayed
severely inhibited ATP hydrolysis, though otherwise a wild-type kinetic profile. = The
homologous mutation, R234K, was made in dimeric human Eg5, Eg5-513. The R234K mutant
displayed a 20-fold reduction in steady-state ATP turnover and > 100-fold reduction in the rate
of ATP hydrolysis. Microtubule association, which is a rapid event for the Eg5-513, was
surprisingly enhanced 9-fold. ATP binding was at least a two step process with a comparable
maximal rate to that of Eg5-513. Most importantly, ADP release was biphasic with the rates of

both phases being comparable to that of Eg5-513.

5.1 INTRODUCTION

Point mutations have been an important tool for the dissection of the mechanochemical cycle of
conventional kinesin [190, 262, 263, 265, 335, 341]. Several mutations have been made in the
Switch -I and Switch-II clusters to analyze the communication pathway between the nucleotide
binding pocket and the microtubule interface. A conserved arginine, R210 according to the
Kinesin-1 heavy chain gene in Drosophila melanogaster, located in the Switch-I region has been
proposed to form a salt bridge with a glutamic acid, E243, in the Switch-II cluster. When ATP is

bound at the active-site, these two residues come into proximity of each other and form a salt
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bridge that positions a water molecule for a nucleophylic attack on the y-phosphate of ATP [58,
73, 74, 139, 140, 142, 258, 259]. Mutations of R210 to both an alanine and a lysine have
resulted in motors that hydrolyzed ATP 1000-fold slower than wild-type [263, 265]. The R210A
mutation also had the additional effect of inhibiting motor association with the microtubule
whereas the R210K mutation displayed wild-type microtubule interactions.

Eg5 is a homotetrameric Kinesin-5 family member that crossbridges microtubules in the
mitotic spindle and slides them relative to each other in order to assemble the bipolar spindle and
maintain spindle bipolarity prior to Anaphase B [104, 106, 109, 111, 135, 137, 206, 219, 255,
342, 343]. An analysis of a truncation of the human gene resulting in a dimeric Eg5 motor, Eg5-
513, has indicated that the two motor domains that interact with the same microtubule display
cooperative interactions [Chapter 3, 4 and [205, 344]]. The cooperativity between these motor
domains is novel with respect to previously studied kinesins. Eg5-513 has a two stage
microtubule associated mechanochemical cycle: there is a period in which the motor is bound to
the microtubule but presumably not turning over ATP, and a period in which the motor is turning
over ATP as it steps along the microtubule [Chapter 4 and [344]]. Mechanistically, dimeric Eg5
is believed to associate with the microtubule rapidly and release bound ADP from one of its
motor domains. A slow structural transition follows that is kinetically coupled to a second round
of ADP release. After completion of this slow structural transition, the motor is thought to be
able to convert chemical energy to mechanical energy and take multiple steps along the
microtubule.

The fact that the steady-state rate-limiting transition is not detected when experiments are
performed using a preformed MT<Eg5-513 complex, as well as the rate of processive stepping

being 20-fold faster than steady-state ATP turnover, suggests that ATP does not affect the slow
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transition. However, it does not rule out the possibility that events such as ATP binding and
hydrolysis could occur on one of the motor domains of the Eg5 dimer prior to the steady-state
limiting transition. If this were to happen, it would suggest that movement, force generation, and
ATP turnover could be uncoupled.

To address the connection of ATP hydrolysis to the steady-state rate-limiting transition,
the homologous mutation of the conventional kinesin mutant R210K was made in human
dimeric Eg5, Eg5-513%R234K. As expected the R234K mutation resulted in a motor with

impaired ATP hydrolysis.

5.2 MATERIALS AND METHODS

The biochemical analysis of R234K was performed in ATPase buffer at room temperature
(25°C). Paclitaxel in DMSO was used throughout to stabilize the microtubule polymer. The
concentrations reported are final concentrations after mixing. For the cloning and purification

off R234K see, Chapter 2. Experiments were performed with the assistance of Yuan Yuan Duan.

5.2.1 Steady-State ATPase Measurements

Steady-state kinetics were determined by monitoring the hydrolysis of [a->>P]JATP [306]. The
rate of ATP turnover, in the presence of saturating microtubules, was measured at various ATP

concentrations that produce the maximal rate for Eg5-513.
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5.2.2 Microtubule Association Kinetics

The presteady-state kinetics of MTeR234K association were determined by monitoring an
increase in turbidity (A = 340 nm) in the stopped-flow instrument. The rates of the exponential

phase of each transient were plotted as a function of microtubule concentration and fit to

Equation 7 (see 4.2.7).

5.2.3 MantADP Release from R234K

Measurements of the rate of ADP release from R234K triggered by the formation of the
MT+R234K complex were performed by first incubating R234K with a 5-fold excess of
mantADP. The solution was then passed over a Bio Spin-30 gel filtration column (Bio-Rad
Laboratories, Inc.) to remove any unbound nucleotide. R234K, like Eg5-513, only contains ADP
on ~60% of its active sites following gel filtration (see section 6.3.1 and Table 6). The
R234K+*MantADP complexes were then supplemented with additional mantADP, half the active
site concentration, generating at 1:1 stoichiometry of R234K active-sites to mantADP. The
R234KemantADP complexes were subsequently mixed with increasing amounts of microtubules
+ 1 mM MgATP, and a decrease in mantADP fluorescence was monitored (Aex = 360 nm, Aey, =
460 nm, 400 nm longpass filter). The observed exponential rate constants were then fit to a

hyperbola.
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5.2.4 MantATP Binding

The MT+R234K complex was first treated with apyrase to produce the nucleotide-free state of
the motor. After treatment the complex was rapidly mixed with racemic mantATP (Invitrogen
Corp.) in the Kin-Tek SF2003 stopped-flow (Kin-Tek Corp.), and an increase in fluorescence
was monitored (Aex = 360 nm, Aem = 460 nm, 400 nm longpass filter). The data were best fit by a
double exponential function. The rate of the initial exponential phase was plotted as a function
of mantATP concentration and fit to Equation 4 (see 4.2.2). At low mantATP concentrations,

the data could be fit linearly, Equation 5 (see 4.2.2), to determine the second-order rate constant

of substrate binding.

5.2.5 Single Turnover Measurements of ATP Hydrolysis

Preformed MT+*R234K and MT+Eg5-513 complexes were rapidly mixed with MgATP + trace
[a**P]ATP in the quench-flow with motor active sites in excess of substrate. At varying times
of incubation, reactions were quenched with 5 M formic acid, and product formation was both
resolved and quantified as described in section 4.2.3. The Eg5-513 data were fit to a single
exponential function, whereas the R234K data were fit linearly due to the incompletion of the

enzymatic process on the time scale used.
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5.3 RESULTS

The kinetic analyses of the R210A and R210K Drosophila conventional kinesin mutants
indicated that the mutations severely limit ATP turnover, k.q.r2104 = 0.08 s'l, kear-r210xk = 0.03 s'l,
as compared to wild-type, kcur-kx401 = 20 gt [263, 265]. To see if the R234K mutation in Eg5-513
produced a similar result, the steady-state ATPase kinetics were measured at microtubule and
MgATP concentrations demonstrated to saturate steady-state ATP turnover for Eg5-513.

R234K, like the Drosophila mutants, displays an inhibited rate of ATP turnover, k., = 0.02 s,

5.3.1 Initial Interactions of R234K with the Microtubule

To verify that the reduction in the rate of steady-state ATP turnover is due to defects in ATP
hydrolysis, the transient kinetics of events leading up to (microtubule association, ADP release,
and ATP binding) and including ATP hydrolysis were examined. The rate of the formation of
the MT*R234K complex was pursued by mixing R234K with microtubules in the stopped-flow.
Suprisingly, the arginine to lysine mutation, which displayed wild-type kinetics in the context of
conventional kinesin, caused an enhancement in the second-order rate constant of microtubule
binding: kon-r234x = 26 p,LM'ls'l, kon-513=3 uM'ls'1 (Figure 5.1). The enhancement in microtubule
binding can also be seen in the apparent dissociation constant (Ky = kog/kon): Kar234x =0.9 pM,

Kas513=3 uM.
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Figure 5.1 R234K Microtubule Association

R234K was rapidly mixed with microtubules in the stopped-flow instrument, and the increase in
turbidity was monitored. Final concentrations: 1 uM R234K for 1-2.5 uM microtubules, 2.5 uM
R234K for 2.5-6 pM microtubules, and 5 pM R234K for 6-10 uM microtubules. A4, A
representative transient at 5 uM R234K and 6 pM microtubules. B, Individual transients were fit
to two exponentials, and the rate of the initial fast phase was plotted as a function of microtubule
concentration. The data were linearly fit yielding a second-order rate constant for complex
formation of 26.4 + 2.3 uM™'s™!, with an off-rate provided by the y-intercept of 24.1 + 13 5",
After kinesins associate with the microtubule, they release any ADP that is present at
their active-sites as the motor shifts from a weak to a strong microtubule binding state. Since
R234K associates more rapidly with microtubules than Eg5-513, was the isomerization leading
to ADP release more rapid for R234K than Eg5-513? A R234KemantADP complex in a 1:1
stoichiometry was mixed with microtubules and ATP in the stopped-flow. As was the case with
Eg5-513, the resultant transients were biphasic and best fit to a two exponential function (Figure
5.2A). The initial fast phase was comparable to what has been observed for mantADP release

form Eg5-513: R234K kyu= 20 s'l, Ky mrs = 3.9 uM (Figure 5.2B); Eg5-513 kyyox = 29 s'l, Koy, mrs

= 3.8 uM (Figure 4.9).
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Figure 5.2 MantADP Release from R234K

R234KemantADP in a 1:1 stoichiometry was rapidly mixed in the stopped-flow instrument with
microtubules + MgATP. A, Representative averaged transients (Final: 2.5, 5, and 10 uM
microtubules). B, The observed rate of the initial, fast fluorescence decrease is plotted as a
function of microtubule concentration: k. = 20.4 + 0.9 s'l, Kyprs=3.9£ 0.5 uM.

5.3.2 Substrate Binding and Catalysis by R234K

Measurements of ATP binding were pursued by mixing an apyrase treated MT*R234K complex
with mantATP in the stopped-flow. The resultant transients were biphasic and best fit to a
double exponential function (Figure 5.3A). Like Eg5-513, the observed rate of mantATP
binding by R234K does not display a linear dependence on the mantATP concentration. The
hyperbolic dependence of the rate on the substrate concentration indicated that the multistep
nature of ATP binding, an initial collision complex followed by an isomerization of the motor
domain leading to the enhanced fluorescence, had been preserved in the R234K mutant. Fit of
the data to Equation 5 gave a maximal rate for the isomerization to tight ATP binding k.. =77 s
1, an equilibrium association constant K, = 0.11 uM'l, an apparent Kgmanarp = 9.1 UM, and a

second-order rate constant for the initial collision complex K k. = 8.4 uM'ls'l.
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Figure 5.3 MantATP Binding by R234K

A MT<R234K complex was first treated with apyrase and then rapidly mixed with MgMantATP
in the stopped-flow instrument. Final concentrations after mixing were 0.5 pM R234K/8 uM
microtubules for 0.5-4 uM MgMantATP and 2 pM R234K/8 pM microtubules for 4-50 uM
MgMantATP. A, Representative averaged transients are displayed (Final: 2 uM R234K, 2, 6,
and 8 uM MgMantATP). B, Each transient was fit to a two exponential function, and the
observed rate of fluorescent enhancement of the first phase was plotted as a function of
MgMantATP concentration. As with Eg5-513, the data display a hyperbolic dependence. Fit of
the data to Equation 5 yields a &y, = 77 £ 3 s'l, K,=0.11 + 0.02 uM'l, a second-order rate
constant of substrate binding K k.. = 8.4 uM'ls'l, and Kjuyanmare = 9.1 uM. Inset, at low
MgMantATP concentrations, the data can be linearly fit providing a second-order rate constant
of substrate binding of 4.3 + 0.2 uM's™.

With all of the events prior to ATP hydrolysis remaining rapid in the cycle, single
turnover experiments to compare the rate of ATP hydrolysis of Eg5-513 with that of R234K
were performed (Figure 5.4). Either an apyrase treated MT+Eg5-513 or a MT*R234K complex

was mixed with limiting MgATP (Final: 20 uM motor/25 uM microtubules, 1 uM ATP). The
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MT<Eg5-513 complex converted all substrate to product at a rate expected for the given
conditions (see Figure 4.5). R234K was capable of hydrolyzing ATP to ADP<P; but does so 100-
fold slower than Eg5-513. The Eg5-513 data were fit to a single exponential function providing
kops = 2.9 s'. Due to the incompletion of the enzymatic process by R234K on the time scale

used, the data were fit linearly, &,5;= 0.08 s,

[ADP] (uM)

0 1 I 1 I I 1 1 I
0O 05 1 15 2 25 3 35 4

Time (s)

Figure 5.4 R234K has Impaired ATP Hydrolysis

An apyrase treated MT*R234K (A) or a MT<Eg5-513 (@) complex was rapidly mixed with
Mg[o’*P]JATP in the rapid quench-flow instrument. Final concentrations: 20 pM motor, 25 uM
microtubules, and 0.8 uM MgATP. The Eg5-513 data was fit to a single exponential function,
kobs = 2.9 £ 0.2 s, while the R234K data was fit to a line ks, = 0.08 + 0.003 5™

5.4  DISCUSSION

The purpose of generating Eg5-513 with an R234K mutation was to engineer a dimeric Eg5
motor that functions comparable to wild-type but has significantly impaired ATP hydrolysis such
that the contribution of ATP hydrolysis to various stages in the dimerc Eg5 mechanochemical

cycle can be examined. The primary step of interest was the release of ADP upon MT*Eg5
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complex formation that is kinetically coupled to the steady-state rate-limiting transition. This
stage in the mechanochemical cycle was of particular interest because of its implications for Eg5
processivity. MantADP release experiments using Eg5-513 (Figure 4.9) were biphasic with one
rapid phase and one slow phase. The traditional interpretation of this result, based on the
mechanochemical cycles of conventional kinesin and Ncd, would be that each phase of
mantADP release from Eg5-513 represents ADP being released from a specific motor domain.
The rate of the initial rapid phase of ADP release is ~50-fold faster than the rate of the secondary
phase (Figure 4.9). Therefore, one motor domain will be nucleotide-free and potentially capable
of binding and hydrolyzing ATP before the second motor domain could release its ADP. This
would result in the motor containing ADP on both motor domains and dissociation of the
MT+Eg5-513 complex should be favored, (Figure 4.7) inhibiting the motors ability to move
processively.

The use of R234K in addressing the contribution of ATP hydrolysis to various transitions
in the mechanochemical cycle of dimeric Eg5 seems reasonable (Table 5). As expected ATP
hydrolysis was severely inhibited, > 100-fold, in comparison to wild-type. Release of ADP upon
formation of the MT*R234K complex displayed two phases and comparable rates to what has
been observed for wild-type. ATP was found to bind to R234K with the same affinity and at a
comparable rate. The only other significant difference, beside the rate of ATP hydrolysis,
between R234K and Eg5-513 was in the association of the motor with microtubules. R234K
displays a second-order rate constant of microtubule association that is ~9-fold faster than what
has been measured for Eg5-513. This result was unexpected as the arginine to lysine mutation
was not seen to have this effect on conventional kinesin [265]. Helix-o4, a part of the Switch-II

cluster containing the glutamic acid that forms a salt bridge with the arginine in question,
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effectively relaying the nucleotide state to the microtubule binding interface, has been observed
to be 1.5 turns longer and rotated in comparison with conventional kinesin [243]. Conventional
kinesin normally displays a second-order rate constant of microtubule association between 10-20
uM s, Possibly, rearrangements caused by the R234K mutation allow Helix-04 to adopt a
more conventional kinesin-like appearance to account for the enhancement in microtubule
binding. Regardless, enhancing the rate of a fast step in the ATPase cycle should not impact the
mechanistic interpretations based on work with this mutant.

One possible complication that could arise based off of enhanced microtubule
interactions would be if the kinetics of ADP release following microtubule association should
also be enhanced. If the ADP release kinetics were different, this mutant could not be used to
address the importance, if any, of ATP hydrolysis on the second phase of ADP release.
Fortunately, the ADP release kinetics of both R234K and Eg5-513 are identical (Table 5). Along
those lines, the presence of two phases of ADP release for both mutant and wild-type indicate

that ATP hydrolysis does not cause the second phase of ADP release. This will be expounded

upon in Chapter 6.
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Table 5 Comparison of Eg5-513 and R234K Constants

R234K “PEg5-513
MT<R234K Association k,, 264423 uM’'s™ 28+02uM’'s™
kogy 241+135" 9.7+15"
ADP Release 204+095s" 282+0.55s"
MantATP Binding  Apax 77435 54+35"
Kakmax 8.4 uM'ls'l 5.8 MM_IS_1
Kd, app 91 MM 94 H.M
ATP Hydrolysis 0.08 s 5-10 s
Steady-State kca 0.02 + 0.005 s 0.48+0.25s"

*Krzysiak et al.[205]
PKrzysiak et al. [344]

119



6.0 EG5-513 MOTOR DOMAIN COORDINATION

Eg5/KSP is the major plus-end directed force for the assembly and maintenance of the mitotic
spindle. Recent work using a dimeric Eg5 motor has found it to be processive; however, its
mechanochemical cycle appears different from that of conventional kinesin. Dimeric Eg5
appears to undergo a conformational change shortly after collision with the microtubule that
primes the motor for its characteristically short processive runs. To better understand this
conformational change as well as head-head communication during processive stepping,
equilibrium and transient kinetic approaches have been used to examine specific intermediates
tied to these events. Unlike conventional kinesin, microtubule association is sufficient to trigger
ADP release from both motor domains. One motor domain releases ADP rapidly while ADP
release from the other is limited by a slow conformational change at ~1 s”'. Essentially, dimeric
Eg5 begins its processive run with both motor domains associated with the microtubule.
However, during processive stepping, ADP release is controlled by a different mechanism. One
motor domain can proceed through its mechanochemical cycle, ATP binding-ATP hydrolysis-P;
release; however, ATP must bind to its partner motor domain and be potentially hydrolyzed for

the motor to release ADP and complete its 8 nm (center of mass displacement) advance.

120



6.1 INTRODUCTION

Eg5 is a homotetrameric, Bim C/Kinesin-5 family member that plays a vital role in the mitotic
spindle, and has attracted substantial interest as a potential target for chemotherapeutic agents in
cancer treatment. Eg5, as with other members of this kinesin subfamily, has been demonstrated
to provide a plus-end directed force necessary to both assemble and maintain the mitotic spindle
and contribute to microtubule flux within the mitotic spindle [104, 106, 109, 111, 135, 137, 206,
219, 255, 342, 343]. If Eg5 function is disrupted prior to anaphase B, the bipolar spindle will
collapse into a monoaster from which the cell can no longer divide [104, 210, 217, 218, 223,
225, 226, 231-234, 236, 238, 329]. In fact, a cell that loses functional Eg5 will apoptose if the
spindle checkpoint machinery is intact [7, 8].

A reductionist agenda has been heavily pursued in order to discern how a homotetrameric
kinesin is able to function. Through comparison of the kinetics of monomeric and dimeric
truncations of Eg5, it is evident that the two motor domains of dimeric Eg5 are able to
substantially modulate each others function. The microtubule association kinetics of the dimer
indicate that it is less efficient than the monomer in binding the microtubule [Chapters 3, 4 and
[205, 250, 344, 345]]. More strikingly, the catalytic step, which is a rapid event in the
mechanochemical cycle of monomeric Eg5, is a rate-limiting step for dimeric Eg5 [250, 251,
344, 345].

To some extent, dimeric Eg5 appears like conventional kinesin in that it alternates
catalysis on its motor domains to move processively along a microtubule [333, 344]. In contrast,
dimeric Eg5 takes 8-10 steps before dissociating [333], whereas conventional kinesin can take
more than one hundred steps before detaching [148, 150, 196, 197]. The mechanochemical cycle

of conventional kinesin is tuned such that it can step processively as soon as the first motor
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domain touches its track. In contrast, Eg5 requires a slow conformational change to occur
shortly after MT*Eg5 complex formation before it can begin a processive run [Chapter 4 and
[344]]. These differences indicate that the Kinesin-5s have additional functional requirements
requiring further investigation.

In this chapter, equilibrium and transient kinetic approaches have been used to
specifically address what mechanistic events occur prior to the steady-state rate-limiting
conformational change that precedes processive stepping. These experiments have also revealed
the mechanism of head-head communication during a processive run. Ultimately, dimeric Eg5
begins a processive run from a transitory nucleotide-free state with both motor domains
associated with the microtubule. Processivity will terminate after a few steps because the motor
is unable to sufficiently prevent both motor domains from entering the same nucleotide bound

state.

6.2 MATERIALS AND METHODS

All experiments were performed at room temperature, 25°C, in ATPase buffer. All microtubules
were stabilized with Paclitaxel in DMSO. For all mantAXP experiments, a racemate (Invitrogen
Corp.) was used. Unless otherwise noted, mantAXP was excited at Aex = 360 nm and the

emission was monitored using a 400 nm long pass filter.
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6.2.1 Nucleotide-free Eg5-513

Two methods were used to generate nucleotide-free Eg5-513. In most experiments, the motor
was treated with apyrase (Grade VII, Sigma-Aldrich Co.) as described [Chapter 3 and [344]]
unless otherwise noted. Nucleotide-free Eg5-513 was also obtained by supplementing existing
protein stocks with 6 mM EDTA and performing gel filtration using a Bio-Spin P-30 column
(Bio-Rad Laboratories) equilibrated in ATPase buffer lacking magnesium acetate and
supplemented with 6 mM EDTA. A second round of gel filtration was performed to adjust the

solution back to standard buffer conditions.

6.2.2 Quantitation of Bound ADP by Gel Filtration

Eg5-513, dimeric conventional kinesin K401, and ovalbumin were incubated with trace
[a’*P]ATP for 90 min and subjected to gel filtration to quantitate the amount of tightly bound
ADP. Protein concentration was determined pre and post gel filtration by Bio-Rad Protein
Assay. For Eg5-513 and K401, nucleotide concentration prior to gel filtration was determined
spectrophotometrically at Ajso. Since ovalbumin lacks nucleotide, it was incubated with
MgADP prior to gel filtration to give a reference point. The amount of ADP bound to the
proteins post-column was determined by spotting equal volumes of the column void on thin-
layer chromatography plates and comparing the radioactive signal pre and post gel filtration

using Image Guage V4.0 software (Fuji Photo Film U.S.A.).
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6.2.3 MantADP Titration of Eg5-513 Free in Solution

An equilibrium titration of nucleotide-free Eg5-513 (EDTA treatment) and Eg5-367 (0.3-4 uM
motor) with mantADP was performed using a FluoroMax-2 spectrofluorometer with magnetic
stirring capability (Figure 6.1). Data was collected using the DataMax software program (Jobin
Yvon-Spex Instruments S.A., Inc). The sample was excited at 290 nm and mantADP emission
was monitored at 445 nm. For each mantADP concentration, three trials with an integration time
of one second were collected and averaged. Both the volume of the sample and the motor active
site concentration were constant. The total mantADP concentration was determined for each
point i:

(V-v)*M;_; +v*m)/V (Eq. 8)

where, V' is the total volume of the sample, M, ; is the concentration of the sample at the previous
point, v is the volume being added and m is the concentration of the mantADP stock being

added. The measured fluorescence intensity was corrected for the inner filter effect [346]:

Fl"c — Fl"obs* 100.5(Ab;§‘l~‘ex + Absi,em) (Eq. 9)

where, F;. is the corrected fluorescence intensity, F . is the observed fluorescence intensity,
and 4bs; ., and A4bs; ., are the absorbance of the sample at point i at the excitation and emission
wavelengths. The contributions of mantADP and buffer were subtracted, and the data were fit to

either a hyperbola or sum of hyperbolas.
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6.2.4 MantADP Release from the motor domain with a higher ADP affinity

Eg5-513 or R234K was incubated with a 5-fold molar excess of mantADP for 4 hours and then
subjected to gel filtration. The motoremantADP complex that passes through the column in the
void, which should contain a motor active-site to mantADP ratio of 0.6 (see Table 6), is then

mixed in the stopped-flow with varying microtubules plus 1 mM MgATP (Figure 6.2A-C). To

assess the contribution of the ATP chase in the microtubule syringe to the second, slower phase
of mantADP release, a motorsmantADP complex was mixed with microtubules (Final: 25 uM)

and varying MgATP (Figure 6.2D).

6.2.5 MantATP Binding to Eg5-513 in the Absence of Microtubules

Eg5-513 or Eg5-513 that had been treated with 0.001 Units/ml apyrase for 5 hrs to achieve a
nucleotide-free state was mixed with mantATP in the stopped-flow (Final: 0.5uM Eg5-513,
0.0005 U/ml apyrase). The observed rates of the fluorescence increase (Aex = 290 nm, 400 nm

long pass filter) were fit to a hyperbola (Figure 6.3A, B).

6.2.6 MantATP Binding to Eg5 following MT<Eg5 Complex Formation

Eg5-513, apyrase treated Eg5-513, or Eg5-367xr was mixed in the stopped-flow with varying
microtubules and mantATP (Final: 3 uM motor, 30 uM mantATP). The observed rates of the

fluorescence increase were fit to a hyperbola (Figure 6.3C-F).
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6.2.7 MantATP Binding to the MT+Eg5-513 Complex under Single Turnover Conditions

A MT<Eg5-513 complex was treated with apyrase and mixed in the stopped-flow with limiting
mantATP (Final: 15 uM Eg5-513/25 pM microtubules, 1 uM mantATP). A rapid fluorescence
increase was observed on a short time scale; however the fluorescence decayed very slowly over

hundreds of seconds (Figure 6.4).

6.2.8 MantADP Release during Motor Stepping

An apyrase treated MT*Eg5-513 complex was supplemented with mantATP immediately prior to
loading the complex in the stopped-flow (Figure 6.5). The time required to load the stopped-
flow instrument is sufficient for Eg5-513 to bind the mantATP, hydrolyze the nucleotide to
mantADP<P;, and release P; [Chapter 4 and [344]]. The resultant MT*Eg5-513*mantADP
complex was then rapidly mixed (Final: 15 uM Eg5-513/25 uM microtubules, 1 pM mantADP)
with varying MgATP, or 500 uM final MgAXP (ATPys, or AMPPNP). The observed rates of

the ATP induced, exponential fluorescence decrease were fit to a hyperbola.

6.3 RESULTS

6.3.1 Eg5-513 has an Asymmetric ADP Affinity while free in Solution

A kinetic characterization of Eg5-513 presented in Chapter 4 suggested that steady-state ATP

turnover by dimeric Eg5 is governed by a slow conformational change that occurs only once in
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the mechanochemical cycle, after association with the microtubule, and prior to processive
motion [344]. To dissect the behavior of the motor both before and after this conformational
change, Eg5-513 was examined in the absence of microtubules. On the microtubule, there is a
biochemical asymmetry in the motor: it demonstrates a sequential release of ADP upon
association with the microtubule as well as alternates catalysis on its motor domains [Chapter 4
and [344]]. To test whether there is a biochemical asymmetry in the molecule prior to
association with the microtubule, the ADP affinity of the two motor domains was examined by
gel filtration and a mantADP active-site titration.

Eg5-513 was incubated with trace [o0’*PJATP to exchange the ADP that copurifies with
the motor with radiolabeled ADP and subjected to gel filtration. Only ADP that is tightly bound
to an active-site will accompany the motor through the column. As a result of gel filtration, ADP
was found to be bound to 64% of Eg5 active sites whereas dimeric conventional kinesin, K401,
maintained ADP bound at almost all of its sites (92%) and ovalbumin proceeded through the
column without any bound nucleotide (Table 6). Furthermore, when Eg5-513 was incubated
with an additional 1 mM MgADP prior to gel filtration, additional active-sites were not observed
to contain ADP suggestive of a distinct difference in affinity for ADP between the two motor

domains of the dimer (Table 6).

Table 6 ADP Affinity by Gel Filtration

Protein ADP (uM) / Active Site (uM) Range
Eg5-513 0.64 +0.01 0.62-0.66
K401 0.92 +£0.02 0.83-1
Ovalbumin 0.01 £0.002 0.001-0.013
Eg5-513 + 1 mM MgADP 0.59 £ 0.04 0.44-0.74
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Another possible interpretation of the gel filtration data is that there is not a difference in
the affinity for ADP among the two active-sites. The amount of ADP bound is merely a
coincidental result due to experimental conditions and a shared ADP affinity by both motor
domains. To address this possibility, a mantADP titration was performed comparing monomeric
and dimeric Eg5 motors (Figure 6.1). A mantADP titration of monomeric Eg5 motor domains
(nM motor concentrations) yielded a monophasic curve with an apparent K;uanapp = 1.6 pM
(Figure 6.1A). Titration of dimeric Eg5 at the same enzyme concentration displays a biphasic
curve with an apparent K uanapp for the tighter phase of 0.5 uM (Figure 6.1B). In order to better
measure the apparent K;....app for the weaker phase, titrations were performed with motor
active-sites in the micromolar range yielding a Kjmanapp = 3.3 M (Figure 6.1C). The data
indicate that the two motor domains of dimeric Eg5-513 are biochemically different prior to

motor interaction with the microtubule
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Figure 6.1 MantADP Titration of Monomeric and Dimeric Eg5

Titrations of both monomeric and dimeric Eg5 motors were performed at constant volume and
motor concentration. A4, 300 nM monomeric Eg5-367 was titrated with mantADP. The resultant
increase in fluorescence was best fit by a single hyperbola yielding an apparent K yanapp = 1.2 £
0.1 uM. B, 300 nM dimeric Eg5-513 was titrated with mantADP. The resultant increase in
fluorescence was best fit by a sum a two hyperbolas yielding an apparent K anapp = 0.62 £ 0.14
uM for the initial phase. The error on the apparent Ky manapp for the second weaker phase was
too large at this motor concentration so additional experiments were performed using higher
motor active site concentrations. C, 4 uM dimeric Eg5-513 was titrated with mantADP. The
resultant increase in fluorescence was best fit by a single hyperbola yielding an apparent
Kd,mantADP =33+0.1 },lM
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6.3.2 Biphasic ADP Release

The work detailed in Chapter 4 [344] identified the steady-state governing, slow conformational
change as being kinetically coupled to the second slower phase of ADP release upon microtubule
association. Conventional kinesin has been demonstrated to release ADP from its two motor
domains in a sequential fashion upon collision with the microtubule (Figure 1.4). One motor
domain will release bound ADP following collision with the microtubule [162, 168, 172];
however, release of ADP from the second motor domain occurs following ATP binding to the
motor domain associated with the microtubule [162, 168, 172]. Potentially, the two phases of
ADP release by dimeric Eg5 could also represent ADP being sequentially released from specific
motor domains as is the case for conventional kinesin. In support of this possibility, a
biochemical asymmetry is present in dimeric Eg5 prior to interaction with the microtubule
(Figure 6.1) and is maintained during processive stepping along the microtubule [Chapter 4 and
[344]].

What then triggers the second phase of ADP release from dimeric Eg5? A caveat to the
experimental design used in Chapter 4 [344] was the presence of ATP. Being that ATP binding
causes the second phase of ADP release in the case of conventional kinesin, the event that
triggers the second phase of ADP release from Eg5-513 could not be discerned from the ADP

release experiments in Chapter 4 [see Figure 4.9 and [344]]. Three possibilities exist: (1) both

phases of ADP release could simply be caused by association of Eg5-513 with microtubules; (2)
Eg5-513 could have an identical mechanism to conventional kinesin where the ATP binding
triggers the second slower phase of ADP release; (3) the mechanism could be more complicated
in that ATP binding followed by ATP hydrolysis is necessary to trigger the second slower phase.

The two scenarios that implicate ATP as influencing the second phase of ADP release would
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prove problematic for Eg5-513 processivity. In both scenarios, the requirement for ATP to be
bound before the release of ADP from the second motor domain could occur would lead to the
rapid formation of an ADP state, the weakest known microtubule binding state for dimeric Eg5
[Chapter 3 and [205]], on both motor domains; most likely resulting in detachment of the motor
from the microtubule before processive motion could ensue.

To test the possibility that ATP binding followed by ATP hydrolysis is the trigger for the
slower phase of ADP release from Eg5-513, a mutant motor was generated (detailed in Chapter
5), referred to as R234K. The R234K mutation was chosen because it is the homologous
mutation of a Switch-I mutation in Drosophila conventional kinesin (R210K) that caused the
motor to display severely inhibited ATP hydrolysis while maintaining otherwise normal kinetic
behavior [265]. R234K displayed inhibited steady-state ATP turnover, >10-fold slower ATP
hydrolysis, and a surprising enhancement in the microtubule association kinetics (Table 5).
Importantly, the kinetics of ADP release were comparable between Eg5-513 and R234K (Table
5), and the biphasic nature of the fluorescence transients representing ADP release was
maintained (Figure 5.2). The presence of both phases indicates that the second phase of ADP
release cannot be caused by ATP binding followed by ATP hydrolysis.

Because dimeric Eg5 possesses a differential affinity for ADP off of the microtubule

(Figure 6.1, Table 6), it might be possible to solely monitor the second slower phase of ADP

release if the motor domain with the higher affinity for ADP off the microtubule also released
ADP more slowly on the microtubule. To experimentally test this, mantADP was not added
back to the Eg5-513*mantADP or R234KemantADP complexes that eluted from the gel filtration

column (see Methods). In Figure 6.2A, B, it is evident that the contribution of the initial fast

phase of mantADP release to the overall response is diminished under this experimental setup.
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The observed kinetics (Eg5-513 ki = 0.6 s'l, Ky yrs = 14.6 uM; R234K ko = 0.79 s'l, Ky prs =
9.1 uM) from mixing either a Eg5-513+60%mantADP or a R234K*60%mantADP complex with
microtubules and ATP in the stopped-flow, (Figure 6.2) are in good agreement with what has
been previously published concerning the slower phase of mantADP release from Eg5-513 [kyax
=0.5s", Kyyry = 13 uM (Chapter 4 and [344])]. These data argue that the motor domain with
the higher nucleotide affinity off the microtubule is directly responsible for the second slower
phase of the mantADP release transients (Figure 6.6 states 1-3).

To address whether ATP binding to the motor domain that releases ADP more rapidly
causes the slower phase of ADP release, the ATP concentration dependence on the observed rate
of the dominant, slow fluorescence decrease from both an Eg5-513+60%mantADP and a
R234K+60%mantADP complex was examined. An ATP concentration dependence was not
observed (Figure 6.2D) suggesting that binding of a dimeric Eg5 motor to the microtubule is

sufficient to cause ADP release from both motor domains.
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Figure 6.2 ADP Release from Head-2

R234KemantADP or Eg5-513+mantADP in either a 1:1 or 1:0.6 stoichiometry was rapidly mixed
in the stopped-flow instrument with microtubules + MgATP. A, Averaged transients (Final: 2.5
uM Eg5-513, 10 puM microtubules, 500 uM MgATP) representing the observed fluorescence
decrease if Eg5-513 was supplemented with additional mantADP post gelfiltration column (a 1;1
stoichiometry) or not supplemented with additional mantADP (a 1:0.6 stoichiometry). B,
Averaged transients (Final: 2.5 pM R234K, 4 uM microtubules, 500 uM MgATP) representing
the observed fluorescence decrease if R234K was supplemented with additional mantADP post
gel filtration column (a 1:1 stoichiometry) or not supplemented with additional mantADP (a
1:0.6 stoichiometry). C, The observed rate of the more prominent, second, slower fluorescence
decrease is plotted as a function of microtubule concentration: R234K (@) kyax = 0.79 £ 0.04 s,
Kymre = 9.1 £ 1 uM, Eg5-513 (@) kper = 0.62 + 0.04 s, Ky = 146 + 2.3 pM. D,
R234KemantADP or Eg5-513+*mantADP in the 1:0.6 stoichiometry was mixed with microtubules
and varying MgATP (Final: 2.5 uM motor, 25 pM microtubules). The observed rate (R234K
(®), Eg5-513 (m)) did not change as a function of MgATP concentration.
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6.3.3 MantATP Binding to Eg5-513 Following Association with the Microtubule

Even though ATP binding does not act as the trigger for ADP release from the second Eg5-513
motor domain, there was still the possibility that ATP could bind to the motor domain that
released ADP rapidly irrespective of having any influence on the actions of the second motor
domain. With the isomerization to tight ATP binding at ~50 s and the rate of ATP hydrolysis at
5-10 s (Chapter 4 and [344]), the possibility of the motor entering a dual ADP bound state
before processive motion could begin was kinetically viable. To see if ATP was capable of
binding before the motor completes ADP release from both motor domains, Eg5-513, apyrase
treated Eg5-513, or nucleotide-free Eg5-367 was mixed with varying microtubules and a final of
30 uM mantATP. Under this experimental design, the second-order microtubule binding
constants for the motors (k5,3 = 3 uM'ls'1 [Chapter 4 and [344]], kon-367 = 10-20 uM'ls'1 [250,
345]) are sufficiently rapid such that association with the microtubule should not limit the assay.
ATP binding by both Eg5-513 and Eg5-367 is very slow off the microtubule (kpg-5:3 = 0.23 s
(Figure 6.3B), kiax-367 = 0.5-0.9 st [246]); therefore, mantATP binding should occur after the
motor has associated with the microtubule. Unless there is a kinetically detectable
conformational change occurring on the microtubule but preceeding substrate binding, the rate of
the observed fluorescence increase from the motor binding mantATP should approach what has
been observed when a preformed MT<Eg5 complex is mixed with mantATP.

When Eg5-367yr is mixed with microtubules and mantATP in the stopped-flow, a
biphasic fluorescence enhancement of approximately equal amplitude is observed. The
maximal observed rate of the initial fast phase (kyq =27 s'l, Ky mr = 5.1 uM) is nearly identical
to what has been observed for mantATP binding to a preformed MT<*Eg5-367 complex (compare

Figure 6.3D with Figure 4 in [250] and Table 1 in [345]). At this point the second slower phase
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(kpax = 4.2 s'l, Ky, 7 = 4 uM) cannot be attributed to a particular step or structural transition in
the Eg5-367 pathway. A second phase of mantATP fluorescence has not been previously seen
when a preformed complex has been mixed with mantATP [250, 344]. At lower microtubule
concentrations there was a very short lag which quickly disappeared as microtubule
concentration was increased, suggesting that the lag resulted from association of Eg5-367yy with
the microtubule.

Like Eg5-367xr, both Eg5-513 and apyrase treated Eg5-513 also displayed a lag followed
by a biphasic fluorescence enhancement when mixed with microtubules and mantATP.
Corresponding turbidity measurements observing MT<Eg5-513 complex formation indicated that
the lag also represented motor association with the microtubule. However, the initial fast phase
(Eg5-513 kipax = 1.2 8™, Ky prrs = 2.1 uM; Eg5-513 apyrase kmax = 1.6 57, Ky pir = 3.8 M) was over
30-fold slower than if a preformed apyrase treated MTeEg5-513 complex is mixed with
mantATP [Figure 4.1 and [344]]. The second slower phase (Eg5-513,pyrase kmax = 0.5 s'l, Koy, prs
= 6.7 uM) also shows a microtubule dependence, however, as with Eg5-367, the nature of the
second phase is unknown. In this experimental setup, the observed rate of the fluorescence
enhancement corresponding to dimeric Eg5 binding mantATP was comparable to the rate of the
slow structural transition limiting steady-state ATP turnover. These results suggest that ATP
cannot bind to the nucleotide-free motor domain until the structural transition limiting ADP
release from the partner motor domain has occurred. The amplitude difference between apyrase
treated and untreated Eg5-513 likely the result of copurifying ADP preventing all motor from

binding the microtubules [Chapter 3 and [205]].
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Figure 6.3 ATP Binding Following Microtubule Association

Eg5-513 was rapidly mixed in the stopped-flow instrument with mantATP (4, B). A, averaged
transients representing the fluorescence enhancement upon mixing nucleotide-free Eg5-513
(apyrase treated), Eg5-513 as purified, apyrase, or buffer with mantATP in the absence of
microtubules. Final: 0.5uM Eg5-513, 0.005 U/ml apyrase, 75 uM mantATP. B, the observed
rate of the initial phase is plotted, &y, = 0.23 £ 0.12 s'l, Ky vanearp = 14.5 £ 2.4 uM.  Nucleotide-
free Eg5-367wnr, Eg5-513nr, or Eg5-513 was mixed in the stopped flow with microtubules plus
mantATP (C-F). Final: 3 uM motor, 30 uM mantATP. C, Comparison of averaged transients
of the fluorescence enhancement upon mantATP binding to each motor. Final: 8 uM
microtubules. D, the observed rate of the initial fast phase for mantATP binding by Eg5-367NF
is plotted as a function of microtubule concentration: k., = 26.8 £ 2.3 s'l, Kyyr=5.1121.1uM.
E, The observed rate of the fast phase of fluorescent enhancement of mantATP binding by
apyrase treated Eg5-513 is plotted as a function of microtubule concentration: Ay, = 1.6 £ 0.06 s
! Kymr=3.8%04 uM. F, The observed rate of the fast phase of fluorescent enhancement of
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mantATP binding by Eg5-513 is plotted as a function of microtubule concentration: Ky, = 1.2 +
0.1 S_l, K’/z,MT: 2.1+1 }LM

6.3.4 ADP Release During Processive Motion

In the model proposed in Chapter 4 [344], ATP hydrolysis at 5-10 s™ is the rate-limiting step
while Eg5-513 is stepping along the microtubule. For this to be accurate, the steady-state rate-
limiting conformational change limiting ADP release from one of the motor domains cannot
occur during the processive run. This then begets the question: how fast is ADP release while
the motor is processively stepping? To address this question, an apyrase treated MT*Eg5-513
complex was mixed with mantATP in the stopped-flow under single turnover conditions (Final:
15 uM Eg5-513/25 puM microtubules, 1 uM mantATP). In this experimental setup, an initial
rapid phase of fluorescence enhancement corresponding to motor binding the substrate is
expected followed by a decrease in fluorescence corresponding to release of mantADP from the
active-site. The initial fluorescence enhancement was observed (kyps = 33 gt Figure 6.4A) but
the fluorescence did not begin to decrease until 50 s elapsed. The observed fluorescence
decrease was very slow, kop; = 0.001 s™ (Figure 6.4B), and comparable to the rate of fluorescence
decay seen when mantATP was mixed with buffer (k.5 = 0.0014 s data not shown). This
suggested that a kinetically stable Eg-513*mantADP intermediate was being formed, and there

was a nucleotide-gated mechanism preventing ADP release.
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Figure 6.4 Single Turnover ATP Binding

A preformed apyrase treated MT*Eg5-513 complex was rapidly mixed in the stopped-flow with
mantATP. Final: 15 pM Eg5-513/25 puM microtubules, 1 pM mantATP (4) or 0.25 uM
mantATP (B). A, a representative transient reflecting initial rapid mantATP binding by Eg5-513:
Phase 1 kops = 33 £ 0.3 8™, Phase 2 ko, = 2.1 + 0.06 s'. B, Rapid mantATP binding to the
MT+Eg5-513 complex followed by fluorescence decay, ko» = 0.0008 + 0.00002 s'. C, A cartoon
depicting a likely pathway that Eg5-513 can take in response to mantATP binding.

In order to determine the signal for mantADP release following the first ATP hydrolysis
event, a MT*Eg5-513*mantADP intermediate was formed by adding mantATP to an apyrase
treated MT+Eg5-513 complex just prior to loading in the stopped-flow (Final: 15 uM Eg5-513/25

UM microtubules, 1 uM mantATP). Mixing with MgATP produced an ATP concentration

dependent fluorescence decrease (Figure 6.5A). The transients were biphasic with an initial fast
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phase ky., = 8.4 s'l, Ky, 4rp = 4 pM, and a second slower phase that did not vary with ATP
concentration, kops = 1 gt (Figure 6.5B).

To try and assess whether ATP binding was sufficient to cause this fluorescence
decrease, the MTe+Eg5-513*mantADP complex was mixed with the slowly hydrolyzable
analogue, ATPyS, and the nonhydrolyzable analogue, AMPPNP (Final: 1 mM AXP). For both
analogues, there was a small (amplitudes were 24-32% of the initial amplitude from mixing with
ATP) initial rapid fluorescence decrease (k,p = 20-30 s! for both analogues) followed by a
larger slow (kop= 0.5-0.8 ') phase of comparable amplitude to the ATP transient (Figure 6.5C).
The same experiment was also performed using the ATP hydrolysis defective mutant R234K
(Figure 6.5C). Essentially all transients from R234K mimicked the results of mixing Eg5-513
with an ATP analogue. These results indicate that ATP binding is sufficient to induce the release

of the ADP produced from the enzymatic cycle of one motor domain.
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Figure 6.5 ATP Triggered Eg5-513 Stepping

A preformed MTeEg5-513*mantADP or MTeR234KemantADP complex was mixed in the
stopped-flow with MgATP. Final: 15 uM motor/25 pM MTs, 1 uM mantATP). A, Fluorescence
transients of mantADP release from Eg5-513 following mixing with MgATP. Final MgATP
from top to bottom: 0, 2, 4, 10, 20, and 65 pM. B, The observed rate of the initial phase of
fluorescence decrease () is plotted as a function of ATP concentration: k. = 8.4 £ 0.8 st Ky,
ap =4 + 1.8 uM™". The second phase (o) at ~1 s does not show an ATP concentration-
dependence. C, a comparison of the fluorescence response when either a MT<Eg5-
513*mantADP or a MT*R234KemantADP complex was mixed with ATP, ATPyS, or AMPPNP:
Eg5-513+ATP, Eg5-513+ATPyS, Eg5-513+AMPPNP, R234K+ATP, , and
R234K+AMPPNP.
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6.4  DISCUSSION

6.4.1 The Mechanochemical Cycle of Eg5-513

Off the microtubule, the motor domains of dimeric Eg5 have different affinities for ADP (Figure
6.1), with one motor domain binding ADP 10-fold more tightly. Association with the
microtubule, while slowed compared to monomeric Eg5 and conventional kinesin, is fast relative
to steady-state ATP turnover. It is followed by sequential release of ADP from both motor
domains. The motor domain with the weaker affinity for ADP off the microtubule is proposed to
initiate productive microtubule interactions and lead to the rapid release of ADP. ATP cannot
bind to this motor domain until the motor domain with the tighter affinity for ADP off the
microtubule releases its ADP kinetically coupled with the steady-state rate-limiting structural
change (Figure 6.2). Following this conformational change, both motor domains of the dimer are
interacting with the microtubule. In the model, (Figure 6.6) this state, state 3, has been drawn
with two nucleotide-free motor domains. This has been done in order to graphically segregate
the time in which ATP cannot bind to the motor from the time in which ATP is capable of
binding to the motor. However, at high ATP concentrations, ATP binding most likely occurs as
soon as the second molecule of ADP dissociates from its motor domain: effectively transitioning
the motor from a nucleotide-free/ADP situation to an ATP/nucleotide-free situation. The
processive run is proposed to begin as soon as ATP binds. ATP is proposed to bind to the
rearward motor domain because steric constraints would imply that only its neck-linker can be
oriented along the length of the motor domain parallel to the microtubule [205]. ATP hydrolysis
occurs, facilitating the weakening of the interaction of the rearward motor domain with the
microtubule. ATP will then bind to the second, forward motor domain, triggering the structural
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change that leads to ADP release from the rearward motor domain and the 8 nm advance of the
motor (Figure 6.5). From this point of the cycle on, the motor resembles conventional kinesin in
that catalysis of ATP is alternated between the two motor domains [Chapter 4 and [344]] and

ATP binding is required for the motor to take successive steps along the microtubule.
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Figure 6.6 Mechanochemical Cycle of Dimeric Eg5

While in solution, the two motor domains of dimeric Eg5 have a different affinity for ADP (1).
Upon association with the microtubule, ADP bound to the motor domain with the lower affinity
for nucleotide releases its bound ADP rapidly. A slow conformational change occurs which
limits both the rate of ADP release from the motor domain with the higher affinity for nucleotide
off the microtubule and ATP binding to the motor that released its ADP rapidly (2). After the
completion of these events the motor is now ready to begin its processive run. The rearward
motor domain (head closest to the minus-end of the microtubule) will now bind ATP (3),
proceed through catalysis (4), and release P; (5) such that it now only has ADP bound to it (6).
ATP binding and possibly ATP hydrolysis at the forward motor domain is necessary to complete
the 16 nm advance of the rearward motor domain and trigger ADP release (7). Because ATP
hydrolysis on the rearward head and ADP release on the forward head cannot be ordered, steps
have been collapsed to the state of the motor in (5). In order for the motor to more processively,
the new forward head must be nucleotide free before the rearward head enters the ADP state.

6.4.2 A Means for MT+Eg5-513 Complex Dissociation

At this point, the state of the motor that leads to the termination of the processive run is not
explicitly known. It is tempting to speculate that the short run lengths of dimeric Eg5 [333] in
comparison to conventional kinesin are due to an inability to keep the motor domains out-of-
phase. The observed rate of ADP release at 8.4 s after ATP binding is within the range seen for
ATP hydrolysis (Figure 6.5). One possible interpretation of these data is that during stepping,
there is an initial coupling between the two motor domains that requires ATP binding.
Following ATP binding, which is the most rapid step in the cycle [Chapter 4 and [344]], the
activities of the two motor domains are uncoupled allowing the rearward head to hydrolyze the
bound ATP and the forward head to release its ADP. If the two rates are comparable, and since
there isn’t a slow step following ATP hydrolysis like there is for conventional kinesin [190], then
the possibility of a dual ADP bound state is more prominent and could lead to dissociation of the

motor from the microtubule. Alternatively, ADP release during stepping could be fast but occurs
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in sequence after ATP hydrolysis. It is not known whether the ADP<P; intermediate is a tight
binding state for dimeric Eg5, but regardless, it is a very transient state in the cycle. A race
would be set up between P; release and ADP release; there would not be a guaranteed slow step
guarding the transition from a tight binding to a weak binding state. These scenarios cannot be
distinguished from the kinetics, but, nevertheless, both scenarios could allow for Eg5-513 to
enter a dual bound ADP state fairly easily, which would cause motor to dissociate from the

microtubule.
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7.0 DISSERTATION SUMMARY

During a person’s daily routine, various tasks need to be accomplished which require physical
work. Often, the human body is sufficient for providing the force necessary to accomplish a task
and when it is insufficient, there are a variety of different tools that can be used, powered by a
motor capable of generating a sufficient force. Regardless of the scenario, though, there is a
consciousness guiding the action of the particular motor. On the cellular level, there are many
routine tasks to be accomplished. Molecular motors amazingly accomplish their tasks without
the guidance of a consciousness and must usually do so much more rapidly than macromolecular
motors. Guided by only the chemistry of the amino acids making up the molecular motor, the
protein “knows” what it is to do, when it is to do it, what it is to do it on, and how it is to do it.
Even more interesting is that apparently small changes in amino acid sequence can result in two
motors that perform entirely different roles. The kinesin superfamily of molecular motors is an
excellent example of this [58]. These motors have >35% amino acid identity in their enzymatic
motor domains yet function in diverse roles from transporting various cargoes, to altering the
dynamics of microtubules, to using microtubules as levers to separate the spindle poles during
mitosis.

Most work regarding kinesin motors has involved studies on conventional kinesin.
Besides being the founding member of the superfamily, conventional kinesin being a dimeric

motor, provided a system amenable to studying a single engine as well as the effects of having
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two engines work cooperatively. A dimeric state is not the highest level of complexity that a
kinesin motor may take, and in the last decade, the importance of the homotetrameric members
of the Kinesin-5 family has become increasingly apparent. These motors are the cornerstones of
cell division. If their function is perturbed, cells cannot establish or maintain a bipolar spindle
necessary to segregate the appropriate genetic material into two daughter cells [7, 8, 138, 217,
223-239, 303, 304]. Furthermore, when a cell cannot establish a bipolar spindle, apoptosis is
triggered [7, 8].

At the beginning of this dissertation, an ample body of research was present on
monomeric Eg5 motor domains but nothing was known regarding the cooperativity or lack there
of between four motor domains. To begin to address this question, a truncation of the human
Eg5 gene was engineered whose protein product, Eg5-513, resulted in a dimeric motor [Chapter
3 and [205]]. Equilibrium and transient kinetic studies were undertaken to examine how the two
motor domains of a homotetramer modulate each others function.

As a result of studies using this dimeric Eg5, it was uncovered that the two motor
domains interacting with the same microtubule are able to take multiple steps along the
microtubule lattice before dissociating [333]. This was a very important finding because Eg5
had been invoked as part of the theoretical mitotic spindle matrix [347]. This implied that Eg5
was held at a particular position in the spindle through association with some unknown protein
that is part of an undefined support matrix responsible for keeping the spindle together. In this
theory, Eg5 is presumed to be a nonprocessive motor and relies on this undefined matrix to keep
it in close contact with the microtubules so that it can successively impart force on the spindle.
While processivity by dimeric Eg5 and later evidence that homotetrameric Eg5 is processive

[348] cannot rule out the spindle matrix model, it established a mechanistic basis for the repeated
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force generating events necessary to sustain the mitotic spindle instead of just relying on a hand-
waving argument.

Work presented in this dissertation can account for the mechanism underlying
processivity by dimeric Eg5. Comparison of the dimeric Eg5 mechanochemical cycle with that
of the two other characterized dimeric Kinesins, conventional kinesin and Ncd, illustrates how
each motor is uniquely tuned for a different degree of processivity. Finally, though dimeric Eg5

is not a physiological motor, its characteristics appear to be carried through to the homotetramer.

7.1  DIMERIC EG5 PROCESSIVITY

While dimeric Eg5 is a processive motor, the number of steps that the motor will take on average
is only ~8 [333]. Convienently, the only other kinein motors with highly characterized
mechanochemical cycles are either highly processive (conventional kinesin) or nonprocessive
(Ncd); making dimeric Eg5 an excellent candidate to uncover the minimal requirements
necessary for a kinesin to stay attached to a microtubule while it is transitioning one of its motor

domains to the next binding spot.

7.1.1 Alternating Enzymatic Cycles

For a dimeric motor, the most basic requirement for processivity is to keep one motor domain
tightly associated with the microtubule while the other temporarily dissociates in its search for
the next binding spot. For all known kinesins, the nucleotide at the active-site has an alloseteric

impact on the microtubule binding site via Switch-I and Switch-II. When ATP is bound at the

148



active-site a strong interaction with the microtubule is generated, however, if products of ATP
hydrolysis were present at the active-site, either ADP or ADP+P; depending on the motor, the
motor tends to dissociate. Therefore, both motor domains of a dimer cannot contain the
appropriate hydrolysis product at the active-sites simultaneously. An easy way to accomplish
this is by having the motor alternate catalysis of ATP on its motor domains.

Two lines of data suggested that dimeric Eg5 alternated catalysis on its motor domains.
(1) In single turnover experiments examining the rate of ATP hydrolysis, the observed rate was
found to unexpectedly vary with the substrate concentration. A reduction in the observed rate
was noticed when the substrate concentration was > half the active-site concentration. This
effect could be accounted for if the population of motor active-sites was not equivalent and there
were really two distinct populations represented by the two heads of the Eg5 dimer. Sequential
hydrolysis of ATP by the two motor domains would cause for an observed rate approximately
half of the intrinsic value. (2) If the two motor domains of a dimer alternated catalysis of
substrate, one would predict that the affinity for the substrate by the two active-sites would not
be equivalent. In experiments that examined the interactions of ATP with only one motor
domain, such as the mantATP binding experiment (Figure 4.1), an apparent K, 47p Was seen in
the range of 5-10 uM. However, in pulse-chase ATP binding experiments where amount of
active-sites participating in a reaction can be quantified, all active-sites, i.e. both motor domains
of the dimer, were seen to participate in the reaction with a K;47p of ~60 uM (Figure 4.2). This
difference in the dissociation constants between the experiments suggested that the two motor
domains share different affinities for ATP.

By alternating catalysis on its motor domains, dimeric Eg5 fulfills a prerequisite for

processive motion, however alternating catalytic cycles is not sufficient to guarantee
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processivity. Even though Ncd is a nonprocessive motor it still alternated catalysis on its motor

domains.

7.1.2 Position of “Slow Step”

Another important factor for the processive motion by a kinesin is the position of the slowest
step in the cycle. This kinetic parameter substantially contributes to why conventional kinesin is
processive and Ncd is nonprocessive. In the ATPase cycle of conventional kinesin, the slowest
biochemical event for a single motor domain, the release of phosphate following ATP
hydrolysis, occurs while the motor domain is still associated with the microtubule. Conventional
kinesin takes a step upon the binding of ATP by the forward motor domain. The transition of the
new forward motor domain to a tight binding state is rapid allowing the motor sufficient time to
tightly associate the transitioning motor domain with the microtubule before the other motor
domain dissociates. For Ncd, the situation is reversed. Following ATP hydrolysis, a Ncd motor
domain will dissociate from its microtubule binding site in the ADP<P; form [173]. The slowest
step in the cycle is the transition from a weak to a strong microtubule binding state as ADP
release upon association with the microtubule is rate-limiting [156, 174].

For dimeric Eg5, the relationship of the slow step in the ATPase cycle to the transitioning
of the stepping motor domain from a weak to a strong microtubule associated state is very
different from what was observed with conventional kinesin and Ncd. First off, the rate-limiting
step in the ATPase cycle does not occur during processive stepping; instead it limits the
transition of the motor from a stationary microtubule associated state to processive stepping.
Motility rates by either single molecule optical trapping [333] or multiple motor microtubule

gliding assays [Chapter 3 Addendum and [205]] indicated that the event controlling steady-state
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ATP turnover and motor powered movement were not the same event. The step in the Eg5
ATPase cycle that is comparable in this discussion to P; release by conventional kinesin and
ADP release by Ncd would be the hydrolysis of ATP. ATP hydrolysis was measured at 5-10 s™
(Figure 4.5), which is comparable to the rate of motility seen at 6-12 s [205, 333]. Furthermore,
events following ATP hydrolysis such as P; release (Figure 4.6) and dissociation of the MT<Eg5
complex (Figure 4.7) displayed observed rates no faster than what was seen for ATP hydrolysis
indicating that they were kinetically limited by the rate of ATP hydrolysis. Therefore, with
regard to the concept of processive stepping, the slow step in the cycle for the motor domain that
is transitioning from a strong to a weak microtubule binding state is the actual biochemical
transition.

Regarding the motor domain transitioning from a weak binding to a strong microtubule
binding state, the transition is dependent on the presence of ATP as is the case with both
conventional kinesin and Ncd. ATP binding was seen to be sufficient to trigger transitions
leading to the motor taking a step and releasing bound ADP (Figure 6.5). In the experiments that
addressed this topic, nonhydrolyzable or slowly hydrolysable ATP analogues were seen to
trigger the fluorescence decrease expected when mantADP, bound on one of the motor domains,
gets released into solution, congruent with the motor taking a step. The fluorescence decrease
was reduced in comparison to the amplitude of the decrease when the native substrate, ATP was
used. Possibly, ATP binding can induce some of the necessary conformational changes required
for the motor to take a step and release bound ADP, but hydrolysis is necessary to complete the
transition. The observed rate of ADP release coincides with this possibility because at 8-9 s,
the release of ADP could be limited by ATP hydrolysis at 5-10 s'. Regarding processive

stepping, this would imply that ADP release by the new forward motor domain occurs rapidly
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upon ATP hydrolysis by the rearward motor domain. For the motor to be processive, the
transition from a weak to a strong microtubule binding state, concurrent with ADP release, must
be faster than (1) P; release by the rearward motor domain if P; release occurs before motor
domain detachment, or (2) detachment of the rearward motor domain if P; release occurs after
the motor domain detaches. Unless the rate of ADP release is >> greater than the rapid events
that occur on the microtubule bound motor domain, at best only a marginal probability would
ensure that the two motor domains are not found in a weak microtubule binding state
simultaneously, dissociating the motor from the microtubule.

ATP binding being sufficient to induce all the conformational changes necessary for
dimeric Eg5 to take a step and release ADP cannot be overlooked, though. The amplitudes of
the transients from mantADP release during motor stepping display a distinct trend where the
more wild-type the motor and substrate are, the more ADP release is favored (Figure 6.6). In the
case of Eg5-513, ATP elicited the greatest fluorescence response, followed by the slowly
hydrolysable ATPyS, and the nonhydrolysable analogue AMPPNP gave the weakest response.
The hydrolysis defective mutant, R234K, displayed the same trend, but in the presence of ATP,
its response was merely comparable to that of Eg5-513 in the presence of ATPyS. Release of
ADP from R234K in the presence of ATPyS was comparable to Eg5-513 in the presence of
AMPPNP. Finally, in the most “mutant” situation, ADP release was least favored from R234K
in the presence of AMPPNP. This trend argues that the more the communication pathway from
the nucleotide to the microtubule binding domain is altered the more the communication between
motor domains might be disrupted. If the ability to hydrolyze was truly necessary for the motor

to undergo all the necessary structural transitions required to release ADP while stepping, the
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different situations where ATP hydrolysis is inhibited should all produce a comparable transient.
One would not expect hierarchical effects due to the severity of inhibition.

If ATP binding is sufficient to induce all the structural transitions required to release
ADP while stepping, two possibilities open up regarding the timing of the strong to weak
transition of the stationary motor domain and the weak to strong transition of the stepping motor
domain. (1) Because of the comparable rates of ADP release during stepping and ATP
hydrolysis, ATP hydrolysis could still occur before ADP release and set up the previously
described scenario. (2) The alternative scenario introduced in this case is that ATP hydrolysis
and ADP release could occur near simultaneously. This reciprocal effect on the strength of the
interactions of each motor domain with the microtubule would promote processivity but also
increase the probability of the two motor domains being both in a weak microtubule associated
state if the timing was slightly off.

The length of a processive run by a kinesin motor may be predominantly governed by the
ability to separate the biochemical states of the motor domains. Ncd, which is not processive,
has an ATPase cycle which ensures that both motor domains exist in a weak microtubule binding
state at the end of each ATP turnover. Eg5, which is mildly processive, is only marginally able
to keep its motor domains from existing simultaneously in a weak microtubule binding state.
Conventional kinesin, which is highly processive, uses a 5-fold difference in the rate constants
governing the weak to strong transitions of its motor domains to keep both of its motor domains
from being in weak microtubule binding states. It will be interesting to see if this pattern
regarding the chronological separation of the microtubule binding state transitions of motor

domains holds true for other multimeric kinesin motors.
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7.2 POTENTIAL IN VIVO RELEVANCE OF DIMERIC EG5 STUDIES

There are two main mechanical differences between dimeric Eg5 and conventional kinesin: the
initial two head microtubule bound state required to begin the processive run, and the
mechanochemical cycle geared for lower processivity. Do either of these features of dimeric

Eg5 reflect features of homotetrameric Eg5?

7.2.1 Binding the Microtubule with Both Heads

Regarding the steady-state rate-limiting transition leading to the novel intermediate of both
motor domains associated with the microtubule at the start of the processive run, this dissertation
has not experimentally determined an apparent advantage for a dimeric motor to begin in this
state. Primarily, one might imagine that beginning a processive run with both heads associated
with the microtubule might enhance the number of steps that the motor will take before
dissociating. This is not the case because dimeric Eg5 is much less processive than conventional
kinesin [196, 333]. An advantage to associating both motor domains with the microtubule prior
to processivity might be able to be detected in work with the homotetramer. When Eg5
crosslinks two microtubules, intramolecular tension within the motor is probably generated. By
having both motors domains of each dimeric half associated with a microtubule the tension will
get dispersed over four motor domains instead of just two. This division of force might allow the
homotetramer to move more processively than if only two of the four motor domains had to
work against the the same amount of load. Future work will reveal if having four motor domains
associated with two microtubules confers a particular mechanistic advantage to the motor. If so,

then coupling a slow structural transition to the association of the second motor domain with the
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microtubule (Figure 6.2) might be a way for the homotetramer to allow enough time to get four

motor domains coordinated over two microtubules.

7.2.2 Utility of Marginal Processivity

The mechanism for dimeric Eg5 proposed in this dissertation (Figure 6.6) can account for the
ability of dimeric Eg5 to move processively but detach from the microtubule much quicker than
conventional kinesin. This type of mechanism can be directly correlated with in vitro
observations made for the homotetramer. The homotetramer has been seen to undergo two types
of motion along the microtubules, motor driven movement and diffusive movement [256]. The
mechanism provided in this work can account for the motor driven movement during which
force is repeatedly imparted on the microtubules crossbridged by the motor, and a means to
allow the motor to easily switch to diffusive movement, which might be beneficial in preventing

the motor from becoming stalled at a roadblock in the crowded mitotic spindle.

7.3 FUTURE DIRECTIONS

7.3.1 The Steady-state Limiting Structural Transition?

This dissertation has provided several lines of evidence first identifying as well as dissecting the
nucleotide states of the two dimeric Eg5 motor domains during the slow steady-state limiting
conformational change that primes the motor to move processively. The structural features

moving during this isomerization event have not been experimentally verified. Work by
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Rosenfeld et al. [251] has suggested that the neck-linker, a portion of the motor whose
movement is responsible for the positioning of the second motor domain towards its microtubule
binding site, reorients itself in response to microtubule binding. This is in contrast to
conventional kinesin where neck-linker reorientation is dictated by ATP binding [194]. As
proposed in Krzysiak et al. [344] the movement of the Eg5 neck-linker in response to
microtubule binding makes it an excellent place to start in identifying the structural transition
that occurs upon initial association with the microtubule. There are some requirements if neck-
linker docking is to actually account for this slow structural transition.

For one requirement, the mechanism of neck-linker docking must be different during the
initial encounter with the microtubule as compared to during processive motion. ADP release
during processive motion has been observed to be at least an order of magnitude faster during
processive motion than ADP release that is coupled to the slow steady-state limiting transition.
The kinetic data presented in this dissertation do not rule out the possibility that the neck-linker
behaves differently during different stages of the Eg5 ATPase cycle. In support of this idea,
during the initial association of the motor with the microtubule ATP does not appear to affect
ADP release; however, during processive motion an effect is seen. Of course, support by these
data relies on a strict coupling of the neck-linker docking of one motor domain triggering ADP
release from the other. This conventional kinesin like coupling might not be present in Eg5. In
considering the model in Figure 6.6, specifically species 6, the position of what was the rearward
microtubule bound motor domain is not known following ATP hydrolysis. Intramolecular strain
established by having both motor domains associated with the microtubule could lead to a
positioning of the rearward motor domain in front of what was the forward motor domain but

unable to sufficiently interact with the microtubule binding site to stimulate ADP release. This
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might itself lead to a partial docking of the neck-linker requiring ATP binding to complete. If
this situation were true, the microtubule would still have the majority of the effect on the
displacement of the neck-linker and ATP would only have a minor but detectable role.

A second requirement for neck-linker docking to structurally account for the steady-state
rate-limiting transition is that another slower structural transition cannot precede or follow neck-
linker movement. This is an important factor to consider because the observed rate for neck-
linker reorientation by monomeric Eg5 was over 100-fold faster than the steady-state rate-
limiting transition by dimeric Eg5 [251]. Maybe tethering a second motor domain at the end of
the neck-linker inherently slows its movement. Alternatively, and probably more likely, neck-
linker docking becomes limited by a structural transition on that second motor domain. Off the
microtubule the two motor domains of dimeric Eg5 are biochemically different as seen by their
different affinities for ADP (Figure 6.1). There is most likely a structural difference in those
motor domains to account for that biochemical difference. Interaction with the microtubule
might remove that structural difference, and in doing so, limit neck-linker docking. In terms of
the ADP release measurements in this dissertation that lead to the discover of the steady-state
rate-limiting transition (Figure 4.9), the biochemical/structural difference between dimeric Eg5
motor domains off the microtubule might not affect neck-linker docking at all, but lead to
another structural rearrangement of unknown origin. Future structural and dynamics studies,
hopefully including a crystal structure, will be necessary to determine the nature of the steady-

state rate-limiting structural transition.
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7.3.2 Eg5 Inhibitors and Diffusive Movement?

Another important area to pursue in regards to Eg5 is its inhibition by the multitude of Eg5
specific inhibitors. Work with monomeric Eg5 motors has indicated that these inhibitors cause
microtubule association defects, slowed ADP release, and a propensity to go off pathway into an
ATP bound state that will not hydrolyze the bound ATP. To by no means diminish the
contribution of the inhibitor work on monomeric Eg5 motors; however, these features displayed
by the monomer cannot truly account for the inhibition of force production by Eg5 in vivo.
Microtubule association was slowed but it could still happen. ADP release was slowed but it
was still rapid in the cycle. The nonproductive ATP bound complex significantly impacted the
observed rate of steady-state turnover but was reversible, and therefore could not account for a
mechanism of spindle collapse by means of suicide inhibition.

Work presented in Chapter 3 along with the cryo-EM results from the Hoenger lab [205]
have led to the proposal that inhibition of dimeric Eg5 by these specific inhibitiors results from
trapping both motor domains in an ATP-like state; thereby causing steric problems in the
interaction of motor with the microtubule. Work with homotetrameric Eg5 and the inhibitor
monastrol has indicated that inhibition does result in defects in associating with the microtubule
[348]. The diffusive component to homotetrameric motility in the absence of any motor driven
movement was observed. This implies that very weak interactions with the microtubule can be
made but nothing sufficiently strong is made for the motor to impart a normal level of force on
the microtubule. Alternatively, the motor might still be able to make a strong interaction with
the microtubule, though at a much reduced frequency. This would prevent the motor from

moving processively, drastically reducing force production on a given time scale.
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These inhibitors might unlock the mechanism by which a motor is able to diffuse
longitudinally along the microtubule axis without diffusing away from the microtubule, a mode
of movement also important for the Kinesin-13 subfamily. The observation that Eg5 begins its
ATPase cycle with both motor domains associated with the microtubule seems very intriguing in
relation to this question. Potentially, if ADP release could be blocked from the motor domain
that releases ADP slowly, the motor should also be blocked from entering a force producing
state. This dissertation has demonstrated that ATP cannot bind until the slow structural
transition kinetically coupled with ADP release from the second motor domain occurs. The
motor might then only engage in many successive, rapid, weak microtubule interactions and
appear as though it is diffusing along the microtubule lattice. In vivo, a particular microtubule
structure might accelerate the motor entering into a dual head bound state from which it can
generate force. A recent report [349] suggested that the ATP-promoted, motor-based movement
by Eg5 becomes favored when the motor can crosslink two microtubules. The literature lacks a
comparable mechanistic analysis to this dissertation on the Kinesin-13s, but they also seem like a
good candidate to have a step in the cycle regulatable by microtubule architecture. In the case of
the Kinesin-13s, the architectural cue has been established to be the microtubule ends. The
Kinesin-13s have an affinity for the microtubule ends and display a stimulated steady-state

ATPase when bound at a microtubule end [98, 119, 350].
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ABBREVIATIONS AND TERMS

AMPPNP—adenosine 5'-(3,y-imido)triphosphate, an ATP analogue that is not hydrolysable by

Kinesin motors.

Apyrase—(Grade VII, Sigma-Aldrich Co.) an enzyme that preferentially cleaves the [-
phosphate off of ADP leaving AMP, which does not bind kinesin motors, and inorganic

phosphate.

ATPyS—adenosine-5'(y-thio)triphosphate, an ATP analogue that kinesin motors hydrolyze

much slower than ATP.

AXP—refers to any adenosine nucleotide (ADP, ATP, ATPyS, or AMPPNP).

Eg5-367nyr—monomeric Eg5 motor domains comprised of the first 367 amino acids of the
human gene. The purification process resulted in motor without ADP on the active-site. The

motor was purified by Jared C. Cochran.

Eg5-513—dimeric Eg5 comprised of the first 513 amino acids of the human gene.

Eg5-513-5His—dimeric Eg5-513 with a 5X histag at the C-terminus.
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MantAXP—refers to a racemate (Invitrogen) of 2'(3")-O-(N-methylanthraniloyl) labeled ADP
or ATP. These nucleotides are more highly fluorescent when bound at the active-site of a

Kinesin motor as compared to being free in solution.

MDCC-PBP—the phosphate binding protein from the lab of Martin Webb. It has been labeled
with 7-diethylamino-3-((((2-maleimidyl)ethyl)amino)carbonyl)coumarin which responds to
changes in the local environment around the fluorophore. When the protein binds inorganic

phosphate, a fluorescence enhancement is observed.

S-monastrol—a specific inhibitor to the ATPase of Eg5.

Monoaster—when Eg5 is inhibited a normal bipolar spindle collapses into a structure containing

all y-tubulin foci located in a central region with microtubules emanating outward in all

directions. The chromosomes are located in a circular pattern surrounding microtubule aster.

P,—inorganic phosphate.

PNPase—purine nucleoside phosphorylase (Sigma-Aldrich Co.) will covalently attach inorganic

phosphate to 7-methylguanosine.

Processivity—the degree to which a motor is able to stay bound to its protofilament partner over

multiple rounds of its ATPase cycle.
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PuTP—refers to a purine nucleotide triphosphate. The purine bases are Adenine and Guanine.

R234K—refers to Eg5-513-5His that has had arginine 234 mutated to a lysine. This mutant
displays predominantly wild-type kinetics but has >100 fold reduction in the rate of ATP

hydrolysis.

Taxol—Paclitaxel (Sigma-Aldrich Co.) from Taxus brevifolia acts as a stabilizer of microtubule

dynamics through binding to the B-subunit of the tubulin dimer.
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