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Deciphering kinesin motility with single molecule studies

by

Kurt S. Thorn

Abstract

Conventional kinesin is a highly processive molecular motor that takes

several hundred steps per encounter with a microtubule. Processive motility is

believed to result from the coordinated, hand-over-hand motion of the two heads

of the kinesin dimer, but the specific factors that determine kinesin's run length

(distance traveled per microtubule encounter) are not known. Using a single

molecule motility assay, I show that the neck coiled-coil, a structure adjacent to

the motor domain, plays an important role in governing the run length. By adding

positive charge to the neck coiled-coil, I have created ultra-processive kinesin

mutants that have four-fold longer run lengths than the wild-type motor, but that

have normal ATPase activity and motor velocity. Conversely, adding negative

charge on the neck coiled-coil decreases the run length. The gain in processivity

can be suppressed by either proteolytic cleavage of tubulin's negatively charged

C-terminus or by high salt concentrations. Therefore, modulation of processivity

by the neck coiled-coil appears to involve an electrostatic tethering interaction

with the C-terminus of tubulin.

To understand the relationship between kinetics and function, I have

performed, in collaboration with Takashi Shimizu, presteady state kinetic and
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single molecule motility analyses on three kinesin mutants (Y138A, loop 11 triple

(L248A/D249A/E250A), and E31 1A). These mutants exhibit a similar ~3-fold

reduction in both microtubule gliding and microtubule-stimulated ATPase

activity. While these mutants behave similarly in solution ATPase and multiple

motor gliding assays, kinetic and single molecule analyses reveal distinct kinetic

and motile defects in each of these mutants.

Finally, I have developed a novel affinity matrix for purifying recombinant

proteins. It is based on the bis-arsenical fluorescein dye Flash, which

specifically recognizes short O-helical peptides containing the sequence

CCXXCC (Griffin et al. 1998). I find that kinesin tagged with this cysteine

containing helix binds specifically to Flash resin and can be eluted in a fully

active form. The protein obtained with this single chromatographic step from

crude E. coli lysates is purer than that obtained with nickel affinity

chromatography of 6xHis tagged kinesin. It is also eluted from the Flash resin

under mild reducing conditions, making this ideal for purifying fully active

protein complexes. % %
Ronald D. Vale, Ph. D.

Advisor and Chairperson
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Introduction

The first kinesin was discovered in 1985 [1], and is now known as

conventional kinesin. Since that time, more than a hundred other members of the

kinesin superfamily have been discovered. The common feature of these proteins

is a ~300 amino acid domain (the kinesin motor domain) that converts chemical

energy in the form of ATP into movement and mechanical work. This domain

can be either at the N- or C-terminus of the protein, but regardless of its position,

all kinesins bind to, and move along, microtubules. These motors can be

classified by sequence homology into 8 different subfamilies [2]. While all

members function as molecular motors, their mechanical properties and cellular

roles vary from subfamily to subfamily. Their speeds range from 1.8 pum/s

(Unclo4)[3] to ~0.06 pum/s (Eg5)[4]. Most move toward the plus end of the

microtubule, but the ncd subfamily moves toward the minus end [5]. Finally, a

few kinesins, such as conventional kinesin, are highly processive and can move

large distances along the microtubule per binding event [6-9], whereas most

kinesins are non-processive and can only move a few nanometers per binding

event [3, 10-12]. In the case of conventional kinesin, this high processivity is

presumably an adaptation to the transport of small cargos, such as RNA and

protein complexes [13-16], which are too small to permit the binding of more than

a few kinesins at a time.



Kinesin is highly processive and moves by a hand-over-hand

mechanism:

Much of what we know about kinesin motility was discovered before the

structure of the kinesin motor domain had been solved. Therefore, despite

understanding the phenomenology of kinesin for several years, only recently have

we been able to construct molecular models of kinesin motility. Conventional

kinesin (hereafter kinesin) is a dimer of two identical chains, with the motor

domain at the N-terminus and a C-terminal globular domain that binds the kinesin

light chains and the cargo to be transported. Between these N- and C-terminal

domains are three coiled-coil regions separated by two putatively unstructured

domains known as hinges. The monomeric kinesin motor domain produced by

truncation prior to the first coiled-coil region (known as the neck coiled-coil) is

capable of moving microtubules, provided several monomers are attached at once

to the same microtubule. However, a single kinesin dimer with at least the neck

coiled-coil intact is capable of moving microtubules, an ability first shown by the

observation of moving microtubules pivoting around a single anchor point

(presumably the motor moving the microtubule) [6]. This ability to produce

measurable movements (hundreds of nanometers) suggests that an individual

kinesin must be able to take many steps per encounter with the microtubule. The

number of steps per encounter is a measure of the processivity of the motor.

Subsequently, this high processivity of kinesin has been determined more

directly, by imaging the movement of ~1 pum beads with single kinesins attached

[7] as well as imaging the movement of single fluorescently tagged kinesins [9].



These studies have enabled accurate measurement of the distance traveled by an

individual kinesin per encounter with the microtubule. The travel distance is

exponentially distributed, as expected for a process governed by a single rate

constant (here, the mean dissociation probability per step). Fitting the distribution

gives a mean run length of about 1.2 pm, meaning kinesin on average takes 150

steps of 8 nm without dissociating. This corresponds to a 99.3% chance of

completing a step.

The 8 nm step size mentioned above has been directly measured by optical

trapping measurements [17-19]. In these measurements, a bead bearing a single

kinesin molecule is held in an optical trap produced by focusing a laser through an

objective lens onto the bead. The refraction of the light produces a spring-like

force that resists movement of the bead outside of the center of the trap. This,

combined with the binding of the kinesin to a microtubule (or axoneme) firmly

attached to the glass slide, greatly reduces the Brownian motion of the bead, and

allows displacements of a few nm to be measured. These measurements show

staircase-like plots of distance versus time, with dwell periods separated by 8 nm.

The 8 nm step size coincides with the spacing between one tubulin dimer

and the next in the microtubule lattice. This immediately suggested that kinesin

walks with its heads moving from one monomer to the next in a hand-over-hand

mechanism. Such a hand-over-hand mechanism is also consistent with kinetic

data showing that when kinesin in solution (with ADP bound to both heads) binds

to a microtubule, ADP dissociates from only one head [20]. ADP dissociation

from the other head is very slow, but is greatly accelerated by addition of ATP or



a non-hydrolysable ATP analog [20, 21]. This suggests that when kinesin binds

to the microtubule, one head binds, triggering it to release its ADP, but the second

head is somehow prevented from binding to the microtubule and retains its ADP.

Binding of ATP to the bound head then triggers a conformational change,

allowing the second head to bind the microtubule and release its ADP. It is easy

to see how hydrolysis of the bound ATP, dissociation of this head, and repetition

of this cycle could lead to processive motion along the microtubule.

An interesting feature of this processive motion is that it has a strong

directional bias. Optical trapping studies of kinesin reveal fewer than 5%

backwards steps [22-24]. Thus, in the hand-over-hand model described above,

the conformational change which couples ATP binding to one head to binding of

the second head to the microtubule must be highly directional to ensure that the

second head binds only to the plus-end side of the first head.

Not only is kinesin highly directional, but it is also highly efficient,

hydrolyzing only one ATP per step [22, 25, 26]. This constrains possible models

of motility by eliminating those where more than one ATP is hydrolyzed per step.

It also indicates that kinesin is a tightly coupled motor and does not futilely

hydrolyze ATP.

This efficiency extends to the conversion of ATP into mechanical work.

Kinesin can convert nearly 70% of the chemical energy of ATP to mechanical

work. Optical trapping studies have shown that kinesin can move against loads of

up to ~7 pN, while continuing to take 8 nm steps [27, 28]. An 8 nm step at 7 pN



requires 56 pm nm (8 kcal/mol) of energy, compared to the 11-13 kcal/mol of

energy available from the hydrolysis of ATP.

In summary, kinesin can take 65 eight nanometer steps per second

(without making backwards steps) hydrolyzing only one ATP per step. Its actions

are tightly coordinated, so that it only detaches from the microtubule once every

150 steps. Finally, it can continue to move against forces as high as 7 pn,

capturing 2/3 of the available energy from ATP. What is the molecular

mechanism that enables these impressive mechanical feats?

The molecular mechanism of kinesin motility:

When the structure of kinesin was first determined, it revealed a

previously undetected homology between the kinesin and myosin motor domains

[29], as well as between kinesin and the G-proteins [30]. This structural

similarity immediately suggested that the nucleotide state (ATP or ADP) of

kinesin was sensed by the loops homologous to switch I and switch II in G

proteins [29-31]. Such functional conservation is supported by the high structural

and sequence homology of these loops in both kinesin and myosin.

The structure of a dimer of rat kinesin [32] for the first time revealed the

structure of the peptide that connected the motor domain to the coiled-coil, known

as the neck linker. This 15 amino acid peptide forms two short beta strands (39

and £10) hydrogen bonded to the motor core, but was disordered in the

monomeric structure determined earlier. This dimeric structure also revealed that

the two heads were related by a rotation of 120°. This surprising finding posed a

puzzle because rotational symmetry is incompatible with the translational



symmetry of the microtubule lattice. As a result, if the crystal structure is

maintained upon binding, when one head is bound to the microtubule, the second

head is upside-down and backwards with respect to the next binding site.

Thus, some element in the kinesin dimer must unfold or otherwise change

its structure to allow the two heads to bind the microtubule simultaneously, as

required by the hand-over-hand model. Two different elements were proposed to

unfold to allow this motility: the £9/310 neck linker [33] and the neck coiled-coil

[34, 35]. However, it now seems unlikely that the coiled-coil unwinds during

motility, as it can be replaced with a highly stable coiled-coil [33] or crosslinked

so that it cannot unwind [36], without affecting motility.

Recent evidence suggests that neck linker unfolding is a key element in

kinesin motility and allows the two heads to span adjacent tubulin dimers.

Preventing neck linker motion by crosslinking it to the motor domain abolishes

motility [36], while replacement of the neck linker with a random sequence

results in severe reductions in velocity [37].

Not only is free movement of the neck linker required for motility, but it

appears to be an active participant in the stepping mechanism. A variety of

biophysical techniques indicate that the neck linker undergoes a nucleotide

dependent conformational change [38]. The distance between the neck linker and

the motor domain has been measured both by FRET between dyes at the end of

the neck linker and on the motor core and by EM reconstructions of microtubule

bound kinesin bearing a gold particle at the end of the neck linker. The neck

linker position is consistent with the rat kinesin crystal structure when AMPPNP



or another ATP-like analog is bound to the kinesin-microtubule complex, but in

both the ADP and nucleotide-free states, the neck linker appears to be disordered

[38]. Such a conformational change, in the context of the kinesin dimer, would

reposition a disordered second head towards the plus end of the microtubule on

ATP binding.

Thus, the nucleotide-dependent movement of the neck linker appears to

underlie the mechanics of kinesin motility. The missing element in a detailed

molecular model of kinesin motility is how the motions of the switch I and II

loops in response to ATP binding and hydrolysis are transmitted to the neck

linker. The structural element which appears to effect this coupling is the switch

II helix (O4), although this has not yet been experimentally tested. This helix,

which is structurally homologous to the relay helix in myosin, differs in position

between the rat and human kinesin structures [29, 31, 39]. Furthermore, in the

kinesin family member KIF1A, this helix is seen to occupy different positions in

the ATP and ADP states. The movement of this helix is coupled to a change in

position of switch II. In the ATP state, the helix abuts a pocket where I325 of the

neck linker binds. In the presence of ADP, the helix slides into this pocket,

disrupting the neck linker binding site. Mutation of I325 and two adjacent

residues to alanine results in a motor with normal ATPase activity, but

significantly impaired motility, suggesting that this binding is important to couple

ATP hydrolysis to movement [37]. In addition, the OA helix may also be involved

in coupling nucleotide state to microtubule affinity. Thus, the bound nucleotide is

sensed by the switch II loop, which controls the position of the switch II helix,



which in turn controls microtubule affinity and the position of the neck linker

[31].

Why use single molecule techniques?

Any measurement of a bulk system is, by definition, an ensemble average.

Because of this, information about how the measured parameter is distributed

within the system is lost. Therefore, one major application of single molecule

techniques has been to measure the distribution of properties of single molecules.

This is especially advantageous for studying kinetic processes. Traditionally this

is done with pre-steady-state kinetic techniques, where a reaction is triggered

(generally by rapid mixing), and the evolution of the system is followed.

However, only the first few steps are accessible, because the individual molecules

rapidly lose coherence, and the ensemble average becomes an average of many

different kinetic steps. Of course, when studying individual molecules, coherence

is no longer required, and arbitrarily many kinetic steps can be measured

following initiation. This is taken advantage of when measuring kinesin stepping

in the optical trap [17-19).

For mechanical systems, such as kinesin motility, a major advantage of

single molecule measurements is that often, the corresponding bulk measurements

cannot be made. For instance, a bulk measurement of kinesin force production

would require orienting large numbers of kinesins to pull on a common substrate

in one direction. While this is possible in muscle, due to the natural orientation of

the myosins in arrays, for kinesin this would be an insurmountable hurdle.



Similarly, it is not clear how to construct a bulk measurement of run length, and

thus single molecule techniques are the only way to measure run length.

Summary of the present work:

The last five years has seen an explosion of research on kinesin. In

particular, both the basic parameters and the molecular mechanism of kinesin

motility have been characterized. The work presented here is part of the latter

goal of characterizing the molecular mechanism of motility, with an emphasis on

the interplay of structure, kinetics, and mechanics.

Chapter 1 presents my studies, with Takashi Shimizu, of the kinetic and

motile properties of mutant kinesins with altered ATPase activity. This study

demonstrates the power of single molecule motility assays and kinetic studies.

Three kinesin mutants, with similar activity defects in multiple-motor gliding

assays and steady-state ATPase assays, were shown to have distinct defects in

individual kinetic steps and different behaviors in single molecule motility assays.

Most interestingly, we were able to identify one mutant unable to move

processively, as well as another which could move processively, but initiated

processive motion at a greatly reduced rate.

The second chapter focuses on the characterization of structural elements

that control kinesin processivity. Prior to this work, there had been little

investigation of the factors which determine the degree of processivity of kinesin,

with the exception of large perturbations of the coiled-coil region [33]. Here, I

show that an electrostatic interaction of the kinesin neck coiled-coil with the C

terminus of tubulin serves to increase kinesin processivity. Furthermore,
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mutations of the neck coiled-coil which change its charge can be used to modulate

processivity. Kinetic modeling of the kinesin hand-over-hand walking model

indicates that an electrostatic tethering model which increases the binding rate of

the unbound head can account for the observed changes in processivity (details of

the kinetic modeling are presented in Appendix A).

The third chapter discusses our development of a novel protein

purification reagent. Originally developed to purify another molecular motor,

dynein, it has several advantages over commercially available affinity tags. These

suffer from a variety of limitations including weak affinity, low specificity, harsh

purification conditions, or the use of large proteins as affinity tags. To overcome

some of these limitations, we modified a bis-arsenical fluorescein dye previously

shown to bind to a CCXXCC sequence [40] so that it could be attached to a solid

support. This was then used as an affinity reagent for binding proteins tagged

with a CCXXCC tag, and was able to recover highly pure material in one step

from whole cell lysates.

Several appendices describe unpublished work. As mentioned above,

Appendix A contains details of my kinetic modeling of the kinesin ATPase cycle,

used to understand the relationship between kinetic parameters and motility.

Appendix B documents data analysis software I have written as a graduate

student. Appendix C describes my recent attempts to use single molecule

fluorescence resonance energy transfer to detect movement of the neck linker in

individual kinesin molecules and directly determine the stepping pattern of

kinesin. In appendix D, I discuss unpublished results studying the effect of
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unnatural ATP analogs on kinesin motility. It appears that these analogs may

increase kinesin processivity. Finally, appendix E describes a number of

unpublished kinesin mutants I have made, which may be useful to understand

kinesin motility in greater detail.

11



Chapter 1:

ATPase Kinetic Characterization and Single Molecule

Behavior of Mutant Human Kinesin Motors Defective in

Microtubule-Based Motility

The work described in this chapter is a collaboration between myself,

Takashi Shimizu, Aaron Ruby, and Ron Vale. Takashi Shimizu performed the

kinetic measurements described; I performed the single molecule motility

measurements. Aaron Ruby prepared many of the proteins used in the study.

Reprinted from Biochemistry with permission. Originally published as: T.

Shimizu, K. S. Thorn, A. Ruby, and R. D. Vale 2000. ATPase kinetic

characterization and single molecule behavior of mutant human kinesin motors

defective in microtubule-based motility. Biochemistry 39: 5265-5273.
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Abstract

Conventional kinesin is a microtubule-based motor protein that is an

important model system for understanding mechanochemical transduction. To

identify regions of the kinesin protein that participate in microtubule binding and

force-production, Woehlke et al. (Cell 90: 207-216, 1997) generated 35 alanine

mutations in solvent-exposed residues. Here, we have performed presteady state

kinetic and single molecule motility analyses on three of these mutants (Y138A,

loop 11 triple (L248A/D249A/E250A), and E31 1A) that exhibited a similar ~3-

fold reduction in both microtubule gliding and microtubule-stimulated ATPase

activity. All mutants showed normal second order ATP binding kinetics,

indicating correct folding of the active site. The Y138A and loop 11 triple

mutants were defect both in nucleotide hydrolysis and microtubule-stimulated

ADP release rates, the latter suggesting deficient allosteric communication

between the microtubule and the active site. A single molecule fluorescence

assay further revealed that the loop 11 mutant is defective in initiating processive

motion along a microtubule, suggesting that this loop is important for the initial

contact between kinesin and the microtubule. Y138A, on the other hand, can bind

to the microtubule normally but cannot move processively. For E31 1A, neither

the rate of nucleotide hydrolysis nor ADP release could account for its slower

ATPase and gliding velocity, which suggests that either phosphate release or a

conformation transition is rate-limiting in this mutant. The single molecule assay

showed that E31 1A has a reduced velocity of movement, but is not defective in

processivity. Thus, while these mutants behave similarly in solution ATPase and

13



multiple motor gliding assays, kinetic and single molecule analyses reveal defects

in distinct processes in kinesin's mechanochemical cycle.
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Conventional kinesin is a molecular motor that is thought to transport

membrane organelles [41] and intermediate filaments [13,42) along

microtubules. In higher eukaryotes, conventional kinesin is composed of two

heavy chains (~120 kDa) and two light chains (60-80 kDa)[2]. The N-terminal

340 amino acid residues of the heavy chain form a globular domain, which

contains the microtubule and ATP binding sites. This domain operates as a plus

end-directed microtubule motor in the absence of the remainder of the heavy

chain polypeptide as well as the light chains [43]. Beyond this motor domain,

there is an extended coiled-coil region that facilitates dimerization and contains

conserved sequences at its C-terminus for light chain binding [2]. The C-terminal

~100 residues of the kinesin heavy chain comprises a small globular domain that,

together with the light chains, may mediate attachment to intracellular cargo.

In recent years, conventional kinesin has been extensively studied as a

model system for understanding chemomechanical transduction. Single molecule

motility studies have shown that kinesin can move along a single protofilament

[44] in steps of 8 nm (the size of the tubulin dimer) each time that it hydrolyzes an

ATP [22, 26]. Unlike many other molecular motors, such as muscle myosin,

conventional kinesin is a highly processive motor and can take ~100 steps along a

microtubule before dissociating from the filament [45]. A considerable effort has

been devoted to defining the rate constants that govern the intrinsic and

microtubule-stimulated ATPase cycles of conventional kinesin [21, 46-48]. Both

the hydrolysis step [49] and the ADP dissociation step [50] are accelerated by

microtubules (10- and 1000-fold respectively). The microtubule dissociation step
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[49, 51] occurs after hydrolysis of the fl-Y-pyrophosphate bond, although the exact

timing of this event in the cycle is still poorly defined.

Understanding the structural basis of kinesin motility has been aided by

determination of crystal structures for the motor domains of human [29] and rat

[32, 52] kinesin as well as of Drosophilancq [53, 54] and yeast kar3 [55], two

minus end-directed motors of the kinesin superfamily. These structures revealed

that the core secondary structural elements of kinesin motor domain show a

surprising homology to the catalytic domain of both the actin-based motor myosin

and G proteins, a superfamily of molecular switches. These observations suggest

that motors and molecular switches evolved from a common ancestor [56] and

may share similar strategies for nucleotide-dependent conformational changes

during their enzymatic cycles [30].

The availability of a kinesin motor domain structure also provided an

opportunity to define regions that are involved in microtubule binding, nucleotide

hydrolysis, and mechanochemical transduction. In a recent study aimed at

identifying residues that interact with microtubules, Woehlke et al. [57] mutated

35 solvent-exposed residues to alanine on one face of the kinesin motor domain

and then examined the effects on microtubule-stimulated ATPase and in vitro

motility activities. This study indicated that the microtubule interface is

extensive, although the most important residues are clustered at or near the

L12/05 region. A triple mutant in this region, for example, displayed very little

microtubule binding, even in the presence of AMPPNP, which normally induces a

tight binding state in kinesin. While 14 mutations were identified that altered
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microtubule affinity by 2-fold or greater, only two of the 35 single point

mutations substantially decreased motility and ATPase keat (Y138A and E311A).

In addition, a triple mutant in Lll (also known as the switch II loop, since it

contains residues that are thought to be involved in sensing release of the Y

phosphate [54]) and the L12 triple mutant exhibited significant defects in

microtubule gliding and ATPase turnover.

These four mutations that showed decreased microtubule-stimulated

ATPase and microtubule-translocating activities could provide insight into how

different regions on the surface of kinesin motor domain participate in the

enzymatic pathway that leads to force production. In this study, we have carried

out kinetic investigations to identify the underlying enzymatic steps that are

defective in these mutant kinesin motors and also examined how these mutants

interact with microtubules at the single molecule level.
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Experimental Procedures

Chemicals

MantATP, a gift from Dr. Edwin Taylor (University of Chicago), was

synthesized by the method of Hiratsuka [58] but was purified by a DEAE

Sephadex A-25 column chromatography with a triethylammonium-bicarbonate

gradient, instead of the original Sephadex LH20 chromatography. y-"P-ATP (PB

170) was from Amersham, Inc. Other reagents were of analytical grade. The

ingredients of the solutions used in this study were 25 mM Pipes-NaOH (pH 6.8),

50 or 200 mM NaCl, 2 mM MgCl2, 0.5 mM EGTA, 0.5 mM DTT and 2.5%

sucrose, unless described otherwise.

Preparation of Kinesin Proteins

The wild type and mutants used in this study consisted of the amino acids

1-420 of human ubiquitous kinesin heavy chain (K420). In short, BL21 cells

were freshly transformed with the K420 construct, inoculated into TPM (20 g

bacto-tryptone, 15 g bacto-yeast extract, 8 g NaCl, 2 g glucose, 2 g Na2HPO4 and

1 g KH2PO4 in 11 of H2O at pH 7) medium, and grown at 37° C until the A600

reached 0.8-1.2. Expression was then induced with 0.2 mM IPTG at 25°C for

12-16 hr. The cells were broken with a Small Volume Microfluidizer M-1 10S

(Microfluidics Corporation, Newton MA) in extract buffer: 25 mM Pipes-KOH

(pH 6.8), 2 mM MgCl2, 1 mM EGTA, 0.5 mM DTT, and 1 mM Pefabloc

(Boehringer Mannheim, Inc.). A high-speed supernatant of E. coli extract was

prepared and was applied to a P-cellulose column (10-12 ml bed per liter culture)
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equilibrated in extract buffer containing 0.1 M KCl. A 0.1-1 M KCl gradient was

then applied to the column, and the K420 or a mutant eluted around 0.4 M KCl.

The pooled fraction was then diluted to 0.15 M KCl and applied to a 5 ml HiTrap

SP column equilibrated in 0.15 M KCl in extract buffer. The K420-containing

flow-through was then further diluted to 0.1 M KCl in extract buffer and applied

to a MonoO column equilibrated in the same buffer. A 40 ml 0.1-0.5 M KCl

gradient was applied to the column, and the K420 peak eluted at 0.25 M KCl.

The peak fractions were pooled, 25 puM ATP and 10% sucrose were added, and

aliquots were stored in liquid N2. Typically, 8-20 mg of >85% pure protein could

be obtained per liter of culture.

K560GFP constructs were prepared essentially as described [59] except

that a REsource Q15 column was used for the anion exchange step. All

K560GFP constructs were further purified by microtubule affinity [59] before

assaying. After the microtubule affinity purification, motors were either assayed

immediately or frozen with 15% sucrose added and stored in liquid nitrogen until

assaying.

Quantitation of protein concentration was performed as described

previously [57].

Stopped-flow assay

Stopped-flow assays were carried out with a Kintek SF2001 stopped-flow

apparatus at 22°C. MantATP or mantADP was excited at 350 nm and the

fluorescence monitored at 90° through a 410 nm cut-off filter. The emission

19



maximum was at 450 nm. Due to higher background fluorescence at high

mantATP concentrations, the signal to noise ratio did not permit accurate

measurements above 0.05 mM mantATP with 0.01 mM enzyme active site.

Quench-flow assay

K420, or its mutant, was incubated with 0.5 M NaCl and 4 mM EDTA to

strip the bound MgADP, and then gel filtrated at 22°C through a prepacked gel

exclusion column (10 DG, BioFad) equilibrated with a solution consisting of 25

mM Pipes-NaOH (pH 6.8), 0.4 M NaCl, 2 mM EDTA, 0.5 mM DTT and 5%

sucrose. The resultant protein, placed on ice immediately, was essentially

nucleotide-free, as judged by UV absorption spectra of its acid supernatant (5%

nucleotide remaining at most).

The thus obtained nucleotide-free K420 was made 4 mM in MgCl2 and

then diluted with an equal volume of the buffer solution above, except that 15%

sucrose and no NaCl were present. The final solution contained 30 puM protein

(enzyme active sites), 25 mM Pipes-NaOH (pH 6.8), 0.2 M NaCl, 4 mM MgCl2,

2 mM EDTA, 0.5 mM DTT and 10% sucrose. This mixture was loaded into a

quench-flow sample loop of a Kintek RQF-3 quench-flow apparatus (Kintek,

Inc.). The other sample loop was loaded with a radioactive ATP solution in the

same buffer solution. After mixing 1 to 1 in the quench-flow apparatus, the

protein and ATP concentrations were 15 puM and 50 puM, respectively. This

enzyme-ATP mixture was allowed to incubate for a designated amount of time,

usually from 5 to 1000 ms, and was then mixed with final 1 M HCl and 1 mM
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carrier inorganic phosphate in order to quench the enzyme reaction. The quench

flow apparatus was operated in “constant volume mode”, where the quenched

solution out of the apparatus was designed to have constant volumes. To separate

nucleotide from the released "P-phosphate, the solution was centrifuged to pellet

the denatured protein, mixed with a charcoal suspension (final 0.05 g/ml), and

centrifuged again to pellet the charcoal. An aliquot of supernatant was transferred

into a scintillation vial containing 2 ml H2O. The radioactivity was measured by

Cerenkov counting.

In the case of the quench-flow experiments with K420-microtubule

complex, microtubules without free GTP (obtained by centrifugation through a

40% sucrose cushion in nucleotide-free buffer containing 20 puM taxol) was

mixed with K420 at a room temperature. The buffer solution ingredients were 25

mM Pipes-NaOH (pH 6.8), 50 mM NaCl, 2 mM MgCl2, 0.5 mM EDTA, 0.5 mM

DTT and 2.5% sucrose. A K420-microtubule suspension (50 puM microtubules

(tubulin dimer concentration) and 30 puM K420 (active site concentration)) was

left standing for 20 min, and then loaded into the quench-flow apparatus. The

concentrations after mixing in the apparatus were 25 puM microtubules, 15 puM

K420 enzyme active site, and 100 puM ATP. The rest of the procedure was the

same as above for nucleotide-free K420 or a mutant. The ADP bound at the active

site of kinesin was not removed, so that some nucleotide in this dimeric motor

likely remained at the active site even after the microtubule incubation. This

probably decreased the burst size, although the burst kinetics should not have

been affected.
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Single molecule fluorescence measurements

Single molecule motility measurements were performed essentially as

described [60], except that 0.5 mg/ml casein was used as the blocking protein

instead of 7.5 mg/ml bovine serum albumin. All measurements were performed

at 5 mW incident power. Data was recorded on sv HS videotape with four frame

averaging and analyzed off-line using a custom set of macros in NIH-IMAGE.

Segments of videotape were digitized at 10-15 fps, and the outline of the axoneme

(determined from the Cy5 image) was superimposed on the GFP signal.

Attachment and detachment times and positions were determined manually and

recorded for each spot interacting with the axoneme. These were then converted

to run length, association time, and velocity. Run lengths and association times

were then determined by non-linear least squares fitting of the cumulative

probability distribution from x0 to infinity to 1-exp((x0-x)/t). The lower threshold,

x0, is used to exclude short runs which are undersampled and was chosen for each

data set by manual examination of the run length histogram. For wild type

K560GFP, x0 was chosen to be 0.5 pum. For fitting association times, x0 was

derived from the x0 used to fit run lengths by dividing by the measured velocity.

Velocities were determined by fitting the cumulative probability distribution to

the gaussian cumulative probability distribution. All fitting was performed in

MATLAB. Errors were estimated by the bootstrap technique [61]. Each

distribution was resampled 200 times and fit as described above. The standard

deviation of the fitted parameter over the resampled data sets was taken as the
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error in the fitted quantity. The photobleaching rate was taken as the rate of

disappearance of GFP-kinesin non-specifically adsorbed to the slide and was 0.08

s'.
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Results

In our previous study [57], the human kinesin heavy chain fragment from

amino acid residues 1-560 (K560) was used for analyzing mutations. However,

since this protein cannot be easily purified to high yield for kinetic studies, we

prepared wild type and mutant proteins in the dimeric construct K420 (J. Kull,

unpublished results), which expresses much larger quantities of soluble protein.

In this study of wild type and mutant K420 motors, we analyzed rates of

nucleotide binding, nucleotide hydrolysis in the absence and presence of

microtubules, and ADP dissociation in the absence and presence of microtubules.

The steady state ATPase and motility phenotypes of these mutants from

the previous study [57] are summarized in Table I. The locations of the mutated,

solvent-exposed residues that were examined in this study are shown in Figure 1.

Y138A is a mutation in superfamily-conserved residue in L7, which is located

close to the switch I region in the Y-phosphate region of the nucleotide. The

triple mutant L248A/D249A/E250A (L248 and E250 are superfamily conserved)

is located at the tip of L11 (herein referred to as L11 triple). The base of L11

contains residues that may hydrogen-bond with the nucleotide Y-phosphate [54];

the tip of L11 may also contact the microtubule (62]. The triple mutant

Y274A/R278A/K281A (all residues are superfamily conserved) is found in L12

(herein referred to as L12 triple), which was proposed to function as the principle

microtubule binding region of kinesin [57]. E31 1A is a mutation in a

superfamily-conserved residue in O.6, a helix that may connect the catalytic core

to a mechanical amplifier region (the neck linker) [38, 59].

24



MantATP binding to nucleotide-free K420s

The rate of ATP binding to nucleotide-free wild type or mutant K420 was

investigated using a fluorescent ATP analogue, mantATP, whose fluorescence

increases when bound to the enzyme active site. As reported by Ma and Taylor

[46, 63], the signal of the wild type K420 was biphasic and could be fitted with

two exponentials (Fig. 2). The rate of the first phase increased with increasing

mantATP concentration, reflecting the second order reaction kinetics for

nucleotide binding (Fig. 3). The smaller and decreasing second phase was

independent of the mantATP concentration [46].

For mantATP binding, wild type K420 and the mutants showed similar

second order rate constants (Table II). The Y138A mutant even exhibited

somewhat higher rates. In contrast, the second, decreasing fluorescence phase

was affected in several mutants. This phase in wild type kinesin occurred at a rate

of 15 +4's '; the L12 triple mutant exhibited a similar rate. However, the E311A

mutant exhibited a ~2-fold slower rate (6.0+0.6 s”), and the L11 triple mutant

displayed an even slower rate (0.6+0.08 s”). Strikingly, the Y138A mutant did

not show an observable second phase. According to Ma and Taylor [46, 63], the

decreasing phase of mantATP fluorescence may be related to the ATP hydrolysis

step. An alternative explanation for this decreasing phase is the isomerization of

mantADP isomers; however, the rate constant for this process is two orders of

magnitude slower than that observed here [64]. To establish whether the E31 1A,

L11 triple, and Y138A mutants were indeed compromised in ATP hydrolysis, we
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next measured the initial burst of phosphate production, as described below.

ATP hydrolysis assayed by the quench-flow method

Before measuring the rate of ATP hydrolysis using a quench-flow

apparatus, we first examined whether K420 or a mutant, which had been treated

with EDTA to remove the bound ADP, exhibited a phosphate burst by manual

quenching method (0 to 20 s). Wild type kinesin exhibits a phosphate burst

because ATP hydrolysis is not rate limiting in the kinetic cycle. The ADP-free

wild type K420 as well as the L11 triple, L12 triple, and E311A mutants all

exhibited a phosphate burst of ca. 0.4 mol phosphate/mol motor domain, which is

consistent with the previously reported values [63, 65, 66). In contrast, the

Y138A mutant showed very little, if any, burst of phosphate production.

With a quench-flow apparatus, we next investigated the transient phase of

the phosphate burst. As shown in Figure 4, the wild type K420 showed a

phosphate burst rate of ca. 17 s”. The E311A mutant displayed a slower burst

rate (3.6 s”), while the L11 mutant exhibited a much slower burst phase (0.31 s').

These relative rates are similar to those measured for the decreasing phase of the

mantATP fluorescence as described above.

We also investigated the phosphate burst rate of K420 complexed with

microtubules. The burst size of the wild type was around 0.4/mol enzyme site,

probably because the microtubules did not displace all of the ADP in the kinesin

active site (Fig. 5)[21, 48,49, 67]. Although the rates of the transient phase were

difficult to estimate, wild type, E31 1A and L11 triple mutants exhibited burst
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kinetics, the burst sizes being much smaller with the E311A and L11 triple

mutants. On the other hand, the Y138A mutant displayed little, if any, phosphate

burst upon ATP addition to the microtubule-K420 complex.

MantADP dissociation and its acceleration by microtubules

The dissociation of mantADP from wild type or mutant K420 after mixing

with a large excess of ATP was investigated in the absence and presence of

microtubules. In the absence of microtubules, the wild type K420 displayed a

slow mantADP dissociation rate (0.016 s'). The mutants exhibited similar rates,

with the exception of E311A which released mantADP at a faster rate (0.08 s').

Upon addition of microtubules, the release of mantADP is dramatically

accelerated. In the presence of microtubules and ATP, ADP release from the two

heads of kinesin dimers occurs sequentially. ADP is released from one head on

binding to the microtubule and binding of ATP to this head enables release of

ADP from the second head [21]. Since we cannot resolve these two steps in this

experiment, we measured an apparent rate constant for ADP release

corresponding to the average of the two sequential steps [46, 63]. As seen in

Figure 6, the dissociation rates varied considerably among the wild type and

mutant K420 proteins. At 9 puM microtubules, the rate of wild type K420 was

11.4+ 0.8 s”, which is consistent with previously observed values at this

microtubule concentration [49, 68]. In sharp contrast, the L12 triple mutant did

not accelerate its release of mantADP, even in the presence of microtubules. This

result is consistent with previous findings showing that the L12 mutant binds
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poorly to the microtubules, even in the presence of AMPPNP [57]. At the same

microtubule concentration, the dissociation of mantADP from the L11 triple (6.1

+ 0.2 s') and Y138A (3.1 + 0.1 s”) mutants were 2- and 4-fold slower than wild

type K420, respectively. On the other hand, the E31 1A mutant released

mantADP in the presence of a similar concentration of microtubules at 3-fold

higher rates (31.5 + 3 s”) compared with wild type (Fig. 6), even though the ka

of E31 1A was about one-third of the wild type (see Discussion).

Single molecule behavior of mutant kinesins

To understand in greater detail how these mutations affect the motility of

kinesin, we examined these mutants in a single molecule fluorescence motility

assay (Table III). In this assay, the motion of a single GFP-tagged kinesin is

followed as it moves along an axoneme. From these measurements, we can

determine the velocity, the distance traveled per encounter with the axoneme (the

run length), and the frequency of motility events. The run length is a measure of

the cooperativity between kinesin heads necessary for processive motion, and the

frequency of motility events is a measure of the ability of the kinesin to initiate

processive motion. To perform these measurements, the mutants were subcloned

into a dimeric K560GFP construct, which has been extensively characterized in

this assay [33]. We chose not to study the L12 triple mutant because of its low

affinity for microtubules.

The E31 1A mutant was motile in the single molecule motility assay. The

frequency of motility events and the run length was comparable to wild type
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K560GFP. However the velocity was lower than wild type, and comparable to

the value obtained in multiple motor assays. Thus, the primary single molecule

motility defect in the E31 1A mutant is a lowered velocity of motion.

The L11 triple mutant was also motile in this assay, but motility events

were more infrequent than wild type (1.83 + 0.13 movements/sec/pum

axoneme/nm kinesin for wild type vs. 0.37 ± 0.23 for the L11 triple mutant). The

velocity was very slow (one fifth of wild type), which is comparable to or slower

than the multiple motor data. Due to its slow velocity, run length could not be

accurately determined, because the measured dissociation rate from the axoneme

is comparable to the photobleaching rate. However, the lower bound determined

from the data is consistent with processivity comparable to wild type. Thus, the

Ll 1 triple mutant is defective in initiating processive movement and in its

velocity of movement.

The Y138A mutant exhibited no detectable motility in this single molecule

assay, although it associated with the microtubule for approximately one half as

long as wild type. Given the velocity of 0.12 pum/sec measured in multiple motor

assays, we should have observed motility events longer than ~0.3 pum for the

subset of molecules associated for more than 3 sec. Although events of this

length are easily detectable, we observed none. Furthermore, vectors plotted

between the attachment and detachment positions showed no directional

preference, confirming the lack of observed motility. The lack of measurable

motility in this assay indicates that while Y138A is capable of motion in a

multiple motor assay, it exhibits little or no processive motion as a single dimer.
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Discussion

In the study, we have performed kinetic and single molecule analyses of

kinesin alanine mutants that exhibit defects in microtubule-stimulated ATPase

and microtubule gliding activities. The mutated residues are highly conserved in

the kinesin superfamily, which suggests that they play important roles in the force

transduction pathway. Since all of the residues examined in this study are

solvent-exposed, it is unlikely that these alanine mutations produce gross

conformational changes in protein structure [69]. This notion is supported by our

present findings that mantATP binds to all of the mutant K420s with similar

kinetics to the wild type motor. Thus, the mutant proteins fold into a

configuration that approximates the wild type motor, at least as far as nucleotide

binding is concerned. However, subsequent steps in the enzymatic cycle

(hydrolysis, product release, and possible conformational transitions) are altered

in specific ways by the mutations, as discussed below.

Pre-steady State ATPase Kinetics. (A) Y138A and L11 triple are defective

in nucleotide hydrolysis

The Y138A and the L11 triple mutants both showed a significant decrease

in the rate of nucleotide hydrolysis, as determined by manual quenching and

quench flow experiments. The defect with Y138A is particularly dramatic, since

no initial burst of phosphate production was observed in the presence or absence

of microtubules. Since the fluorescence signal of mantATP binding was even

faster than that of wild type K420, the rate-limiting step in Y138A enzyme cycle
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is likely to be the 3–Y pyrophosphate bond cleavage step itself. For the L11 triple,

a burst was observed, but was 50-fold slower than wild type in the absence of

microtubules, and the rate also seemed lower in the presence of microtubules.

Microtubules are still capable of stimulating the hydrolysis rates in the Y138A

and L11 triple mutants, though.

Interestingly, both Y138 and the L11 triple residues (L248, D249, E250)

are distant from the active site and do not interact with the fl– and Y-phosphate

groups or the catalytic water molecule directly. Hence, the hydrolysis effects of

these mutations are likely to be indirect, most likely producing subtle changes in

the active site. For example, Y138 is positioned in close proximity to the switch I

loop [54] (Fig. 1), which makes contact with the phosphates and active site

magnesium. The alanine mutation may alter the conformation of switch I in a

manner that impairs the hydrolysis reaction. The L11 residues are located at the

tip of a disordered loop (switch II loop), which is more distant from the active

site. However, a mutation of a residue at the base of the L11 loop (G234A)

impairs the hydrolysis rate by >1000-fold [38], indicating that this loop plays a

critical role in bond cleavage. The equivalent switch II loop in G proteins plays

an important role in positioning the catalytic water for nucleophilic attack on the

fl-Y pyrophosphate bond [70, 71]. In kinesin, the triple mutations at the tip of

L11 may affect hydrolysis by producing subtle alterations in the base of the loop,

which in turn affects the position of the catalytic water. Interestingly, mutations

in the equivalent switch II loop and subsequent helix (switch II helix) in myosin

can also produce strong defects in nucleotide hydrolysis [72].
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The above nucleotide hydrolysis mutants (as well as E31 1A which has a

more modest 5-fold reduction in the rate of nucleotide hydrolysis) also exhibited

defects in the decreasing fluorescence intensity phase after binding of mantATP.

This second phase was hypothesized to be related to the ATP hydrolysis step [63].

Our results support this conclusion, since the rates of the decreasing fluorescence

phase for wild type and mutant proteins correlate reasonably well with the

phosphate burst rates measured by quench flow method. We still, however,

cannot discern whether the fluorescence change corresponds to the hydrolysis step

itself or to some step that is tightly linked and faster than hydrolysis (e.g.

phosphate release or a preceding protein isomerization).

(B) Reduced microtubule-stimulated ADP release rate in the L11 triple

and Y138A mutants

In the absence of microtubules, all mutants displayed normal or slightly

elevated levels of mantADP release. In the absence of microtubules, this product

release step limits the ATP turnover rate [50]. However, microtubule-stimulated

release of mantADP was 2- and 4-fold slower for the L11 triple and Y138A

mutants at 9 puM microtubules, respectively, and the maximal rates were slower

than that of the wild type as well (see Fig. 6). These results suggest that the tip of

L11 and Y138A may both participate in the communication pathway by which

microtubules allosterically activate the product release step. Based upon cryo

electron microscopy studies, Lll may bind in the groove between two

microtubule protofilaments [62].
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(C) The rate limiting step for the E311A mutant

The kinetic analyses of the E31 1A mutant revealed a normal second order

rate constant for mantATP binding, although the ATP hydrolysis was about five

fold slower in the absence of microtubules. However, since a phosphate burst

phase was clearly observed both in the presence and absence of microtubules,

nucleotide hydrolysis cannot be a rate-limiting step that accounts for the 3-fold

reduction in microtubule-stimulated ATP turnover and gliding velocity.

Remarkably, the dissociation of mantADP in the presence of microtubules was

about three times faster than wild type K420, and therefore this step also cannot

limit the cycle time. Collectively, these results suggest that the slow step for the

E311A mutant occurs after nucleotide hydrolysis but prior to ADP release.

Candidates for this rate-limiting step are phosphate release or a conformational

transition of the enzyme. Further work will be directed towards deciding between

these possibilities.

The location of E311 is interesting with respect to a possible involvement

in transmitting information from the active site to a possible force generating

element. E311 (in the O.6 helix) immediately precedes the neck linker [2], a

region which has been implicated in mechanical amplification and directional

motion [38, 59] (Case et al., unpublished data). We speculate that motions of O.6

could affect the position and conformation of the neck linker. E311, which is a

highly conserved residue, is in an intriguing position, since the side chain of this

solvent-exposed residue points towards several basic residues of the base of the
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switch II (L11) loop. It may therefore connect a conformational change in the

active site to the O6 helix, analogous to the interactions between the switch II and

III regions in the o subunit of heterotrimeric G proteins [73]. Further studies of

E311 may be interesting with regard to understanding the conformational

transitions that lead to force-production.

Microtubule Binding Defects

For the L12 triple mutant, we observed no microtubule stimulation of

mantADP dissociation in the presence or absence of ATP. This result suggests

that the L12 triple mutant binds extremely poorly to microtubules, consistent with

previous direct binding measurements [57]. However, the second order rate

constant of mantATP binding, the decreasing phase of fluorescence after

mantATP binding, and the rate of mantADP dissociation all appeared normal in

the L12 triple mutant. Thus, these results suggest that the L12 loop plays a major

role in microtubule-kinesin interactions, but not in nucleotide binding or

hydrolysis. The L11 triple mutant also has an altered microtubule interaction,

since it is specifically defective in initiating processive motility in the single

molecule assay. This result suggests that this flexible loop may be important in

the initial binding interaction with microtubules.

Comparison of single molecule data with bulk experiments

The three mutants studied by single molecule techniques behave similarly

in multiple-motor gliding assays, moving at about one quarter the velocity of wild
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type K560. However, as single motors, they behave very differently and display

characteristics that could not be anticipated from the multiple motor assays.

E31 1A moves at approximately the same speed in both multiple- and single

motor assays. However, L11 both attaches infrequently and moves more slowly

as a single motor, while Y138A exhibits no detectable motility in the single

molecule assay. These differences reflect the different conditions of the motility

assays. In a multiple motor assay, several motors interact with a microtubule

while coupled to a common mechanical substrate, the slide. This enables them to

work cooperatively, and as a result, many non-processive motors show robust

movement in multiple motor assays, while showing no motility in single molecule

assays [3,59]. In the single motor assay there is the additional requirement that

the two heads of the dimer coordinate their actions to ensure that one head is

attached to the microtubule at all times. The run length of the motor is a direct

measure of this coordination. The lack of detectable motility for the Y138A

mutant indicates that this head-head coordination necessary for processive motion

is disrupted. This is consistent with the severe perturbation of the ATPase

kinetics in this mutant.

Acknowledgments

K. S. T. is supported by an HHMI predoctoral fellowship. We thank

Cindy Hart for assistance with molecular biology and Ryan Case for help with

Figure preparation.

35



Table I. Enzymological and motile characteristics of K560 and three alanine

mutants."

Mutation MT-stimulated ATPase MT gliding
KmMT (uM) ka (s") (pum/s)

Wild type 1.1 + 0.35 27 it 7 0.53 + 0.10
Y138A 0.97+ 0.22 9.5 + 1.1 0.12 + 0.03
E31 1A 0.35 + 0.01 9.2 + 1.6 0.16 + 0.07
L11 triple 1.1 + 0.40 5.7 + 1.1 0.14 + 0.03

“The data are taken from Woehlke et al. [57]. KmMT and kcal indicate the

microtubule concentration needed for half maximal stimulation of the ATPase

activity and the maximal ATPase activity at saturating microtubule

concentrations.
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Table2.
ATPasekineticparameters
ofK420wildtypeandmutants.” MutantmantATPbindingRateofthephosphatemantADPdissociation

Onratedecreasingburst(s')basalratemaximalhalfmaximal (M.'s")phaserate(s")—MT+MT(s")rate(s")MT(HM)

wildtype2.2x10°1517600.0167034 Y138A2.3x10°nophasenoburstnoburst0.0333781 E311A1.6x10°63.6140.0808916 L11triple3.4x10°0.60.312.60.0168.55 L12triple2.6x10°15n.d.n.d.0.025
3.8.

"Summary
oftheratesandrateconstants
oftheATPaseofK420wildtypeandmutants.Forexperimentalconditions,seetheappropriate figurelegendandExperimentalProcedures.MTindicatesmicrotubules.

ainthetablemeansthatthoseexperimentswerenotdonesince theL12triplemutantexhibitsextremelypoorbinding
tothe
microtubules.n.d.,not
determined.
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Table III. Single molecule motility of kinesin mutants."

Construct N Run length(pum) Ton (sec) Velocity (pum/sec)
Observed Corrected

WT 246 1.4 + 0.1 2.0 + 0.3 3.7 ± 0.2 0.398 + 0.004
E31 1A 110 0.8 + 0.1 1.3 + 0.3 4.6 + 0.6 0.184 + 0.008
L11 triple 25 0.6 + 0.2 >1.7 11 + 3 0.073 + 0.01
Y138A 114

-- --
2.0 + 0.3 <0.07

‘Single molecule measurements were made as described in Experimental

Procedures. N is the number of events that were scored for each mutant. Run

lengths, association times (Tom), and velocities were fit to the observed data as

described in the Materials and Methods. Errors were determined by bootstrapping

and are reported as one standard deviation. All measurements were repeated on

two separate preparations and agreed within error. The numbers reported here are

derived from a single fit of all measured data. Run lengths were corrected for

photobleaching using the following formula: RLcorr = RLmeas *koff/(koff — kbleach),

where koi = 1/Ten and kbeach was determined to be 0.08 sec' by measuring the

disappearance rate of spots non-specifically adsorbed to the glass. The run length

correction for L11 is uncertain, as koff = kbleach, and only a lower bound on the run

length could be determined Because no motility was detected for any Y138A

spots, including the 10% that remained associated with the axoneme for more

than three seconds, an upper bound for the Y138A velocity was derived assuming

that runs longer than 0.2 pum are detectable.
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Figure 1. Three dimensional structure of human kinesin catalytic

core. The Figure has been constructed after the coordinates by Kull et al. [29].

The residues that have been mutated are highlighted. The bound ADP is drawn

with yellow-green shade. Note that all residues of the present study are not in

direct vicinity of the bound ADP.
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Figure 2. MantATP binding to the ADP-free K420 or a mutant

monitored by fluorescence stopped-flow method. Stopped-flow fluorescence

traces are shown. The ADP-free K420, wild type or a mutant, was mixed with

mantATP in the stopped-flow apparatus. The final concentrations after mixing

were 8 plM enzyme active site and 20 puM mantATP, respectively, and the

solution ingredients were 25 mM Pipes-NaOH (pH 6.8), 0.2 M NaCl, 4 mM

MgCl2, 2 mM EDTA, 0.5 mM DTT and 10% sucrose. The temperature was

22°C. Traces of wild type (WT), E311A and L11 triple mutants could be fitted

with double exponentials (rising phase and the falling phase), and the rates were

68 and 15 s” for wild type, 54 and 6 s” for E311A mutant, and 62 and 0.6 s” for

L11 triple mutant, respectively. The trace of Y138A mutant could be fitted with a

single exponential (rising phase only), and the rate was 72 s”.

41



····e=<;;
***·····*···

-----·■ º
,̂
{*

·■----~
~

·***|-
+-,_
•·|-----

*

**
"+,,

■

■ ----|-·-*,
CN■

+T-$<C
•co••H>–)Lu

coo

|-90.

Go

os

■ ºeNQE<+
H

<r.c■CNo

·O(oCNoo<rCN■cºjcºjcºjCN■
(s)unKue■ ||quW)3Ou3OS3Jon|-}

■



Figure 3. Dependence of fluorescence change rates on mantATP

concentration.

The rate of rising phase of the fluorescence upon mixing of ADP-free

K420 or a mutant with mantATP (see Fig. 2) was estimated and plotted against

the mantATP concentrations. ©, H, A, O, and D indicate the data with the wild

type, E311A, L11 triple, Y138A and L12 triple mutant, respectively. Error bars

indicate standard deviations. From the slope, the second order rate constants

could be estimated to be 22, 2.3, 1.6, 34, and 2.6 x 10°M's', respectively. The

falling phase such as seen in Figure 2 did not show a dependence on mantATP

concentration.
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Figure 4. Initial burst of phosphate production by K420 or a mutant

in the absence of microtubules. Final 15 puM ADP-free K420 wild type or

mutant (expressed as enzyme active site), indicated in the Figure, was mixed with

50 puM radioactive ATP in the quench-flow apparatus and allowed to perform the

ATP turnover reaction for a designated duration of time as indicated on abscissa.

The solution ingredients were the same as those described in the legend to Figure

2. The temperature was 22°C. The lines are the fits with an exponential phase

and a subsequent slow steady-state phase. From the exponential phase, we

estimate the hydrolysis step rate to be 17, 3.6 and 0.31 s” for the wild type,

E311A and L11 triple mutant, respectively.
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Figure 5. Initial burst of phosphate production by K420 or a mutant

in the presence of microtubules. K420, wild type or mutant, complexed with

microtubules was mixed with radioactive ATP in the quench-flow apparatus.

Final concentrations of the enzyme active site, microtubules (tubulin dimer

concentration) and ATP were 15 puM, 25 puM and 0.1 mM, respectively. The

solution ingredients were 25 mM Pipes-NaOH (pH 6.8), 50 mM NaCl, 2 mM

MgCl2, 0.5 mM EGTA and 2.5% sucrose. The wild type K420 exhibited an

obvious phosphate burst, while E31 1A and L11 triple mutant showed small

bursts; 0.48, 0.13 and 0.086 phosphate per active site, respectively. On the other

hand, Y138A mutant did not show the burst phase. The steady state rates were

14.2, 8.6, 1.6 and 4.1 s” for the wild type, E311A, L11 triple and Y138A mutant,

respectively. Those numbers are smaller than the keats due to the non-saturating

microtubule concentration. The non-saturating microtubule concentration also

results in a smaller activation of ATP hydrolysis than previously observed.
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Figure 6. Dissociation of mantADP from K420 wild type or a mutant,

and its acceleration by microtubules. The K420 wild type or a mutant having

mantADP at the active site was prepared as described in Experimental

Procedures. The enzyme in buffer solution containing 25 mM Pipes-NaOH (pH

6.8), 50 mM NaCl, 2 mM MgCl2, 0.5 mM EGTA and 2.5% sucrose was mixed

with a large excess of ATP with or without microtubules in the stopped-flow

apparatus. The final concentrations of the enzyme active site and ATP were 2-4

puM and 0.5 mM, respectively, and that of microtubules expressed as tubulin

dimer concentration is indicated on the abscissa. The excitation was at 350 mm

and the emission was monitored through a 410 nm long-pass filter. The stopped

flow traces were fitted with single exponentials and the rates estimated are plotted

against the microtubule concentration. The lines are the fits to hyperbolae. The

maximal rates at infinite microtubule concentration and the microtubule

concentrations giving half maximal acceleration were estimated to be 70s' and

34 um for the wild type, 89 s” and 16 um for E311A, 8.5 s” and 5 p.M for L11

triple, and 37 s” and 81 p.M for Y138A, respectively. Error bars indicate the

standard deviations.
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Chapter 2: Engineering the Processive Run Length

of the Kinesin Motor

The work presented in this chapter is a collaboration between myself,

Jeffrey A. Ubersax, and Ronald D. Vale. Jeff Ubersax performed the initial

characterization of the H10 mutant as a rotation student, and Ron Vale oversaw

the project.

Reprinted from the Journal of Cell Biology with permission. Originally

published as: Kurt S. Thorn, Jeffrey A. Ubersax, and Ronald D. Vale (2000).

“Engineering the processive run length of the kinesin motor” J. Cell Biol. 151:

1093-1100 [74].

º

51



Abstract

Conventional kinesin is a highly processive molecular motor that takes

several hundred steps per encounter with a microtubule. Processive motility is

believed to result from the coordinated, hand-over-hand motion of the two heads

of the kinesin dimer, but the specific factors that determine kinesin's run length

(distance traveled per microtubule encounter) are not known. Here, we show that

the neck coiled-coil, a structure adjacent to the motor domain, plays an important

role in governing the run length. By adding positive charge to the neck coiled- ~~~~
t -º
* - ". . .

coil, we have created ultra-processive kinesin mutants that have four-fold longer . . . .

run lengths than the wild-type motor, but that have normal ATPase activity and

motor velocity. Conversely, adding negative charge on the neck coiled-coil

decreases the run length. The gain in processivity can be suppressed by either - * * º

proteolytic cleavage of tubulin's negatively charged C-terminus or by high salt º

i - * *
:- - - - **

concentrations. Therefore, modulation of processivity by the neck coiled-coil * * ~~
s"

-

º
appears to involve an electrostatic tethering interaction with the C-terminus of * * * * * º,

- - sº :

tubulin. The ability to readily increase kinesin processivity by mutation, taken ... * * *

together with the strong sequence conservation of the neck coiled-coil, suggests

that evolutionary pressures may limit kinesin's run length to optimize its in vivo

function.
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Introduction

Conventional kinesin is a molecular motor that transports membrane

organelles [75] and small vimentin particles [13] along microtubules. In contrast

to many other members of the kinesin superfamily [3, 10, 11], conventional

kinesin is highly processive and can travel over a micron per encounter with a

microtubule (6-9). Such high processivity is likely to serve an important

biological function. However, transport of large organelles may not require a

highly processive motor, because many motors bound to the organelle surface can

function cooperatively to enable continuous transport [76]. Instead, kinesin's high

processivity is likely to be particularly important for transporting cargoes whose

small size precludes the attachment of many of motors (e.g. small membrane

organelles and soluble mRNA or protein particles) [13-15].

Conventional kinesin contains two identical heavy chains, each of which

contains a motor domain at the N-terminus, two intervening coiled-coil domains,

and a cargo / light chain binding domain at the C-terminus [2]. A monomeric

motor domain produced by truncation prior to the first coiled-coil domain (termed

the neck coiled-coil) is sufficient to generate motion, provided that several motors

are attached to the same microtubule [43, 77). However, processivity requires a

dimeric motor containing at least the complete neck coiled-coil [9, 78, 79]. The

requirement for a dimeric motor is thought to reflect an underlying coordinated

hand-over-hand walking mechanism, and a number of studies have provided

evidence for alternating site catalysis by the two heads of kinesin [20, 21, 48]. In

such a mechanism, the two heads of kinesin are thought to be bound to adjacent

*~, -**
-*-*

..-a

º

53



sites along a microtubule protofilament, but are in different nucleotide states [31].

A nucleotide-dependent conformational change in the front head detaches the rear

head from the microtubule and repositions it toward the microtubule plus end,

where its rebinding to the next tubulin subunit completes an 8 nm step [17]. This

coupling between the conformational change by the forward head and the release

of the rear head is believed to ensure that both heads do not detach

simultaneously. This process is highly efficient, since on average, kinesin

detaches from the microtubule only after taking 150 steps (99.3% chance of

completing a step).

Crystal structures of kinesin [29, 32, 52) in conjunction with functional

studies have begun to provide clues as to the structural basis of processive motion.

A small peptide emerging from the catalytic core (termed the neck linker) appears

to be the fundamental engine that drives the hand-over-hand walking mechanism

[36–38). Extension and immobilization of the neck linker upon ATP binding by

the forward head exerts a force that causes the rear head to release from the

microtubule and be repositioned towards the plus end of the microtubule [38](see

Figure 6 in the accompanying paper of Tomishige and Vale, 2000). The role of

the neck coiled-coil in processive motility, on the other hand, has been more

controversial. While some studies have proposed a major nucleotide-dependent

unwinding of this region [35, 80, 81], other studies indicate that such events, if

they occur, are not essential for motility [33, 36].

While a basic model for kinesin processivity is emerging [31], the specific

factors or structural elements that determine the extent of processivity (run length)

-: * **---"
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are unknown. Here we have defined a new role for the kinesin neck coiled-coil as

a regulator of run length. We have engineered ultra-processive motors by

increasing the positive charge of the neck coiled-coil and decreased processivity

by increasing the negative charge. The gain in processivity can be abolished by

treatment with high salt concentrations or by proteolytic removal of the tubulin C

terminus. These results suggest that an electrostatic interaction between the

positively charged neck coiled-coil and the negatively charged C-terminus of

tubulin plays an important role in the kinesin mechanism. ---
-sº

.--
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Materials and Methods

Preparation and assays of kinesin proteins

K560-GFP mutants were prepared by QuikChange mutagenesis

(Stratagene, Inc.) and sequenced to ensure that no unintended mutations were

introduced. Proteins were prepared essentially as described [59], except that a

REsource Q15 column was used for the anion exchange purification step. All

K560-GFP constructs were further purified by microtubule affinity [59] before

assaying. After the microtubule affinity purification, motors were either assayed

immediately or frozen with 15% sucrose added and stored in liquid nitrogen.

Quantitation of protein concentration, ATPase assays, and microtubule

gliding assays were performed as described previously [57]. ATPase assays were

performed in a microplate reader in a buffer consisting of 12 mM K* PIPES, pH

6.8, 2 mM MgCl2, 1 mM EGTA, 1 mM DTT, 3 mM NaCl, and 0.5 mg/ml casein.

Single molecule fluorescence measurements

Single molecule motility measurements were performed essentially as

described [60], except that 0.5 mg/ml casein was used as the blocking protein

instead of 7.5 mg/ml bovine serum albumin. Microtubules for single molecule

assays were prepared by copolymerizing Cy5-labelled tubulin with unlabelled

tubulin in a 1:7 ratio. Flow cells were made using a spacer of 8 pum beads

suspended in vacuum grease. Polylysine-tagged G234A K560 protein was then

introduced as a microtubule glue [82]. After washing out unbound G234A, the

Cy5 microtubules were introduced. After washing out unbound microtubules, the
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assay mixture of kinesin, ATP, oxygen scavengers and casein was introduced.

The flow cells were then flattened to minimum thickness, sealed with rubber

cement, and imaged. Subtilisin-treated microtubules were prepared by incubating

polymerized Cy5-labelled microtubules with 100 pg/ml subtilisin for 2 h at 37°C.

The proteolytic reaction was quenched by adding PMSF (1 mM) and

microtubules were separated from subtilisin and cleavage products by

centrifugation through a 60% glycerol cushion or by binding to the G234A-K560

coated flow cells described above. The proteolytic cleavage was monitored by

SDS-PAGE and an electrophoretic shift indicative of complete cleavage was

observed, as was seen in other studies [83].

Total internal reflection microscopy and run length analysis was

performed essentially as described [84]. The laser power for total internal

reflection illumination was 5 m W. Data was recorded on sv HS videotape with

four frame averaging and analyzed off-line using a custom set of macros in NIH

IMAGE. Segments of videotape were digitized at 10-15 fps, and the outline of

the axoneme or microtubule (determined from the Cy5 image) was superimposed

on the GFP signal. Attachment and detachment times and positions were

determined manually for single fluorescent spots interacting with the axoneme.

These values were then converted to run length, association time, and velocity.

To determine the mean run length, we first calculated the cumulative probability

distribution of the run lengths, which plots the fraction of run lengths shorter than

a given run length versus the run length. The mean run length was then

determined by non-linear least squares fitting of the cumulative probability
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distribution from x0 to infinity to 1-exp((x0-x)/t). This procedure fits the data

directly, without any necessity of data binning. The decay constant, t, is the only

fitted parameter, and gives the mean run length of the distribution. x0 is the lower

limit for runs incorporated in the analysis and is used to exclude shorter runs

which are either undersampled or not measured with the greatest accuracy by our

manual tracking method. Run lengths above one micron are ones that can be

determined with the greatest degree of accuracy in our system. Since single

molecule run lengths are distributed exponentially (Block et al., 1990; Vale et al.,

1996) and we had considerable data of > 1 pm for wildtype and the

ultraprocessive mutants, we set x0 to 1 pum for these proteins to utilize the most

accurate data for the exponential fit. For the 4Glu mutant, which has a much

shorter run length, xo was set to 0.2 pm, which represents the practical detection

limit for unidirectional motion. Velocities were determined by fitting the

measured cumulative probability distribution to the Gaussian cumulative

probability distribution. All fitting was performed in MATLAB. Errors were

estimated by the bootstrap technique [61]. Each distribution was resampled 200

times and fit as described above. The standard deviation of the fitted parameter

over the resampled data sets was taken as the error in the fitted quantity.

Statistical significance was determined by the applying the Kolmogorov–Smirnov

test to the observed run lengths [61]. The observed run lengths underestimate the

true run length of the motor, because a moving spot disappears either when it

dissociates from the axoneme or when it irreversibly photobleaches. The

observed dissociation rate constant (kobs, the inverse of the association time) is

* -- -***
***
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given by kobs = kiss + kbleach [60]. Both run lengths and association times were

corrected for the photobleaching rate. The correction can be as large as 2- or 3

fold for ultraprocessive motors where the observed dissociation rate is close to the

photobleaching rate, and the measured are errors increased by a larger amount due

to the uncertainty in the association time. The photobleaching rate was

determined by measuring the rate of disappearance of GFP-kinesin non

specifically adsorbed to the slide and was measured to be 0.086 s” (N=1769).

Optical Trapping Measurements

The optical trap used in this work has been described previously [23].

Because K560-GFP does not stick to carboxylated latex beads, we first

crosslinked anti-GFP antibodies to carboxylated latex beads [36]. K560-GFP

bound readily to these beads and exhibited motile properties comparable to full

length, wild-type kinesin attached to carboxylated beads [28]. Assays were

performed at motor densities such that 50% or fewer beads moved when held

against an axoneme for one minute. This ensures that >98% of motility events

arise from a single motor [28]. Assays were performed in flow cells with

rhodamine-labelled axonemes bound to the glass. Beads coated with K560-GFP

were then introduced in BRB80 (80 mM PIPES, 2 mM MgCl2, 1 mM EGTA)

with 1 mM MgATP, 1 mg/ml casein and an oxygen scavenger system [23].

Bead position was determined by imaging on to a quadrant photodiode

(QPD). Data was collected at 2 kHz with filtering at 4 kHz. The QPD was

calibrated by rastering the QPD in steps of known size underneath a tightly held
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trapped bead [23]. The trap stiffness was determined by fitting of the power

spectral density of a trapped bead (data collected at 4 kHz with filtering at 8 kHz)

to a Lorentzian [85, 86). Trap stiffnesses used in these experiments ranged from

0.027 – 0.060 pn/nm, and the force was linear for the range of the experimental

data shown

The data was analyzed with a custom set of programs written in Labview

(National Instruments). After conversion of the QPD signal to position, motor

“runs” were found by looking for rapid decreases in bead position (>25 nm

between two consecutive 40 point windows; e.g., events at 4 and 4.5 sec in Fig

3A), which is characteristic of motor detachment. From these detachment points,

the beginning of the run was found by moving backwards in time until the bead

position was within 1.75 standard deviations of the baseline and the bead velocity

was less than 5 mm/s averaged over a 200 point window. These runs were then

baseline subtracted, and the dissociation rate as a function of load was calculated

by summing the amount of time spent in 0.5 pN force bins. The force on the bead

was calculated by multiplying the bead distance from the center of the trap by the

trap stiffness. The number of dissociations in each force bin were also scored,

and the dissociation rate at each load calculated by dividing the number of

dissociations by the residence time [23]. Because the motor-bead linkage is

highly compliant at low loads, the exact position at which runs start is difficult to

determine, and we therefore did not analyze data below 1 pn as these results were

very sensitive to the choice of analysis parameters.
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Results

Quadruplication of heptad one in the neck coiled-coil increases

processivity

In previous work, a construct containing a duplication of the first heptad

of the kinesin neck coiled-coil was prepared as a control for mutagenesis

experiments examining the role of the neck coiled-coil in processive motility [33].

Surprisingly, this heptad one duplication mutant (H1D) displayed a ~3-fold

increase in run length, whereas all other mutations in the coiled-coil either

reduced or did not change processivity. Why this mutation increased processivity

was not investigated in this previous work. To test if processivity could be

further increased by including additional copies of heptad one, we prepared a

mutant of K560-GFP (the first 560 amino acids of human conventional kinesin

fused at its C-terminus to the F64L/S65T variant of GFP; [33]) containing a

quadruplicate repeat of heptad one (termed H10; consists of four repeats of

heptad one followed by heptads two through five (Fig. 1)) To test if any observed

effects were sequence specific or instead arose from a lengthening of the coiled

coil, we also prepared a quadruplicate repeat of the fifth (terminal) heptad of the

coiled-coil (termed H5O; consists of heptads one through four followed by four

copies of heptad five (Fig. 1)).

We first investigated the basic enzymatic and motile properties of the H1C)

and H5O mutants (Table I). The microtubule gliding velocity and the ATPase koa,

were within error of wild-type for both mutants. The Kn(MT), a parameter that

reflects microtubule affinity, was similar to wild-type for H10 and slightly
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increased for H5Q. Thus, both H1O and H5O are functional motors with

properties similar to wild-type kinesin.

To measure the processivity of these mutants, we used a single molecule

fluorescence assay in which individual GFP-tagged kinesins are imaged as they

move along an axoneme (9, 33, 84]. Measurement of the attachment and

detachment positions and times of individual movements provides a direct

determination of the run length and velocity of single molecules. The run lengths

are exponentially distributed (Block et al., 1990; Vale et al., 1996), and the

exponential decay constant is a measure of the mean run length. H1O displayed a

run length of ~7 pm (Table II and Fig.2). This value is >4-fold greater than the

wild-type run length and represents a larger gain in processivity than the original

H1D mutant. This effect cannot be explained by a change in the association state

of H1O (such as formation of tetramers or aggregates), because the intensities of

the single molecule spots were unchanged from wild-type kinesin (data not

shown). The single molecule mean velocity of H10 was the same as wild-type

kinesin. In contrast, H5Q had a modest (1.7-fold) gain in processivity, which was

significantly less than that obtained for H10. Unexpectedly, H5Q had a slightly

faster velocity than wild-type (18% increase). These results confirm and extend

previous observations that ultraprocessive motors can be created by manipulation

of the neck coiled-coil. Moreover, the mechanism does not appear to involve

simply a length increase of the coiled-coil, because H5O, which is the same

length as H10, displayed only a small change in processivity.
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To further characterize the gain of processivity by the H10 mutant, we

measured processivity as a function of load using an optical trap assay. In this

assay, the kinesin-coated beads are subject to a restoring force by the optical trap

[86], which increases the load on the motor as it moves the bead away from the

center of the trap. Since the force on the kinesin is constantly changing as the

motor moves outward from the trap center, we cannot simply measure the run

length to determine the processivity at a given load. Instead, we measured the

time bound and the number of times that the motor dissociated from the

microtubule in different force regimes (0.5 pN force intervals). From this data,

the motor dissociation rate could be calculated as a function of load. These

measurements could be made more accurately using a force-clamping optical trap

[27], although the current setup is sufficient for comparing the relative

dissociation rates as a function of load for these two mutants.

Wild-type kinesin and the H10 mutant did not differ in their dissociation

rates over the force range that could be measured accurately (1-4 pN) (Fig. 3).

Thus, while H10 shows a four-fold decrease in dissociation rate compared to

wild-type in the zero load regime of the single molecule fluorescence assay (Fig.

3), this difference is not apparent at higher loads. Thus, the mechanism

underlying the increase in processivity, is very force sensitive and does not appear

to operate under loads above 1 pN. These results suggest that a weak interaction,

easily disrupted by an opposing force, retains the H10 mutant for longer times on

the microtubule compared to wild-type.
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Electrostatic effects are important for the gain in processivity

A notable sequence feature of heptad one (TAEQWKK) is the presence of

two lysines and a net charge of +1. Thus, in the H10 mutant, the net charge of

the neck coiled-coil is increased from +4 to +7 (+8 to +14 in the dimer). These

observations, together with the optical trapping data indicating that a weak

interaction is responsible for the processivity gain, suggested that an electrostatic

interaction might be responsible for the observed effects of the heptad one

quadruplication on processivity. To test this hypothesis, we examined the effect

of salt on the run length of wild-type and the H10 mutant. Two different salt

treatments were tested: 250 mM KCl, which would be expected to efficiently

disrupt charge-charge interactions, and 120 mM K-acetate, a less chaotropic salt

and a condition that is a closer mimic of the in vivo ionic environment [87].

KCl reduced the processivity of wild-type kinesin by 4-5-fold, a larger

effect than previously observed [9] (Table III). However, the effect of KCl on the

H1Q run length was much more dramatic (12-fold decrease). K-acetate had no

effect on wild-type kinesin processivity, but reduced H10 processivity by 2-3-

fold. The processivity of H10 in 120 mM K acetate is still nearly twice that of

wild-type. The much greater sensitivity of H1O run length to increased salt

concentration compared to wild-type kinesin strongly suggests that an

electrostatic interaction is involved in the gain of processivity.

A potential electrostatic interaction partner for the kinesin neck coiled-coil

is the highly negatively charged C-terminus, which is known to interact with a

number of proteins including kinesin [88, 89] Moreover, removal of the C
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terminus of tubulin by subtilisin was recently shown to reduce kinesin

processivity [83]. To test this hypothesis, we measured the processivity of H10

and wild-type on bovine brain microtubules before and after subtilisin cleavage

[90]. Kinesin moved along microtubules with a greater velocity but slightly

shorter run length compared to sea urchin sperm axonemes (Table IV). The H1O

mutant showed a processivity increase on microtubules similar to that observed

on axonemes. Upon treatment with subtilisin, the processivity of wild-type

kinesin was only reduced by about 30%, a smaller decrease than observed

previously with a bead assay [83]. In contrast, subtilisin treatment reduced the

processivity of the H10 mutant by four-fold. This result clearly indicates that the

C-terminus of tubulin is the main interaction partner for kinesin's positively

charged neck coiled-coil.

Engineering kinesin processivity by point mutations

Based on the previous results, we predicted that we should be able to

modulate kinesin processivity by changing the charge of the neck coiled-coil

without changing its length. To test this, we produced a mutant in which the

terminal two residues of heptads two through four were replaced by lysine (5Lys)

(Fig. 1). These residues were chosen for replacement, because they are in the

same positions in the heptad pattern as the added lysines in H10. We also

produced a mutant in which four naturally occurring positively charged amino

acids (3 lysines and l arginine) were mutated to glutamates (4Glu). This mutant

has a neck coiled-coil sequence with an overall neck coiled-coil charge of —4,
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which is of equal magnitude but opposite sign to the wild-type neck coiled-coil

sequence (+4).

The 5Lys mutant exhibited comparable ATPase activity and microtubule

gliding velocity to wild-type kinesin (Table I). The 4Glu mutant, however,

showed a significant defect in ATPase activity, with a Kn(MT) >10-fold higher

than wild-type. Since the ATPase activity did not begin to saturate at 25 puM

microtubules, we were unable to fit the ATPase data to Michaelis-Menten

kinetics, and thus could not determine the Kn(MT) or kcal. However, despite this

reduced microtubule binding affinity, the 4Glu mutant still showed wild-type

velocity in a multiple motor microtubule gliding assay. Thus, despite having

substantially different charges on the neck coiled-coil than wild-type kinesin,

5Lys and 4Glu are both functional motor proteins.

In the single molecule motility assay, both mutants moved at the wild

type velocity (Table II). The 5Lys mutant, however, was ~3-fold more

processive than wild-type (Table II and Fig. 2), while the 4Glu mutant was ~5-

fold less processive than wild-type. The run lengths of these mutants are

consistent with our model that the charge of the neck coiled-coil is an important

determinant of kinesin processivity. These results also indicate that kinesin

processivity can be engineered (either increased or decreased) with only a few

point mutations.
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Discussion

In conventional kinesin, processivity is generally believed to result from

the hand-over-hand coordination of the two motor domains. The key element in

the hand-over-hand motility cycle appears to be the neck-linker, a small

polypeptide that drives forward motion by reversibly binding to the core motor

domain [31, 36–38). Here, we have extended our understanding of the kinesin

mechanism by showing that the neck coiled-coil is an important determinant of

kinesin processivity. Mutations of the neck coiled-coil that make it more

positively charged increase kinesin processivity, while mutations that make it

more negatively charged decrease processivity. The gain in processivity is greatly

diminished by high salt concentrations or by removal of the C-terminus of

tubulin, suggesting the involvement of an electrostatic interaction between

kinesin's neck coiled-coil and tubulin's C-terminus. The processivity gain of the

positively charged H10 mutant is abolished at relatively low loads, indicating that

the interaction responsible for the increased processivity is weak [91, 92] and

distinct from the strong binding mediated by the catalytic core. Thus, we propose

that the neck coiled-coil enhances processivity via an electrostatic interaction with

the tubulin C-terminus. Consistent with this hypothesis, the tubulin C-terminus

has previously been shown to interact with kinesin [89) and to increase its

processivity [83] and deletion of the neck coiled-coil greatly reduces processivity

[33].

We propose that the neck coiled-coil functions in the kinesin mechanism

by serving to tether the kinesin molecule near the microtubule surface (Fig. 4).
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When moving processively via a hand-over-hand mechanism, a motor must pass

through a state where one head is bound to the microtubule and the other is

detached and searching for the next binding site (see Fig. 6 of the accompanying

paper). An electrostatic tether that keeps the kinesin molecule close to the

microtubule surface would reduce the search space of the unbound head, thereby

accelerating its rebinding rate. This would reduce the complete detachment of

kinesin from the microtubule by dissociation from the one head bound state and

thereby enhance processivity. This mechanism is consistent with kinetic

simulations of the kinesin stepping model of Rice et al. [38] using published rate

constants [21], which show that 80% of dissociations occur from the one-head

bound state, and that a ten-fold increase in the rebinding rate can give rise to a

four-fold increase in processivity (Thorn, K. and Vale, R., unpublished results).

The neck coiled-coil-tubulin interaction may also enable a two-head detached

kinesin to be retained near the microtubule and undergo one-dimensional

diffusion along its surface (Tomishige and Vale, 2000). Enhancement of binding

rates for protein-protein interactions through favorable electrostatic interactions is

well known [93-95]. Therefore, increasing processivity via an electrostatic tether

is a plausible and well understood mechanism.

Recent structural studies are also consistent with our proposed model.

Docking of the kinesin dimer structure into electron microscopic reconstructions

of the kinesin-microtubule complex have predicted that the neck coiled-coil lies

approximately tangential to the microtubule surface [35]. Such a location is

consistent with an interaction between the kinesin neck coiled-coil and the tubulin
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C-terminus. Additionally, the tubulin C-terminus appears to be disordered, as it is

not observed in the tubulin crystal structure [96]. The flexibility and potential

reach (4 nm when fully extended) of the tubulin C-terminus [97] may facilitate

interactions with the neck coiled-coil throughout the hand-over-hand cycle.

A similar electrostatic tethering mechanism to the tubulin C-terminus has

recently been proposed to explain the processivity of a chimeric motor protein

consisting of the catalytic core of KIF1A fused to the kinesin neck linker [98]. In

this case, the positively charged tether is a polylysine motif in loop 12 and the

electrostatic interaction prevents this monomeric kinesin from diffusing away

from the microtubule in its weakly bound state. This function is a similar to that

proposed here for the kinesin neck coiled-coil, although the mechanical properties

of KIF1A and kinesin are very different. In KIF1A, a small power stroke of the

motor domain may bias the one-dimensional diffusion resulting from the

electrostatic tether (see the accompanying manuscript [36]). In the case of

conventional kinesin, the tether likely serves to keep the motor domains close to

the microtubule, thereby accelerating the rebinding of the unbound motor domain

and reducing dissociation events.

This neck coiled-coil electrostatic tethering mechanism may be conserved,

as conventional kinesins in organisms ranging from C. elegans to human all have

neck coiled-coils that are positively charged (ranging from +2 to +4) and well

conserved in sequence, particularly in the first two heptads. Our results with

various mutants also suggest that the location and distribution of charge may play

some role in modulating processivity. However, fungal conventional kinesins
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have neutral coiled-coils, yet are processive [99], suggesting that another region

of the molecule may perform this tethering role. We also have observed

significant changes of kinesin processivity due to charge reversal mutants in loop

8b and loop 10, which are near where the neck coiled-coil emerges from the

motor domain (K. S. Thorn and R. D. Vale, unpublished results). Thus, regions

other than the neck coiled-coil also may be involved in electrostatic tethering

interactions with tubulin.

The tethering interaction that we describe may be influenced by post

translational modification of tubulin. Tubulin can be phosphorylated, acetylated,

and polyglutamylated, all of which increase its negative charge [100]. In

particular, polyglutamylation can add up to seven glutamates to the C-terminus of

tubulin, greatly increasing its negative charge [100, 101]. The biological

functions of these modifications are still poorly understood. This work raises the

possibility that such modifications may serve, at least in part, to modulate kinesin

processivity.

Although all of our studies have been performed in vitro, we expect that

the electrostatic tethering interaction described here is pertinent to in vivo

function. In the presence of 120 mM potassium acetate, a reasonable mimic of

the in vivo ionic conditions in the cell [87], the H10 mutant was still more

processive than wild-type kinesin. Under the restoring force of the optical trap,

however, the processivity of the two motors was the same. The forces and

barriers acting upon motors in vivo, however, not well understood [102], and they

may be quite different from the conditions that a motor experiences in an optical
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trap. Vesicles moving in cells undergo “saltatory” motion [103, 104], exhibiting

periods of very rapid movement separated by pauses when they are stopped. This

complex motion suggests that motors are not subject to a constant load in the

cytoplasm provided by viscous drag or compliant elastic elements. Instead, the

sudden cessation of movement suggests that motors occasionally encounter

inelastic barriers (e.g. large structures) that block its path. Ultra-high processivity

may be detrimental under such circumstances, since the motor would become

trapped by relentlessly attempting to move along the same blocked path. On the

other, if the motor(s)/organelle dissociates, it has the opportunity to find a new

microtubule track that may circumvent the barrier. Thus, kinesin run length may

be an evolutionarily tuned parameter that represents a comprise between long

distance travel and the ability to dissociate to negotiate around barriers. The

consequences of increasing or decreasing kinesin processivity for motor function

in vivo would be interesting to determine, and the altered processivity mutants

described here may provide useful tools for such investigations in genetically

tractable organisms.
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Table I. ATPase and motility properties of coiled-coil mutants

Construct MT-Stimulated ATPase MT gliding
Kn(MT) (puM) kcal (ATP/s per head) (pum/s)

Wild-type 0.44 + 0.09 45+ 3 0.37 ± 0.11
H1O 0.41 + 0.10 35 + 2 0.44 + 0.09
H5O 1.65 + 0.13 33 + 1 0.38 + 0.12
5Lys 1.14 + 0.33 27 -- 2 0.35 + 0.05
4Glu >10 >6 0.47+0.05

Kn(MT) and kcal indicate the microtubule concentration needed for half

maximal stimulation of the ATPase activity and the maximal ATPase activity at

saturating microtubule concentrations, respectively. These values were obtained

by fitting ATPase rates measured at eight different microtubule concentrations to

a Michaelis-Menten function. Errors are given as the standard error of the fitted

parameter. The ATPase activity of the 4Glu mutant did not saturate at up to 25

uM microtubule concentration, and displayed a turnover rate of 6 s” at that

microtubule concentration. Because of its low microtubule affinity, Km (MT) and

kcal could not be determined.
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Table II. Single molecule motility of kinesin coiled-coil mutants on

aXOINCITICS

Construct N

Wild-type 246
H1O 108
H5O 156
5Lys 128
4Glu 172

Run length (um) Velocity (pum/sec)
Observed Corrected

1.1 + 0.1 1.5 + 0.2 0.389 + 0.005
2.5 + 0.3 6.6 + 2.6 0.371 + 0.006
1.7 ± 0.2 2.5 + 0.3 0.460 + 0.007
1.9 + 0.2 3.5 + 0.8 0.392 + 0.008

0.28 + 0.03 0.30 + 0.03 0.345 + 0.008

Single molecule velocities and run lengths were measured as described in

the Materials and Methods. N is the number of events that were scored for each

mutant. Errors were determined by bootstrapping and are reported as one

standard deviation. All measurements were repeated on two separate preparations

and agreed within error. The numbers reported here are derived from a single fit

of all measured data. Observed run lengths were corrected for photobleaching as

described in the Materials and Methods. For all mutants, the probability was less

than 10" that the measured run lengths were distributed the same as the wild-type

run lengths (determined using the Kolmogorov–Smirnov test).
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Table III: Effect of salt treatment on kinesin processivity

Construct Added salt

Wild-type 250 mM KCl
H1O 250 mM KCl
Wild-type 120 mM KAc
H1Q 120 mM KAC

N

43
54
75
69

Run length (pum) Velocity (pum/sec)
Observed Corrected

0.30 + 0.05 0.31 + 0.05 0.42 + 0.03
0.50 + 0.06 0.55 + 0.07 0.42 + 0.01

1.1 + 0.1 1.4 + 0.2 0.416 + 0.008
1.7 it 0.2 2.6 + 0.5 0.465 + 0.008

Single molecule measurements were made as described in the Materials

and Methods and in the legend to Table II. N is the number of events that were

scored for each mutant. The run lengths after addition of KCl differed at P × 10"

from those without added salt. Addition of K-acetate did not produce a

significant change in the wild-type run length, but did for H10 (P = 2 x 10°).

Salts were added to a buffer of 12 mM PIPES (pH 6.8), 1 mM EGTA, and 2 mM

MgCl2. The buffer pH was readjusted to 6.8 after the addition of potassium

acetate (KAc).
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Table IV. Single molecule motility of kinesin mutants on

microtubules, before and after subtilisin treatment

Construct Substrate N Run length (pum)Velocity (pum/sec)

Wild-type MT 54
Wild-type SMT 73
H1Q MT 60
H1Q SMT 43

Single molecule measurements were made as described in Materials and

Methods and the legend to Table II. N is the number of events that were scored

Observed Corrected

0.8 + 0.2
0.6 + 0.1
2.9 + 0.3
0.8 + 0.1

1.0 + 0.2
0.7 ± 0.1
5.8 + 1.6
1.5 + 0.5

0.52 + 0.02
0.40 + 0.06
0.51 + 0.02
0.25 + 0.02

for each mutant. Run lengths were significantly different on subtilisin-treated

microtubules compared with untreated microtubules (P< 2x 10°) for both wild

type and H10.
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Figure 1. The structure of kinesin and kinesin mutations used in this

study. A) The structure of the kinesin dimer [32] with the catalytic core shown in

gray, the neck linker in red, and the neck coiled-coil in green. The bound ADP is

shown in cyan. Heptads one and five are shown in darker green, and the two

terminal lysines of heptad 1 shown as a blue spacefilling model. This Figure was

prepared using Molscript and Raster3D [105, 106]. B) A schematic

representation of the structural domains of the first 560 amino acids of human

conventional kinesin, colored as in the structure above. The catalytic core is

followed by the neck linker; the core and neck linker are collectively known as

the motor domain. This is followed by the neck coiled-coil, a putative

unstructured hinge region (Hinge 1), and a second coiled-coil (Coil 2). The

kinesin is truncated at amino acid 560 (at the end of coil 2), and GFP is fused to

the C-terminus. C). The sequence of the mutants studied here. The wild-type

coiled-coil is shown, with heptads 1 and 5 highlighted in dark green. The mutated

or inserted residues for each mutant are shown in bold color.
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Figure 2. Run length histograms of wild-type and mutant kinesins.

Run lengths were measured in a single molecule fluorescence motility assay as

described in the Materials and Methods. The mean run lengths was determined

by fitting to the cumulative probability distribution of the data (see Materials and

Methods) and not to the histograms shown here. The mean run lengths and their

associated errors are shown in Table II. Three events longer than 10 pum were

scored for H10, but are not shown.
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Figure 3. Optical trapping results on wild-type and H10 mutant

kinesin. A) Representative movements of a kinesin-coated bead along the long

axis of a microtubule in an optical trap. The trap stiffness was 0.028 pN/nm, and

the data was collected at 2 kHz. Five processive “runs” are shown. Dissociation

of kinesin from the microtubule occurs when the bead suddenly and rapidly

returns to the trap center, and the number of such events at different loads were

scored. B) Dissociation rate as a function of load for wild-type (WT) kinesin and

the H10 mutant. Dissociation rates for WT (filled squares) and H10 (open

circles) were measured by optical trapping as described in the Materials and

Methods, except for the zero-load values which are reported as the inverse of the

association time in the single molecule fluorescence motility assay. 170 runs

were scored for wild-type kinesin and 424 runs for H10 in the optical trapping

experiment. Error bars are calculated as the square root of the number of events

in each 0.5 pN force bin divided by the residence time in that force bin.

Dissociation rates could not be calculated for forces below 1 pn due to the

uncertainty of precisely when the bead motion began.
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Figure 4. Model of the kinesin neck coiled-coil interaction with the

tubulin C-terminus. The kinesin neck coiled-coil is shown in blue, and the

tubulin C-termini are shown in red. The microtubule protofilament is shown in

grey, with the alpha tubulin subunit colored lighter than the beta. The state

pictured is an intermediate in the hand-over-hand mechanism, where one head is

bound and the second is unbound and searching for the next binding site. The

coiled-coil protrudes perpendicular to the direction of motion, lying along the

microtubule surface, where it can interact with the tubulin C-termini. The

interaction between the neck coiled-coil and the tubulin C-termini reduces the

volume accessible to the unbound head by diffusion and restrains it close to the

microtubule surface. We propose that this tethering near the microtubule

increases the second head rebinding rate, thereby enhancing kinesin processivity.

This Figure was prepared by G. Johnson (fivth media: www.fivth.com).
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Chapter 3: A novel method of affinity-purifying

proteins using a bis-arsenical fluorescein

The work described in this chapter results from a collaboration between

myself, Nariman Naber, Marija Matuska, Ronald D. Vale, and Roger Cooke.

Nariman Naber and Marija Matuska synthesized the FIAsH derivatives described;

I performed the binding and purification experiments. Ron Vale and Roger

Cooke had the initial idea to use Fl/AsH as a protein purification reagent and

supervised the project.

Reprinted from Protein Science with permission. Originally published as

Kurt S. Thorn, Nariman Naber, Marija Matuska, Ronald D. Vale, and Roger

Cooke. 2000. “A novel method of affinity-purifying proteins using a bis

arsenical fluorescein” Prot. Sci. 9; 213–217 [107].
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Abstract

Genetically-encoded affinity tags constitute an important strategy for

purifying proteins. Here, we have designed a novel affinity matrix based on the

bis-arsenical fluorescein dye Flash, which specifically recognizes short O.-helical

peptides containing the sequence CCXXCC (Griffin et al. 1998). We find that

kinesin tagged with this cysteine-containing helix binds specifically to Flash

resin and can be eluted in a fully active form. This affinity tag has several

advantages over polyhistidine, the only small affinity tag in common use. The

protein obtained with this single chromatographic step from crude E. coli lysates

is purer than that obtained with nickel affinity chromatography of 6xHis tagged

kinesin. Moreover, unlike nickel affinity chromatography, which requires high

concentrations of imidazole or pH changes for elution, protein bound to the

Fl/AsH column can be completed eluted by dithiothreitol. Because of these mild

elution conditions, Flash affinity chromatography is ideal for recovering fully

active protein and for the purification of intact protein complexes.
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The use of genetically-encoded affinity tags is now a standard method of

purifying proteins (reviewed in [108-112]) This technique allows for simple

purification of a protein of interest by fusing to it a tag with affinity for a

stationary phase. Most affinity tags are small-molecule binding proteins (e.g.

maltose binding protein, glutathione S-transferase). However, the size of these

proteins can potentially interfere with the protein to which they are fused. A few

short peptides, which are potentially less perturbing, have been used as affinity

tags. The most common ones are the 6xhistidine tag and the FLAG tag (a 6

amino acid antibody epitope). However, both these affinity tags have

disadvantages. The FLAG tag requires the use of an expensive antibody affinity

matrix and as a result has not received widespread use. The polyhistidine tag,

which binds to metal ions, is very widely used, but requires somewhat harsh

conditions (either high concentrations of imidazole or low pH) for elution, which

can disrupt macromolecular complexes. In addition, small amounts of metal ions

that elute with the protein can inactivate many enzymes. The purity of the eluted

protein can be low because many histidine-rich proteins can bind to and elute

from metal affinity resins, contaminating the purified protein.

Recently, a fluorescent dye has been developed which specifically

interacts with tetracysteine containing helices [40]. This compound, known as

FlAsH (fluorescein arsenical helix binder), has been shown to specifically interact

with proteins tagged with a CCXXCC containing helix. The interaction is readily

reversed by incubation with small dithiols such as ethanedithiol. The specificity

and reversibility was shown by fluorescent enhancement of the FIASH compound
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on binding to tagged proteins in vivo. In the present study, we have modified this

compound for use as a stationary phase for purifying tagged proteins.

Results and Discussion

Development of the Flash affinity matrix.

To attach the Flash compound to a column media, it was modified to

contain a primary amine at the 5 position of the fluorescein (Figure 1). This was

accomplished by acylating amino-fluorescein with 3-alanine. Following cleavage

of the protecting group, the fl-alanyl fluorescein was then converted to the

mercuric acetate derivative [113, 114] and then to the bis-arsenical derivative by

transmetallation as described for synthesis of the original FIASH compound[40].

The active compound, 3-alanyl Flash, has very similar spectroscopic properties

to the previously described Flash compound. The primary amine on the 3-alanyl

FlAsH readily reacts with N-hydroxysuccinamide (NHS) functionalized agarose

beads to give a stable covalent linkage.

Purification of kinesin by Flash affinity chromatography.

To test the Flash affinity purification, we prepared kinesin constructs C

terminally tagged with the peptide WEAAAREACCRECCARA. This peptide

specifically chelates Fl/Ash via the four cysteines. We chose kinesin as our test

protein because it is easily tested for activity by microtubule gliding. We

prepared both a monomeric construct, encoding the first 339 residues of human

conventional kinesin (K339FL), and a dimeric construct encoding the first 560

residues (K560FL). The introduction of this peptide tag on the C-terminus of

K560 did not change either the expression level or the solubility of the protein
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when expressed in E. coli as compared to an identical construct with a C-terminal

6xHis tag (data not shown). Thus, the CCXXCC tag does not impair protein

solubility or expression.

Incubation of high-speed supernatant from E. coli expressing K339FL

followed by batch elution with 1,2-ethanedithiol (EDT) resulted in a major

product (90% pure) that was the tagged kinesin (Fig. 2A). The single band that

contaminates this protein is not a kinesin degradation product, as determined by

immunoblotting, but was not consistently found in our Flash purifications.

Despite the presence of this single contaminant, the protein is much purer than a

similar polyhistidine tagged protein (K339GFP-6xHis) purified by NiNTA

affinity chromatography (Fig. 2C). Experiments performed with a Flash column

(rather than in batch) with more extensive washing gave improved protein purity

(not shown). The resin capacity was determined by coupling known amounts of

purified Flash compound to the affinity resin and determining the amount of

protein which could be purified. The yield of tagged protein was 10% of the

bound Flash compound.

Mass spectrometry of the purified K339FL showed a single peak of

molecular weight 39765 (expected: 39770) and no higher molecular weight peaks,

indicating that the K339FL is not forming covalent complexes. Purified K339FL

eluted on a gel filtration column as a single peak at the same volume as

comparable monomeric kinesins. This demonstrates that the addition of the tag

does not cause aggregation of K339FL in solution.

89



We also tested kinesin eluted from the Flash column for activity, without

dialysis or buffer exchange. K560FL purified by FIASH-affinity chromatography

(not shown) was fully active in microtubule gliding assays (29.8 + 6.3 pum/min vs.

24.3 +9.4 pm/min for K560GFP), consistent with previously observed values

[57, 59]. In contrast, small amounts of Niº displaced from metal affinity

columns has been found to inhibit kinesin activity. Flash should remain on the

column matrix, as it is covalently bound.

In initial purification experiments, 1,2-ethanedithiol (EDT) was used to

elute the specifically bound protein. However, EDT has an extremely unpleasant

smell and it oxidizes and aggregates with the tagged protein after an overnight

incubation in aqueous solution, leading to a loss of protein. To avoid these

problems, we tested two other dithiol elution agents: dithiothreitol (DTT) and 2,3-

dimercaptopropanesulfonate (DMPS). Although not as efficient as EDT at low

concentrations, 50 mM DTT completely eluted the bound protein (Fig. 2). With

DTT elution, the protein showed no oxidation or aggregation problems.

Similarly, DMPS, which eluted protein from the FIASH column at the same

concentrations as EDT (not shown), did not cause precipitation on prolonged

incubation and is odor-free.

Advantages of Flash affinity chromatography

Our purification of tagged kinesins by Flash affinity chromatography is

fast and yields very pure protein. This protein has a higher purity than that

obtained by nickel affinity chromatography of 6xHis tagged kinesins,

demonstrating one of the major advantages of this method.
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Flash affinity chromatography is a highly specific protein purification

method. It is based on the regiospecific interaction of two arsenics in Fl/AsH with

two pairs of cysteines in a target alpha helix. The only requirement for binding is

that the protein of interest contain the motif CCXXCC within an alpha helix. This

motif is rarely found in proteins, and labeling tagged proteins in vivo [40] indicate

that there are very few eukaryotic proteins that bind to Flash. In contrast, many

organisms contain histidine-rich proteins, and binding of these proteins to metal

ion resins is a major source of contamination. Flash affinity chromatography has

a number of very desirable features. The affinity tag (CCXXCC motif) can be

attached at either the N- or C-terminus of the protein or can be incorporated into

an existing helix within the protein. The ability to incorporate the tag into an

existing structural element within the protein is not possible with other affinity

tags. The affinity tag does not interfere with kinesin function and is not expected

to perturb the function of other proteins when added at either terminus.

The Flash resin is compatible with many commonly used buffer

components. Buffers containing primary amines (e.g. Tris) and divalent metal

chelators, both of which interfere with Ni-resin purifications, are fully compatible

with Flash. The Flash-peptide interaction is also stable to 1 M NaCl. Reducing

agents containing a single thiol, such as 3-mercaptoethanol, can be used in

concentrations up to at least 5 mM, and dithiothreitol can be included at

concentrations up to 1 mM without interfering with protein binding to the FIAsH

resin. The elution of tagged proteins from Flash columns occurs under gentle

conditions. Bound proteins are eluted by millimolar concentrations of a dithiol
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(DMPS or DTT), which is unlikely to perturb protein structure or protein-protein

interactions. In contrast, many other purification methods require large changes

in ionic strength or pH for elution. This gentle elution of bound protein makes

FlAsH affinity chromatography ideal for purification of macromolecular

complexes.

The high affinity and regiospecificity of the FIASH-CCXXCC interaction

raises the potential for the use of this technique for attaching tagged proteins onto

the surface of a bead or coverslip in a site-specific and oriented manner. This

could be useful for functional assays of protein arrays on surfaces.

Materials and Methods

Synthesis of 4',5'-bis(1,2,3-dithioarsolan-2)/l)5-((5-

aminoethyl)aminocarbonyl) fluorescein

Fmoc-fl-alanine was purchased from Novabiochem. All other starting

materials were purchased from Aldrich chemical company. Thin layer

chromatography (TLC) was carried out using Baker-flex silica gel plates with

fluorescent indicator (245 nm). Flash chromatography was performed on

Beakers Silica gel for flash chromatography purchased from VWR. MALDI-MS

analysis was performed using a Voyager-DE (PerSeptive Biosystems) with a

gentistic acid matrix (Sigma). Elemental analysis was performed by S.F

Analytical Laboratories.

5-((5-Fmoc-aminoethyl)aminocarbonyl)fluorescein (2).

Dicyclohexylcarbodiimide(4 mmol, 827 mg) was added to Fmoc-fl-

alanine (3.5 mmol, 1.1 g) dissolved in 0.4 ml of DMF, 4-amino fluorescein (0.5
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mmol,174 mg) dissolved in 0.7 ml of DMF was added to the mixture. The

mixture was stirred overnight at room temperature. The next day the mixture

was centrifuged and the precipitate was separated. The supernatant was

evaporated to dryness using a rotovap and the residue was dissolved in hexane.

The product was purified twice by flash chromatography using 3:7

cyclohexane:ethylacetate (RF-0.64). Yield: 0.135 mmol (26%), Amax=499 mm,

m/z = 420 (theoretical m-H' = 419).

5-((5-aminoethyl)aminocarbonyl)fluorescein (3).

Dry piperidine (0.65 mmol) was added to 0.135 mmol of 5-((5-Fmoc

aminoethyl)aminocarbonyl)fluorescein dissolved in 2.6 ml of DMF. The mixture

turned red immediately. The progress of the reaction was monitored by TLC in

cyclohexane:ethylacetate 3:7. The reaction was stirred for 2 hr at room

temperature, evaporated to dryness, and the product precipitated by addition of

ether. The red precipitate was washed with ether several times and dried. Yield:

0.09 mmol (13.8%); Hg = 42.4% by weight (theoretical value 42.73%).

4',5'-Bis(acetoxymercuri)-5-((5-aminoethyl)aminocarbonyl)fluorescein

(4).

5-((5-aminoethyl)aminocarbonyl)fluorescein (0.09 mmol) was dissolved

in 15 ml of 2% acetic acid and 6.5 ml of ethanol and warmed to 50°C. Mercuric

acetate (0.2 mmoles, 51.8 mg) dissolved in 0.65 ml of acetic acid was added

dropwise to the fluorescein solution. The reaction mixture was left at 50°C for 1

hr and then at room temperature overnight. The light orange solution turned pale

yellow after 10 min and red after 2 hr. The next day a red precipitate was obtained
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and the mixture was evaporated to dryness. The precipitate was washed with a

total of 35 ml of water in 5 portions to remove excess mercuric acetate. Yield:

0.08 mmol, Amax=505 nm.

4',5'-bis(1,2,3-dithioarsolan-2yl)5-((5-

aminoethyl)aminocarbonyl)fluorescein (5)

The above mercuric derivative (0.043 mmol, 40 mg) was placed in a 25 ml

two neck flask equipped with a cooling condenser. N-methylpyrrolidinone (0.6

ml), diisopropylethylamine (0.032 ml, 0.346 mmol), AsCl3 (0.075 ml, 0.87

mmol), and a catalytic amount of palladium acetate were added. After one hour

the mixture turned to a clear orange-red solution. The mixture was left overnight

and then quenched by the addition of 0.09 ml ethanedithiol and 15 ml of 2 M

MOPS at pH 7. The resulting yellow precipitate was removed by centrifugation

and the solution which contains the product was used in this form.

This product was also purified using a spehasil peptide C85um ST 4.6/100

HPLC column (Pharmacia) using a 20-90% DMF/1 mM phosphate (pH 7.0)

gradient. The pink product (3-alanyl Flash) eluted at 95% DMF. The product

has an absorption maxima of 508 nm and gives a 20-fold fluorescence

enhancement on incubation with the FIAsH-tag peptide

(WEAAAREACCRECCARA; synthesized by the HHMI peptide synthesis

facility and used without purification). For some experiments, the product was

purified in a similar fashion using low pressure chromatography on hydrophobic

substituted Sepharose. Matrix-assisted laser desorption ionization mass

spectrometry gave a mass of 753 (theoretical m-H" 752).

agº" * *
...**
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The final compound was coupled to Affigel-10 or -15 (Biorad) or to

HiTrap-NHS columns (Amersham-Pharmacia) at 3 pmol/ml resin. Binding was

done in an isopropanol/DMF/water mixture for 1-2 hr at room temperature. The

resin was then washed with several volumes of isopropanol and unreacted NHS

groups were quenched by incubation with 1 M ethanolamine in isopropanol for 30

minutes. Coupling was followed by absorbance; typically greater than 90%

coupling was achieved. The resulting resin were then washed with several

volumes of buffer and stored in 1 mM DTT in isopropanol until use.

Proteins and assays

Constructs encoding K339FlAsH and K560FlAsH were prepared by using

polymerase chain reaction to replace the GFP sequence in constructs K560GFP

[59] and K339GFP with the FIASH-tag sequence (WEAAAREACCRECCARA).

Bacterial high speed supernatants were prepared essentially as described in [59],

except that cell lysis was performed with a Microfluidizer 110S (Microfluidics

Corp.) The supernatants were frozen in liquid nitrogen and stored at -80°C until

needed. Microtubule gliding assays were performed as described for untagged

kinesins [59]. Protein quantitation was performed by densitometry of coomasie

stained SDS-PAGE gels using BSA as a standard. Gel filtration was performed

on a Superose 6 PC 3.2/30 column in 25 mM PIPES pH 6.8, 200 mM NaCl, 2

mM MgCl2, and 1 mM EGTA. MALDI-MS analysis was performed using a

Voyager-DE (PerSeptive Biosystems) with a sinapinic acid matrix (Sigma)
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Purification

Batch purification was performed by incubating 100 pil of Flash resin

with 1 mL of bacterial high speed supernatant for 1 hr at 4°C with end-over-end

rotation. The Flash resin was then pelleted and washed 4x1 ml with wash buffer

(80 mM PIPES pH 6.8, 2 mM MgCl2, 1 mM EGTA, 5 mM 3-mercaptoethanol,

0.1 mM DTT). The specifically bound protein was then eluted 5x200 pil with 50

mM DTT in wash buffer. Each elution was incubated for 5 min to allow

equilibration.

Column purification was performed by loading 20 ml of bacterial high

speed supernatant onto a 1 ml Flash column at 0.5 ml/min. The column was

washed with buffer A (25 mM PIPES, 2 mM MgCl, 1 mM EGTA, 0.1 mM ATP,

5 mM 3ME) until the A2so returned to baseline. The column was then washed 3 x

2 ml with 1 mM DTT in buffer A with 5 min pauses between each wash to allow

equilibration. Protein was then eluted with 50 mM DTT in buffer A 5x2 ml with

5 min pauses. Elution with 2,3-dimercaptopropanesulfonate was performed in the

same manner except that 10-fold lower concentrations of DMPS were used.
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Figure 1: Synthesis of 4',5'-bis(1,2,3-dithioarsolan-2yl)5-((5-

aminoethyl)aminocarbonyl)fluorescein (3-alanyl Flash). Aminofluorescein

was modified to contain a primary amine in the 5 position to allow attachment to

an NHS-functionalized stationary phase. This was done by acylating

aminofluorescein (1) with fl-alanine. The B-alanyl fluorescein (2) was then

converted to the bis-arsenical derivative (5). This compound was then used for

protein purification.
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Figure 2: A. The initial K339FL purification by FIAsH affinity

column. 1 ml of E. coli high-speed supernatant was bound to 0.1 ml of Flash

beads and incubated for 1 hr. After three 1 ml batch washes, the tagged protein

was eluted by incubation with 12 mM EDT. B. Purification of k339FL using

DTT as the eluant. Beads were incubated in A, then washed five times with 1 ml

of buffer containing 0.1 mM DTT. Protein was then eluted by five 0.2 ml batch

washes with buffer plus 50 mM DTT. The protein is much purer than a control

6xHis tagged protein (K339GFP-6xHis, shown in C.) C. A similar protein

(K339GFP-6xHis) purified by metal affinity chromatography. This protein was

expressed and lysed under the same conditions as K339FL, bound to 1 ml NiNTA

resin (Qiagen). The resin was washed with 20 ml wash buffer (pH 6.0 phosphate,

250 mM NaCl), and then eluted with pH 8.0 phosphate, 500 mM imidazole.
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Conclusions

Summary of the present results:

My studies on kinesin presented here stemmed from a desire to understand

the interplay of structure, kinetics, and mechanics in kinesin motility. In the work

presented in Chapter 1, I characterized the single molecule motility of mutant

kinesin motors with defects in both ATPase activity and microtubule gliding

assays. Combined with pre-steady state kinetic measurements made by Takashi

Shimizu, we were able to ascribe distinct defects to each of three mutants. We

found a mutant (E31 1A) which moved slowly but had a normal run length.

Furthermore, the measured kinetic steps (ADP release and ATP hydrolysis)

occurred at wild type rates, suggesting a simple kinetic defect in phosphate

release or a conformational change reduced both its velocity and hydrolysis rate.

Another mutant (Y138A) was incapable of processive motion and had defects in

both ATP hydrolysis and microtubule-stimulated ADP release. Finally, a triple

mutant of Lll could move processively, but at a reduced frequency, suggesting

that this loop is important in making initial contact with the microtubule.

However, this mutant does not have a reduced Km for microtubules in bulk

ATPase assays, suggesting that initiating processive motility may be a distinct

step in the kinetic pathway and that there is a nonprocessive pathway for ATP

hydrolysis as well.

One of the most interesting questions about kinesin motility is the basis for

the high processivity of conventional kinesin. When it was found that duplicating

the first heptad of the kinesin neck coiled-coil increased processivity [33], we
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were able to study the structural features which control processivity by generating

a series of neck coiled-coil mutations (Chapter 2). With these mutants, we were

able to show that kinesins with increased positive charge on the neck coiled-coil

had increased processivity, whereas those which had increased negative charge on

the neck coiled-coil had decreased processivity. By studying the effect of salt on

the processivity of these mutants and by proteolytically removing the C-terminus

of tubulin, we were further able to show that this effect was mediated by an

electrostatic interaction with the C-terminus of tubulin. We believe that this

electrostatic interaction functions as a tether keeping the neck coiled-coil near the

microtubule at all times. In particular, during the step in the hand-over-hand

cycle where one head is bound to the microtubule and the other is searching for

the next binding site, this tether keeps the unbound head near the microtubule,

reducing its search space. This increases the rebinding rate of the unbound head,

which reduces time spent in the one head bound state. Since most dissociations

occur from the one head bound state, this decreases the overall dissociation rate of

kinesin, increasing processivity. An equivalent statement is that the net rate of

dissociation from the one head bound state is determined by kinetic competition

between dissociation and rebinding.

Future directions:

The study of kinesin mechanics has continually progressed to higher and

higher resolution. Initially, the questions were very coarse — what portion of the

molecule produced force, was a monomer capable of moving, was a single kinesin

capable of moving, and so on. When the research described here was performed,
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the questions were much finer scale — what specific structural regions of the

motor were required for force production? Now the questions are even smaller

scale — what are the exact motions of the structural elements in kinesin? The

questions have moved from the scale of hundreds of nanometers to tens of

nanometers, and the questions being asked now are on the scale of nanometers.

As discussed in Appendix C, I have built a microscope for measuring

single molecule fluorescence resonance energy transfer (FRET). FRET, with its

r° dependency, has the necessary sensitivity to detect such small changes in

kinesin. This should enable us to ask questions about the movements of

individual structural elements of kinesin during the motility cycle. Initially, we

hope to use this microscope to determine the stepping pattern of the kinesin along

the microtubule. By attaching dyes to each kinesin head, we should be able to

determine their spatial relationship as the kinesin moves along the microtubule,

and thereby the stepping pattern. Additionally, we intend to use this microscope

to understand the role of conformational fluctuations in the neck linker and

whether they play a role in motility.

However, this microscope is of general use. By careful engineering of

cysteines into kinesin for site-specific labeling, we should be able to determine

what other moving parts there are in kinesin, and how their movements are

coupled to the mechanical cycle. In particular, study of the movement of the OA

helix is likely to shed light on how energy is transduced from the nucleotide

binding site to the neck linker.
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Another future direction for kinesin research will be to extend what we

have learned from studies of conventional kinesin to other kinesins. It seems

likely that many kinesins will operate in a manner similar to conventional kinesin,

although this remains to be shown. However, there are kinesins which have

clearly different properties. Foremost among these are the minus-end directed

motors, such as ncq. Although recent work has shed much light on the origin of

ncd's minus-end directed motility [12, 53, 59, 115], we do not yet completely

understand the molecular basis for the directionality of nod. Current experiments

by Nick Endres, similar to those performed on conventional kinesin [38], will

hopefully show whether or not the ned mechanism is a modification of the neck

linker mechanism used by kinesin.

There are other parameters which differ between kinesins, and

understanding the origins of these differences will be a continuining area of

research. The velocity of kinesin motors spans two orders of magnitude.

Understanding what structural and kinetic parameters control velocity is an open

question. Another future goal is to identify the structural determinates of force

production. We currently do not understand what step in the kinesin cycle

performs work on the load. It seems likely that the energy is derived from the

binding of kinesin to the microtubule. Since mutants with altered microtubule

affinity have been generated [57], testing this is a relatively straightforward

matter.

Continuing to understand the structural basis for processivity is also an

area of active research. Despite what we have learned about structural
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requirements for processivity, it is not clear why so few kinesins are highly

processive, and what unique features of kinesin are sufficient for processivity.

Continuing research into this question, particularly the work by Michio

Tomishige to engineer processive motors from non-processive motors, should

reveal the necessary elements of a processive motor.

Finally, it should be remembered that despite their intrinsic physical

interest, molecular motors carry out important functions in the cell. So far, our

detailed understanding of motor biophysics has lagged behind an understanding of

the relevance of these biophysical parameters to the motors in vivo function. In

particular, the work described in Chapter 3 of this thesis shows that it is possible

to make mutant kinesins which have processivities several-fold higher or lower

than the processivity of native kinesin. This implies that the processivity of

kinesin has been selected through evolution for a value which is not maximal.

This suggests that this processivity is optimal for the cell, and that kinesins with

either higher or lower processivities would be deleterious to the cell. With the

availability of the kinesin constructs discussed in Chapter 3, testing this is now

possible. We are currently collaborating with the Goldstein lab to do so. By

replacing the endogenous kinesin Drosophila with a kinesin engineered to be

more or less processive, we can test the functional importance of processivity in

vivo. In the future, as we identify motors specifically altered in force production

or velocity, studying the in vivo role of these properties will be possible as well.

As I see it, the ultimate goal of studying kinesin motility is to produce an

integrated model that combines structural, kinetic, and mechanical data in a

105



molecular description of kinesin motility. Such a model would explain kinesin

motility by the motions of the individual structural elements of kinesin. From my

vantage point, such a model does not seem far off.
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Appendix A: Modeling of the kinesin kinetic cycle

In this appendix I elaborate on the modeling of the kinesin kinetic cycle

performed for the work presented in Chapter 2 [74]. Initially, we developed this

model to understand the kinetic steps which control processivity. However, an

accurate kinetic model of kinesin would be a useful tool. Such a model would

allow calculation of the effects of individual rate constants on kinesin motility,

and would shed light on the effects of previously characterized mutants. sº

The modeling was performed using both continuous and stochastic

kinetics. The continuous formulation describes the kinetic system via a system of

first-order differential equations. This has the advantage that it can be solved

numerically to high precision. However, because it is a continuous formulation, it

describes each state in terms of its probability of occupancy per unit time. This

means that it describes the average behavior of a large number of kinesin sº

molecules.

The stochastic formulation actually simulates the behavior of an individual

kinesin molecule. For the same transition map as used in the continuous

formulation, the stochastic algorithm generates random transitions from one state

to the next that occur at the frequencies given by the known rate constants. The

result is a trajectory for an individual molecule from state to state. By simulating

many test kinesins and averaging their run lengths, for instance, one can

approximate the true run length. This approximation improves with the number

of simulations averaged. This is the main drawback of the stochastic simulation:
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a given accuracy requires more computational time than the continuous

formulation. The advantage, however, is that it is a truer representation of what is

happening at the single molecule level: the kinesin molecule is only in one state at

a time. Stochastic kinetics, therefore, better captures fluctuations in the rates of

the process. It also gives a better description of the transition frequencies between

states in the pathway. For calculating parameters such as velocity and run length,

the two methods give essentially identical results, and so the continuous

formulation was used for the results described in the earlier paper.

For both the continuous and stochastic formulations, kinesin states were

defined as follows: each head could be either bound (B) or unbound (U) to the

microtubule, and it could be in either the ATP (T), ADP-Pi (P), ADP (D), or no

nucleotide state (N). This was expressed as a four letter string describing the state

of the dimer; BNUD, for instance, describes the state of kinesin just after it has

bound to the microtubule from solution: one head bound with no nucleotide, the

other unbound with ADP. The kinetic pathway from [38] was then adapted by

requiring that adjacent states differ by only one parameter (binding state or

nucleotide state). Where to states were connected by multiple changing

parameters, all possible pathways were enumerated. Rate constants for each

possible state change were then taken from the literature [21].

For the continuous formulation, the resulting kinetic model (Fig. 2) was

written as a set of first order differential equations. To allow calculation of both

run length and velocity, two different sets of differential equations were used: one

which ended in a dissociated state, and one which ended after a single repeat of
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the cycle. These equations were then solved numerically using the ODE solver in

MATLAB.

Surprisingly, simulation of this system resulted in a hydrolysis rate and

time bound to the microtubule per encounter both about 3-fold less than that

measured (Table I). Considering no attempt to optimize the system was made and

that the rate constants were measured under conditions that only approximate the

states used here, this is quite impressive. To further examine the contribution of

each rate constant to the calculated run length and velocity, calculations were

repeated which each rate constant increased or decreased by 10-fold (Table I).

Surprisingly, this showed that no single rate-limiting step determined the

maximum velocity. Run length, however, could easily be increased by increasing

the second head rebinding rate or by decreasing the dissociation rate, as discussed

in our paper [74].

Because the rate constants used in the model were often measured for

transitions that encompassed more than one transition in the model, an attempt

was made to improve the model parameters by fitting to the published data.

However, it quickly became apparent that several rate constants were

underconstrained and so this was not pursued further.

The stochastic simulation code was written in ANSI C, using the

numerical recipes library [61] for random number generation and Powell

minimization (for fitting rate constants to target values). Source code for the

current version of the program (ekinš) is included on the accompanying CD. The

program allows monitoring the rate and frequency of transitions from any state to
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any other, and allows fitting of any of these transition rates to a user specified

value. An example input file follows. The syntax consists of a keyword of three

letters or more (only the first three letters are significant) followed by parameters.

Keywords are case insensitive, but user-defined parameters are case sensitive.

Comments begin with a # sign and can be place on their own line or at the end of

an input line. The available keywords are:

STAte statename: Defines a state of the system, referred to by statename.

The first state defined is the state where runs of the system will be started from.

RATe ratename value (VARY}: Defines a rate referred to by ratename,

with rate constant value. If the optional keyword VARY is present, the rate will be

optimized during fitting. Currently all rates must be first order.

TRAnsition statename 1 statename2 ratename: Defines a transition

between statename 1 and statename2, occurring at rate ratename. The choice of

rate units is arbitrary, but should be the same for all transitions. Any state which

there are no transitions out of is defined as a dead-end state. When it is reached,

the current run of the system is terminated, and the system is restarted from the

first state.

MONitor statename 1 statename2: Reports the number of transitions

between statename 1 and statename2 and the frequency of the transition.

NCYcles number: Number of runs of the system to simulate (a run is

defined as a simulation that starts in the first state and ends in a dead-end state).

TIMe number: Maximum time to simulate a single cycle. If rates are in

inverse seconds, this number is in seconds.

**

**
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TARget RATe statename 1 statename2 rate:

TARget LIFetime lifetime:

TARget KCAt statename rate: The target command defines target values

to fit to. The target can be the rate of a transition (secondary keyword RATe), in

which case the two states and the desired transition rate between them must be

specified. There are also two special cases: secondary keyword LIFetime, in

which the mean lifetime of the system is fit to the lifetime target; and secondary

keyword RATe, in which the mean passage frequency through statename is fit to

the rate target.

HIStogram: The histogram keyword, if present, turns on printing of the

lifetime of each cycle.

ºe

•rºm
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Table I: Effect of varying rate constants on calculated hydrolysis rate

and on time.

Parameters Hydrolysis rate (s") On time (sec)

Measured 65 1.7

Calculated:
Parameters from [21] 22.0 0.837
10x ATP binding rate (ki) 22.2 0.819
1/10 ATP binding rate (ki) 21.9 0.826
10x ADP release on MT 29.7 0.989
1/10 ADP release on MT 5.2 0.738
10x head binding 32.6 3.14 sº

1/10 head binding 6.4 0.402 **

10x hydrolysis 25.0 0.719 -

1/10 hydrolysis 7.7 2.58 2

10x head release (ADP state) 9.9 0.392 º
1/10 head release (ADP state) 8.5 3.29
10x head release (ADP-Pi state) 24.8 0.607

-

1/10 head release (ADP-Pi state) 20.7 0.961 º
10x Pi release 22.9 0.888 º
1/10 Pi release 13.0 0.502 *-

10x dissociation rate 23.9 0.095 º

1/10 dissociation rate 22.1 8.76 sº

**

Table I: Effect of varying rate constants on calculated hydrolysis rate º

and on time. Kinesin kinetics were simulated stochastically, and each rate **

constant was individually increased ten-fold or decreased 10-fold. The effect on

the hydrolysis rate and on time (mean time bound to the microtubule per

encounter) were calculated.
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STAte BTBD
STAte BTBN
STAte BPBD
STAte BPBN
STAte BNUD
STAte BNUP
STAte BDBN
STAte BPBT
STAte BDBT
STAte BTUP
STAte BTUD
STAte BPUD
STAte DISS
# Rates from Ma + Taylor, in s–1
RATe ATP_binding 2000 #2e6 M-1/s–1 x 1 mM
RATe ADP_rel_MT 100 VARY #
RATe Head_binding 110 VARY # from Ma-Taylor '97
RATe Hydrolysis 100 VARY #
RATe Head_release_ADP 80 VARY #Mat Taylor '97
RATe Head_release_ADPPi 80 VARY #Assume same as ADP
Rate Pi_release 200 VARY #Ma-Taylor '97
RATe Dissociation 3

TRAn BPBN BPBT ATP binding
TRAn BNUD BTUD ATP binding
TRAn BNUP BTUP ATP_binding
TRAn BNUP BNUD Pi_release
TRAn BDBN BDBT ATP binding
TRAn BTBD BTBN ADP_rel_MT
TRAn BPBD BPBN ADP_rel_MT
TRAn BTUD BTBD Head_binding
TRAn BTBD BPBD Hydrolysis
TRAn BTBN BPBN Hydrolysis
TRAn BPBN BNUP Head_release_ADPPi
TRAn BPBT BTUP Head_release_ADPPi
TRAn BDBT BTUD Head_release_ADP
TRAn BDBN BNUD Head_release_ADP
TRAn BPBN BDBN Pi_release
TRAn BPBT BDBT Pi_release
TRAn BTUP BTUD Pi_release
TRAn BTBD BTUD Head_release_ADP
TRAn BPBD BPUD Head_release_ADP
TRAn BPUD BPBD Head_binding
TRAn BTUP DISS Dissociation
TRAn BPUD DISS Dissociation
TRAn BNUD DISS Dissociation
TRAn BNUP DISS Dissociation
TRAn BTUD DISS Dissociation
MON BTBN BPBN
MON BPBD BPBN

MON BTBD BPBN
NCY 100

TIMe 1000 #max cycle time,
TARget LIFetime 1.8
TARget KCAt BPBN 65
#HIST

in seconds

Figure 1: An example input file for ekin5.
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Figure 2: Kinetic pathway used in kinesin simulations. The bold

arrows indicate the primary pathway taken in stochastic simulations. Rate

constants are as follows [21]: k■ : ATP binding, 2000s-1 (at 1 mM ATP); k2: ADP

release on MT, 100 s-l; ks: Head binding, 110 s-l; ku: ATP hydrolysis, 100 s.l. ks:

Head release, ADP state, 80s-1; ka: Head release, ADP-P state, 80s-1; k7: P.

release, 100 s-l; ks: Dissociation, 3 s-l. Kinesin states are defined as follows: each

head is either bound (B) or unbound (U) to the microtubule, and it can be in either

the ATP (T), ADP-Pi (P), ADP (D), or no nucleotide state (N). This is expressed

as a four letter string describing the state of the dimer; BNUD, for instance,

describes the state of kinesin just after it has bound to the microtubule from

solution: one head bound with no nucleotide, the other unbound with ADP.
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Appendix B: Data Analysis Software

A typical single molecule data set consists of a large number of

measurements of a parameter of interest (for instance, the run length of a kinesin)

where each measurement is from a different molecule. Because these values are

typically the result of some stochastic process (in the case of run length,

dissociation from the microtubule), they are not randomly distributed around a

mean value, but instead distributed according a some probability distribution

resulting from the stochastic kinetics. Thus, determination of the kinetic

parameters requires fitting to the distribution, if known.

There are two parameters we typically determine in a single molecule

fluorescence experiment (optical trapping experiments are discussed in the next

section): the motor run length (or on time) and the motor velocity. The run length

is exponentially distributed, indicative of a single dominating rate constant. The

velocity is Gaussian distributed, as expected since the velocity of an individual

run is an average over many steps.

To fit these data, we have traditionally binned the data and then fit the

resulting histogram. However, the fitted parameters then depend on the choice of

the bin size, complicating the data analysis. To avoid this complication, I have

developed software for fitting the cumulative distribution function (CDF), given

by integration of the probability distribution. The advantage of fitting to the CDF

is that the cumulative distribution of a data set can be easily determined by

calculating the number of data points less than or equal to each data point, and

116





then plotting this number versus the value of each data point. This eliminates the

need to choose an arbitrary binning parameter for fitting.

However, there is an additional complication, because not all runs are

detected with equal efficiency. In particular, short runs are tend to be missed

simply because the are difficult to see. Unless corrected for, this undercounting

of short runs tends to artificially increase the run length. To correct for the

undercounting of short runs, we only fit to runs above a minimum run length

threshold. When fitting to binned data, this is trivial to implement, but it modifies

the CDF by introducing a lower bound, xo:

CDF(x)=■ : Ae" =-Ar(e.” -e-º")

where r is the run length and A is an arbitrary amplitude.

We normalize this by dividing by the total fraction of the distribution

above xo:

—x, ■ r. —x/r —x/rAr(e." -e ") 1–t = 1 – e (*o-")/"CDF(x) = —x, / r —x, / rAre “” e ‘o

Processing the data proceeds similarly. First, it is sorted in ascending

order. Then, for each data point whose value is greater than x0, we take its value

as the x value and its index above x0 as the y value. The y values are then

normalized to the total number of points greater than x0, and the resulting xy pairs

fit to the CDF above. Fitting is performed by nonlinear least squares, and errors

are determined by bootstrapping [61].

The software that implements these calculations is written in MATLAB

and is located in the Analysis Software directory of the accompanying CD.
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Calc_RL fits run lengths, association times, and other single exponential

distributed data. Calc_V fits velocities and other Gaussian distributed data,

without a lower bound cutoff. Both expect a file containing a single column of

numbers as input.

When analyzing data it is also useful to be able to test whether two data

sets are significantly different or not, for instance, to see if a mutant is

significantly different from wild type. This can be done by comparing the fitted

values of the two data sets and their standard deviations, but this is not sensitive to

changes in the shape of the distribution. A better way to determine the likelihood

that two data sets are the same is with the Kolmogorov–Smirnov (K-S) test [61].

The K-S test determines this likelihood from the absolute difference between the

cumulative probability distribution of two data sets. A Labview program which

implements the K-S test (kstest.vi) is also located in the Analysis Software

directory.

Calculating photobleaching rates

The run length measured in the single molecule fluorescence assay is an

underestimate, because spots can disappear either because they dissociate from

the microtubule, or because they photobleach. Thus, the measured dissociation

rate is the sum of the photobleaching rate and the true dissociation rate.

Correcting for this therefore requires measuring the photobleaching rate. This is

done by measuring the disappearance rate of spots non-specifically adsorbed to

the slide. A Labview program for calculating this (e-tracker.llb) is included on

the accompanying CD. However, for ease of future modification, it may be

s'
rº -
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worthwhile to reimplement this program in Matlab. Most of the functions

required have already been written for the purpose of measuring single molecule

FRET data (Appendix C).

The current Labview program has four basic steps.

1. Spot finding. When an image is loaded, a histogram of the pixel

intensities is displayed on a log scale. This is usually a Gaussian background with

a high intensity tail due to spots. This allows choosing an appropriate threshold to

discriminate between background and spots. Given a threshold value, the

program then finds spots as follows. All pixels whose intensity is equal to a target

(initially 255) are flagged as candidate spots. Any pixel within a specified

overlap of an already found pixel are discarded. The procedure is then repeated,

each time decreasing the target intensity until it reaches the threshold. The spot

centroid is then refined and intensities are calculated by summing the background

subtracted intensity of all pixels within the specified spot radius. Those spots

whose total intensity is less than a user-specified cutoff are discarded, and the

found spots are displayed.

2. Spot intensities can then be calculated and averaged over multiple

frames. This is optional and need not be performed for the calculation of

photobleaching rates. However, it can be useful for determining the

oligomerization state of a construct.

3. Calculation of the photobleaching rate. This is done by calculating the

mean intensity for each spot over a series of frames (usually 20 seconds at 10 fps

is sufficient). Spots with less than the threshold intensity (PER PIXEL??) are

rº
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determined to have bleached. Both the mean intensity of all spots (I), and the

number of spots (N) are plotted as a function of time, and fit to decaying

exponentials. In general, both values should be similar. However, because GFP

spots dim over time (REF), they can differ by ~20%. Since what affects the

determination of run length is bleaching, not dimming, I always use the rate

determined from the number of spots.

Optical trapping analysis software

I have written a set of programs in Labview that can analyze optical

trapping data in a semi-automated manner. This software includes programs for

calibration of trap stiffness, automated finding of runs, calculation of force

velocity curves, and calculation of dissociation rate vs. load. It does not include

software for determining step sizes, although this could be included in the overall

framework without too much difficulty. For further reference on the optical trap

and data analysis, see [18, 23, 85,86].

General optical trap data manipulation is carried out in kstana2.vi (and

subroutines in analib.llb), included on the accompanying CD. When run, it

prompts for a file to read data from. This data can be converted from voltage to

nm if calibration values have been recorded. Choose the ‘use linear fit’ option,

and enter that values (V/mm) obtained from rastering the QPD under a fixed bead.

The program will then convert this to nm/V using the known magnification of the

sample on the QPD. This value is fixed in the program, so if the magnification is

changed, this value must be updated.

!ºº
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The most useful feature of this program is the calculation of trap stiffness.

Typically, we determine trap stiffness from the thermal motion of a trapped bead.

The stiffness can be determined either by equipartition (the kinetic energy of the

bead must equal its potential energy) or by fitting the power spectrum of the bead

motion [85, 86). To determine the stiffness by equipartition, simple calculate the

variance of the bead position (x”) using the calculate sigma’ option. The

variance of the bead position (in nmº) is related to the trap stiffness as follows:

kuap = 4.11/variance Because motion along x and y is uncorrelated, the agreement

between the two axes can be used to check the trap symmetry.

Although simple, calculating the trap stiffness in this manner has

significant drawbacks. Most problematic is that the bead variance contains

contributions not only from thermal motion, but also from instrument noise

(particularly at low frequencies). Inclusion of this noise will artificially decrease

the trap stiffness.

Therefore, a better method to determine trap stiffness is by fitting the

power spectrum. This allows low frequency noise to be rejected. This method

has additional advantages. It allows high-frequency data, which is underestimated

due to the limited bandwidth of our system, to be excluded as well. Also,

calculation of trap stiffness by this method can be done with uncalibrated (i.e.

voltage) data, allowing a check of the voltage-to-nm conversion. This fitting

procedure is implemented through the ‘Calculate FFT’ option. The data is split

into multiple bins. The power spectrum of each bin is calculated, and the spectra

are averaged to give the final power spectrum. There is a trade-off between the

º

3

º
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number of bins (more bins decreases the error) and the size of each bin (larger

bins give more data points) (see [61] for a discussion). The optimal bin size

depends on the amount of data available, but for ~20 sec collected at 8 kHz, a bin

size of -2° works well.

Once the power spectrum is calculated, it is fit to a Lorentzian. Initial

guesses for a■ ) and fe (the corner frequency) must be provided; the values chosen

are unimportant as the radius of convergence of the fitting algorithm is quite

good. Because the drag on the bead also enters into the calculation, it is necessary

to specify the bead radius and its distance above the surface. The trap stiffness in

x and y is then displayed based both on fitting (Y meas'd) and on fitting the corner

frequency combined with calculation (Y calc’d). The pure fitting value is

dependent on the V-to-nm calibration; the fitting/calculation value is not, but is

dependent on the estimate of the bead height above the surface (more details on

this procedure can be found in [85]). When taking data for determination of trap

stiffness, it is important to collect data at a relatively high frequency (at least 4

kHz), and to set the filters on the Cyberamp to twice the collection frequency (to

satisfy the Nyquist theorem). Additionally, the bead height should be estimated

by means of the calibration chart on the fine focus positioner.

Automated processing of optical trap data is implemented in autoanal.llb

(autoanal slow.llb is a version designed for reduced memory usage when

analyzing slowly moving motors, such as the nanalog data in Appendix D). The

top level vi, auto analysis browser.vi, allows setting of basic analysis parameters.

The remainder of the program expects to find positive-directed runs, so if
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necessary, set the inversion switch. When data analysis is started (with the

Analyze! button), the data file is segmented into overlapping pieces of max

number of points and passed to the peak finding routine. Max number of

points should be set as high as possible (~300000) for maximum efficiency.

The rest of the program is divided into two parts. The first part finds runs

in the data, baseline subtracts them, and writes them to a file, omitting any data

where the bead is not moving. These cleaned runs are then passed to the second

part, which calculated the force-velocity and dissociation rate vs. load curves.

Both programs are internally implemented as state machines, with each state

corresponding to a step of the calculation. This allows easy recalculation of a step

if parameters are set incorrectly.

The run finding program requires a number of other parameters to be set.

They are described in the relevant sections below and are highlighted in bold.

The first step of the run finding program finds positions where the bead

has dissociated from the microtubule and fallen back into the center of the trap.

This is determined by calculating a “derivative” by taking the difference between

the mean position of the bead in two consecutive windows. The window width is

given by Window size and is used throughout the remainder of the program. The

default of 20 points is fine for data collected at 2 kHz. The windows are slid

across the data, and the peaks in this difference plot are found. These are

positions where the bead has dissociated from the microtubule and is falling into

the center of the trap (since one window is then at the peak of the run and the

other at baseline). Those peaks greater than peak threshold (nm) are plotted and
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passed to the next section of the program. Provided the Pause for confirmation

after peak finding check box is checked, the program will then pause and the

output can be examined. If it is unsatisfactory, the parameters can be changed,

and the peak finding retried.

Next, the mean peak and baseline positions for each run are found. The

baseline position is defined as the position the bead returns to after it dissociates.

The start positions of each run are then found by moving backwards from the

dissociation event until the bead velocity is less than the Velocity threshold and

the bead position is within the Number of sigma by which baseline may vary.

Both are determined using a running window whose size is Window size times

Window multiplier. The standard deviation of the baseline is derived from the

baseline values determined earlier. For all parameters used here, the default

values generally perform well.

The runs are then concatenated, removing data where the bead is not

moving. From the variance of the remaining data (where the bead is not moving),

an estimate of the trap stiffness is calculated. However, this estimate is not very

accurate and should not be used for analysis. The runs are then baseline

subtracted, using the mean bead position one second before the run began.

However, runs which appear to have rebound under load (i.e. rebound before

reaching the center of the trap), as determined by their variance, are baseline

subtracted using the baseline from the previous run. The clean, baseline

subtracted runs are then written to a file, and the parameters used to perform the

analysis are written to a second file.
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The clean runs are then analyzed. The only parameters the user need

specify are the trap stiffness (ktrap) and whether to calculate or ignore the motor

stiffness as a function of load. Since I have not yet thought of a good way to

determine this, I suggest ignoring it. The dissociation rate as a function of load is

calculated and written to a file. The force-velocity data are calculated as a file for

each run, so before calculation, a window appears where a filename pattern can be

specified. The ### in the name will be replaced with a number corresponding to

each run. The calculation of force velocity curves is fairly simple and is

described in [23]. The dissociation rate data consists of three columns: force,

number of data points at that force, and number of dissociations at that force. The

number of data points divided by the sample rate gives the time spent in that force

bin.

The force-velocity data consists of pairs of force and velocity, and so

further analysis is needed. A matlab script (binfv.m) calculates the mean velocity

in a set of defined force bins, for all force-velocity files. It returns the mean

velocity in each bin and the numbers of runs that are nonzero (that are moving in

that force bin) and that are stalled (moving in that force bin or a lower one). The

output parameters can be given as inputs, allowing the cumulation of many files.

Dividing the mean velocity by the number of stalled runs gives a lower bound to

the force-velocity curve, whereas dividing by the number of nonzero runs gives

an upper bound [23].

Next critical steps
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Integrate photobleaching rate measurement software with single

molecule FRET matlab code (Appendix C)

Develop a systematic way to determine the minimum run length when

fitting. One possibility is to calculate the probability that the data is

exponentially distributed (using the K-S test), while varying the

minimum run length. Choose the minimum run length as the length at

which this probability drops below some threshold.

Incorporate step size determination into optical trapping code.

Determine a method for determining motor-bead linkage stiffness as a

function of load. Because only a few points can be determined from a

typical data set, this probably requires developing a functional form

for the stiffness as a function of load.
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Appendix C: Studying kinesin with single molecule

fluorescence resonance energy transfer

The major unanswered questions of kinesin motility are primarily

questions about the internal motions of kinesin. The two most pressing are: how

is the conformational change due to ATP hydrolysis at the active site propagated

to the neck linker and microtubule binding regions of kinesin, and what pattern do

the two heads follow as they move along the microtubule? In part, these

questions are unanswered because kinesin was not well enough understood to

pose them in an intelligent fashion until recently. However, they also remain

unanswered because the previous tools used to study kinesin did not have high

enough resolution to resolve such small changes in structure.

For some time it has been known that there are several stepping patterns

that kinesin could follow while walking along a microtubule [116] (Fig. 1). Since

optical trapping experiments have shown that kinesin takes 8 nm steps [17-19),

stepping from one tubulin dimer to the next, any stepping pattern must have the

motor dwell predominantly at positions separated by 8 nm. Dwells at shorter

distances are allowed, but only if the time spent at these positions is less than the

temporal resolution of the optical trapping experiments (~ 1 ms). In addition, it is

known that kinesin hydrolyzes one ATP per step [22, 25, 26], which further

constrains the allowable stepping patterns. The most plausible model seems to be

a simple hand-over-hand model, where each kinesin head alternately steps
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forward by 16 mm (Fig. 1A), or a variant where the heads move along adjacent

protofilaments (Fig. 1B). A further possibility is that one head always leads, and

simultaneously drags the trailing head with it (Fig. 1C). While consistent with the

available data, this model seems unlikely, because it breaks the natural symmetry

of the kinesin homodimer. Furthermore, to satisfy the lack of 4 nm steps in the

optical trapping data, the movement of the trailing head must follow the

movement of the leading head very quickly (~ 1ms).

To determine which stepping pattern kinesin follows as it walks along the

microtubule and to study other internal kinesin motions, we have constructed a

single molecule fluorescence resonance energy transfer (FRET) microscope.

FRET is a resonance phenomenon that results in nonradiative energy transfer

between closely spaced fluorophores where the emission of one fluorophore (the

donor) overlaps with the excitation of the other fluorophore (the acceptor).

Because it is due to a dipole-dipole interaction, the FRET efficiency falls off as

1/r". Ro, the distance at which transfer is 50% efficient, ranges from 20–70 A for

commonly used fluorophores. FRET has long been a powerful tool for studying

conformational changes because it sensitive to small distance changes. When

used with single molecules, it has the additional advantages that it can be used to

measure the distribution of distances in an ensemble. Furthermore, it can be used

to study dynamics of unsynchronized processes. It has been widely used in the

study of protein [117] and RNA [118) folding, and conformational dynamics

resulting from catalysis [119) or ligand binding [120). Here, we are using single

;-
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molecule FRET to study the stepping pattern of kinesin and the conformational

dynamics of the neck linker.

Methods:

Design of the microscope:

Our single molecule fluorescence microscope has been previously

described [60]. To measure FRET, we have constructed a dual-color imaging

setup which projects side-by-side images of the two color channels on a single

camera. This imaging setup is similar to that described originally by Kinosita

[121] and used to study RNA folding [118). The optical path is shown in Figure

2A. Light exiting the infinity-corrected objective is reflected into the dual-color

imaging setup by rotating mirror M1. It then passes through a long-pass filter

(Chroma, E550LP) to reject the 514 nm excitation light. Ll images the sample

onto the slit, which defines the extent of the image. The slit is movable, and its

position determines which portion of the sample is imaged onto the camera. The

identical lens L2 returns the beam to infinity, where it then passes through a

dichroic mirror (Chroma, 645dcxr) which passes the Cy5 channel and reflects the

Cy3 channel. Both channels pass through barrier filters (Cy3: hd.S85/75; Cy5

hq703/100) before being imaged onto the camera by lenses L3 and recombined on

a second dichroic mirror. Adjustment of the angle of the second dichroic mirror

moves the Cy3 channel independently of the Cy5 channel, allowing the two

images two be projected side-by-side on the camera (Fig. 2B).

Preparation of clean slides is critical for single molecule FRET

observation, particularly if monomers or other nonmotile kinesins are being
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studied. Most slides cleaned by the standard Vale lab procedure show some

fluorescent dust particles. Generally there are only a few per 20 x 20 mm field of

view, but some batches can have tens or hundreds per field. If this is the case,

overnight storage in 0.1 M KOH followed by sonication will generally remove

fluorescent dust.

Protein labeling:

We initially chose to use the TMR/Cy5 dye pair for this work because of

its long ro (53 Å), and because it has been successfully used in several previous

single molecule FRET experiments [117, 119). However, for cysteine

attachment, Cy5 (which is only available as an NHS-ester) must be converted to a

maleimide [122, 123]. Conversion with PEM (Dojindo) resulted in poor yields

(~10%), and so we chose to use IC5 (Dojindo) instead of Cy5. IC5 is

commercially available as a maleimide and is chemically identical to Cy5, except

that it is lacking sulfonate groups on the indole rings. It has nearly identical

spectral properties to Cy5. For some experiments we have also used Alexa 660

(Molecular Probes) as the acceptor.

Cys-light kinesin monomers with added cysteines were purified as

described [38]. Labeling of the 39/.310 neck linker was performed on sites

Cys333 and Cys220 as described [38], except that the kinesin was first labeled

with donor at a 1:1 stoichiometry, then with a 10-fold excess of acceptor. After

labeling, the kinesin was purified by microtubule affinity [59].

Labeling sites for discriminating between stepping models were calculated

by determining distance between all pairs of surface exposed sites on kinesin at
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the beginning and end of a step. These distances are then used to calculate the

change in FRET efficiency for different ro and dye linker lengths. This

calculation is implemented in the perl script choosesite.pl included in the FRET

directory of the accompanying CD.

Data Analysis:

All data analysis software were written in Matlab and are included on the

accompanying CD (in analysis software/SMF). The current data analysis

procedure consists of measuring the offset between the two channels and the

largest area common between them (bound). The program smf.m calculates

these given an image (I use an image of a 10 pum stage micrometer) and two

corresponding points on the image. It then calculates the offset between the

images that gives the maximum correlation coefficient. The programs imsup.m

and imsup_noopt.m will superimpose a given image, using the previously

determined offset and bound parameters. imsup.m will optimize the supplied

offset for the current image, whereas imsup_noopt.m does not. Spot finding is

done with getspots.m; this identifies spots given a superimposed image given two

boundary vectors (so that only a region of interest need be considered) and a spot

radius, a minimum peak pixel intensity, and a minimum mean pixel intensity for

the spot. It first finds all pixels larger than the minimum peak intensity, then

removes those which are closer than the specified radius (done with

clean peaklist.m). Then it updates the center of the spot through two iterations of

centroid calculation. Finally, it deletes those spots less than the minimum pixel

intensity and any spots which overlap. The program trackspot2.m is an attempt to

|
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fully automate the processing of an image stack. For each image, it superimposes

it, calls getspots.m to find new spots, removes any which overlap with previously

found spots or are below the minimum intensity threshold, then updates all spot

positions by determination of their centroid. Spot positions and intensities are

then determined for all peaks and written to the output. The procedure then

repeats until no more images are left. This procedure works fairly well, as its

determination of the centroid of stationary spots is stable, and it is able to detect

photobleaching. However, its performance on moving spots has not been

determined. These programs should be regarded as works in progress, and will

probably need further improvement for measuring data for publication. In

particular, the spot finding algorithm is rather crude and could potentially be

replaced with a more sophisticated algorithm. I have made some initial attempts

to determine peak positions by fitting an initial peak list to a set of Gaussians, but

this has proved difficult to implement in Matlab.

Preliminary results

For my initial experiments, I have chosen to use the C220/C333 kinesin

construct previously characterized in our lab [38]. Because the distance between

C220 and C333 changes as the neck linker docks and undocks from the head [38],

this construct is a good test case because the FRET efficiency can be changed by

changing the nucleotide state. However, the dynamics of the neck linker are also

interesting. By measuring the FRET efficiency as a function of time for a given

nucleotide state we should be able to measure the equilibrium between the docked

state and the undocked state. This will shed light on whether the docked and
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undocked state can rapidly interconvert. If the time scale of interconversion is

short enough, this could have implications for the kinesin mechanism.

Labeling the C220/C333 kinesin construct with tetramethylrhodamine as

the acceptor and either IC5 or Alexa 660 as the acceptor appears to result in

significant energy transfer. However, I have not yet been able to reproduce the

FRET change observed on binding microtubules and AMPPNP [38], and

denaturation with guanidine hydrochloride gives inconsistent results. Therefore,

further work needs to be done on characterization of labeling and FRET in bulk.

Preliminary single-molecule studies have not yet detected energy transfer.

This is most likely due to poor labeling stoichiometry of the kinesin, but may also

be due to poor registration of the two channels, or to limitations in the current data

analysis software. Registration of the two channels could be improved by using

fluorescent beads which emit broadly enough to be detected in both channels.

These beads could then be used as an internal fiduciary mark in the microscope.

Centroid analysis of the fluorescent beads would provide a highly accurate

measure of the offset between channels as well as any image distortions.

Next critical steps

• Determine FRET efficiency (in bulk) for labeled CLM K349 220/333

constructs, and the change on GuHCl denaturation and binding to

microtubules in AMPPNP. This requires repeating the measurements

with well controlled donor-only and donor/acceptor pairs. Preparation

of a donor-only construct would be helpful as well. By first labeling
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with NEM instead of TMR, an acceptor-only sample with identical

stoichiometry to the donor/acceptor sample can be made.

Be sure that single molecule FRET can be detected. This will

probably require using fluorescent beads. These can be used both as a

bright test sample, as well as an internal fiduciary mark to find and

correct distortions in the imaging.

Test the software intensity measurement. This can probably be most

easily done with the fluorescent bead images above. The ability of the

software to track moving spots should also be tested (probably with

K560GFP samples). Alternatively, a program to produce dual-color

kymographs could be developed instead.

Once these pieces are in place, it should be relatively simple to study

the motion of the neck linker in the CLM K349 220/333 mutant. By

imaging these proteins bound to axonemes in the AMPPNP or no

nucleotide states, motion of the neck linker should be detected in the

form of FRET fluctuations, assuming the FRET efficiency is not so

high that it has plateaued.
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Figure 1: Possible kinesin stepping models (adapted from [116]). The

dark gray circles are O-tubulin subunits; the light gray circles are 3-tubulin

subunits. The green triangles are the two heads of kinesin. Although identical,

they are colored differently so there movement along kinesin can be followed.

The head labeled (1) represents the pre-step state; the one labeled (2), the post

step state. In A., the kinesin walks along a single protofilaments, with each head

stepping alternately through 16 nm. In B., each head again steps alternately

through 16 nm, but now the motion is along adjacent protofilaments. In C., the

heads also move along adjacent protofilaments, but now one head (the dark green

one) always leads. The other head (light green) must follow it quickly so that no

dwell at 4 nm is detectable, consistent with optical trapping data.
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Figure 2: A. Schematic of single molecule FRET instrumentation.

Light from the objective of our total internal reflection microscope is focused onto

an aperture by lens L1. The aperture defines the portion of the image that is

focused onto the camera. L2 returns the image to infinity. Beamsplitters then

split the Cy3 channel from the Cy5 channel. The channels are further defined by

the Cy3 and Cy5 barrier filters. Finally, lenses L3 focus the two channels onto

the ICCD camera, and the images are recombined by a second beamsplitter. B.

An example image from this setup. The Cy3 channel is on the right and the Cy5

channel is on the left. This image is of CLM K349.220/333 kinesin labeled with

TMR and Alexa 660.
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Appendix D: The effects of unnatural ATP analogs

on kinesin motility

This appendix describes unpublished work by myself, Ed Pate, Nariman

Naber, Sarah Rice, and Raphael Buencamino. Ed provided the ATP analogs used

in these studies, and together with Nariman and Sarah, characterized their affect

on ATP hydrolysis and gliding velocity. I performed the optical trapping assays,

and Raphael performed the single molecule fluorescence assays.

Introduction:

Kinesin is a molecular motor: an ATPase which has the ability to convert

the chemical energy of ATP hydrolysis into mechanical work. Kinesin is

believed to accomplish this by coupling small conformational changes in the

active site to larger conformational changes that ultimately lead to large

movements of one head with respect to the other. In particular, conformational

changes in the switch II region are believed to be transmitted, through the O.4

helix, to the binding site of the neck-linker region [31]. The neck linker has been

shown to bind and release in a nucleotide dependent manner, and this binding is

believed to be the trigger for repositioning of the kinesin heads that leads to hand

over-hand movement [38].

The use of unnatural nucleotide analogs provides a direct way to test what

structural features of the nucleotide are required for proper function of the motor.

Furthermore, because unnatural nucleotide analogs will likely have different

kinetic properties, they can be used to study the importance of individual kinetic
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steps to proper functioning of the motor. In myosin, studies of a set of nucleotide

analogs consisting of a triphosphate moiety linked, via an aminoethyl or

aminopropyl linker, to a phenyl ring with amine or nitro substituents (collectively

termed nanalogs) have been very informative [124, 125]. The nanalogs are

hydrolyzed at very different rates by myosin and have different effects on its

mechanical properties [124]. In particular, some are able to uncouple hydrolysis

from movement. Structures of 6 of these nanalogs in complex with myosin have

been solved, revealing interactions between the nanalog and myosin required for

coupling of hydrolysis to movement [125]. The determining feature seems to be

whether the nanalog can interact with the water network which normally interacts

with the ATP.

In an attempt to shed similar light on the structural features of the

nucleotide required for kinesin motility, we have determined the hydrolysis rate of

these nanalogs by kinesin and their ability to support motility of kinesin. For

those that do support motility, we have determined their effect on force

production by optical trapping, and on processivity by single molecule

fluorescence.

Methods:

Motility assays were performed as described [57]. Optical trapping assays

and dissociation rate measurements were carried out essentially as described [74].

Determination of force-velocity curves was as described in [23].

Single molecule fluorescence measurements were made essentially as

described [74]. However, because the p-NH2, o-NPh/AE compound is moderately
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fluorescent below 610 nm, neither GFP nor Cy3 could be used as a fluorescent tag

to visualize kinesin. Therefore, we labeled sea urchin axonemes with Cy3 as

described [60], and K560Cys with Cy5 as described [9]. Following labeling, the

K560Cys was purified away from free dye by microtubule affinity [59]. For

analysis of run lengths, x0, the lower limit for inclusion of run lengths in fitting,

was chosen to be 0.3 p.m. The photobleaching rate of Cy5 was determined from

the disappearance rate of Cy5-kinesin nonspecifically absorbed to glass and was

0.02-0.03 s”

Results:

Of the 9 nanalogs tested for motility (Table I), four could support kinesin

motility (Table II). However, only for p-NH2, o-NPh/AE (hereafter referred to as

NH3-NANTP)was the motility fast enough to merit further study. Preliminary

optical trapping studies of the force dependence of kinesin motility supported by

this compound showed, surprisingly, that this construct would stall for extremely

long periods of time (up to 60 seconds, in one case; Fig. 1). This is in contrast to

ATP-powered motility of K560, where stalls generally last only a few hundred

milliseconds. Calculation of the dissociation rate as a function of load for NH2

NANTP powered motility showed that the dissociation rate was reduced about

50-fold at all loads (Fig. 2B), as compared to the 5-fold reduction in velocity in

this assay (Fig. 2A). Since the processive run length can be approximated by the

velocity divided by the dissociation rate, the much greater reduction of

dissociation rate compared to velocity suggested that this triphosphate compound

might increase the processivity of kinesin.
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To test this possibility, we used a single molecule fluorescence assay with

which we have extensively characterized kinesin motility [9, 33, 36, 74,84]. In

this assay, an individual fluorescently tagged kinesin is tracked as it moves along

the microtubule. Measurement of its start and end position allows the calculation

of run length and velocity for individual proteins. Fitting the distribution of run

lengths for a population of motors is a measure of the processivity. Because NH2

NANTP is fluorescent in the spectral region where GFP emits, we chose to label

the kinesins with the long-wavelength emitting Cy5 instead [9, 122].

Fitted run lengths and velocities for ATP and NH2-NANTP powered

movement are summarized in table III. Correction for photobleaching gives a run

length for NH2-NANTP powered motility between 0.65 and 1.22 pum, depending

on how the fitting is performed and whether the photobleaching rate is taken as

0.02 s” or 0.03 s”. Nevertheless, even the upper bound of the corrected run

length does not agree with the 10-fold increase in processivity inferred from the

optical trapping data.

Discussion:

Clearly, the data presented here are preliminary, and it would be

premature to draw far-ranging conclusions from them. In particular, resolving the

discrepancy between the low dissociation rate measured in optical trapping assays

and the near-normal processivity measured in the single molecule fluorescence

assays is key. Resolving this discrepancy will probably necessitate repeating both

measurementS.
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Possible reasons for the discrepancy could be due to inaccuracies in

measuring the photobleaching rate of Cy5. To rule this out, we are currently

measuring kinesin movement while the laser illumination is rapidly shuttered.

This reduces the illumination time of the Cy5, thereby reducing the

photobleaching rate.

Another possible reason for this discrepancy could result from the

different conditions under which motility is measured in the optical trapping assay

and the single molecule fluorescence assay. In particular, it is difficult to

accurately measure the dissociation rate at low force in the optical trapping assay.

It is possible that the reduction in dissociation rate occurs primarily at high forces

and represents a high-force off-pathway state stabilized by the nanalog. Since the

molecular mechanism of stalling is poorly understood, this is a plausible

explanation.

If on further measurement the increased processivity of the nanalog is

confirmed, this would be a very exciting result and will shed new light on the

mechanism of processivity. Currently, the only region of kinesin known to

influence processivity is the neck coiled-coil, which modulates processivity via an

electrostatic interaction with the microtubule [74]. If a change in the nucleotide is

shown to modulate processivity, there are three obvious mechanisms by which it

could do so: by decreasing the off-rate of kinesin from the kinesin-microtubule

binding, by increasing the rebinding rate of the unbound kinesin head, or

decreasing the second head unbinding rate. Determination of the exact

mechanism will likely require the measurement of individual kinetic rate
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constants of nanalog hydrolysis. As in myosin, determination of the structure of

the bound nanalog will likely be informative as well.

Next critical steps:

Repeat both the optical trapping experiment and the single molecule

fluorescence experiment. This will show whether there really is a

discrepancy between these two measurements. If there is a

discrepancy, hopefully this will shed some light on the source of it.

If the discrepancy is resolved and the NH2-NANTP is found to

increase kinesin processivity, then measuring the kinetics of second

head binding in the presence of NH3-NANTP will reveal if this in

contributing to enhanced processivity. Measuring the affinity of

kinesin monomers with bound NH2-NANTP for the microtubule will

show whether enhanced binding affinity is responsible for the

enhanced processivity.
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O O' O

Name X Y Z n

O-NPhale H H NO2 2
o-NPhOE" H H NO2 2
op-NPhapre NO2 H NO2 3
O-NPhAPrE H H NO2 3
m-NPh/AE

-

H NO2 H 2
p-NH2, o-NPhAE NH2 H NO2 2
op-NH2PhâB NH2 H NH2 2
p-NH2Phae NH2 H H 2
p-NPhaE NO2 H H 2
Phale H H H 2

Table I: Structures of ATP analogs studied. “o-NPhOE has the

bridging nitrogen replaced by an oxygen.
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Table II: Nanalog gliding velocities and NTPase activity

Compound Velocity
(pum/min)

ATP 20

O-NPhale very slow
O-NPhOE very slow
op-NPhaFrE None
O-NPhaprE very slow
m-NPhale very slow
p-NH2, o-NPhae 0.895
op-NH2Phae None
p-NH2PhaE None
p-NPhaE None
Phale None

NTPaSe
% of ATPase

100
70-90
70-90
50% WT
70-90%

2x WT; 14%?

Table II: Gliding velocities and NTPase activity of nanalogs. NTPase

activity is the value at saturating microtubule concentration. Data are from Sarah

Rice, Ed Pate, Nariman Naber, and in part from [126].
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Table III: Single molecule motility assays of NH2-NANTP and ATP

Compound N Run Length Association time Velocity
plm SCC pum/sec

NH2-NANTP 53 0.44 + 0.09 16 + 4 0.034 + 0.003
ATP 30 0.87 -- 0.23 2.6 + 1.5 0.26 + 0.04

Table III: Single molecule motility assays of NH3-NANTP and ATP.

Single molecule motility was measured as described as in materials and methods.

Run lengths and association times are not corrected for photobleaching.
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Figure 1: Representative optical trap traces from NH2-NANTP

powered motility (top) and ATP powered motility (bottom). NH2-NANTP

powered motility is much slower and has much longer pauses and stalls (note

particularly the long stall from 100-200 seconds).
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Figure 2: Force-velocity (A) and dissociation rate vs. load (B) plots for

NH2-NANTP powered motility (circles) and ATP powered motility (squares).

The peak velocity of NH3-NANTP powered motility is about 5-fold lower than

ATP powered motility, but the force dependence appears to be similar. The

reduction in velocity at low forces is an artifact due to changes in motor-bead

linkage compliance that have not been corrected for. The dissociation rate vs.

load is uniformly lower (by about 10-fold) for the NH2-NANTP powered motility

compared to the ATP powered motility, but again, the force dependence is

unchanged.
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Appendix E: Partially characterized mutants

In the hope of saving some future Vale lab member from duplicating

previous work, in this appendix I describe some mutants I made while in the Vale

lab that were never published. Where available, single molecule motility data (the

primary characterization tool for these mutants) are given in Table I.

Coiled-coil mutants:

Stable coil quadruplicate (STCQ): Contains an insert of four copies of the

stable coil into the previous construct which had replaced the neck coiled-coil

with a stable coil sequence [33]. The resulting construct has the sequence

(IEALKAE)7IEALKA inserted between residues 336 and 371 of K560GFP. This

construct, however, appears to aggregate badly. Even on SDS-PAGE gels, it runs

as many bands above 200 kDa.

Hinge 1 Delete (AH1): This construct deletes hinge 1 in K560GFP by

fusing L365 to E447. The result fuses the neck coiled-coil to the second coiled

coil while preserving register. It has been miniprepped and sequenced, but no

protein prep has been made.

K437GFP. This construct is wild type kinesin fused to GFP at residue 437

(at the end of hinge 1). The run length in the single molecule fluorescence

microscope is 0.57+0.08 pum (uncorrected), slightly shorter than K560GFP.

Velocity is wild type. It may initiate runs more frequently than wild type; the

event frequency is 15.1 events/um/nM/min.
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K370GFP. This construct is kinesin fused to GFP at residue 370 (at the

end of the neck coiled-coil). This construct is processive in the single molecule

fluorescence microscope, but it initiates runs much less frequently that wild type.

The event frequency is 2.8 events/um/nM/min.

Head-head interaction mutants:

R159E/K161E (Ktip): This mutant was designed to disrupt the inter-head

salt bridge between R159/K161 of one head and E220/E338 of the other. In the

single molecule assay its velocity is near wild-type (0.31 + 0.01 pum/sec); its run

length is shorter than wild-type: 0.34 + 0.04 pum. It appears, however, that this is

not due to disruption of the salt bridge, but because the mutation makes the head

more negatively charged, disrupting its interaction with the microtubule (see

below).

E220K/E338K(Etip): This mutant disrupts the other half of the salt bridge,

described above. Instead of decreasing run length, like the Ktip mutant, it

increases run length (2.3 + 0.6 pum). Velocity is wild type. The increased run

length suggests that disruption of the salt bridge is not important, but that the

increased positive charge functions similarly to the positively charged neck linker

mutants I have made [74].

R159E/K161E/E220K/E338K (KEtip): This mutant was designed to

recover wild type activity by restoring the salt bridge disrupted in the two mutants

above. However, since this salt bridge does not appear to be important, this

mutant has not been studied.
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E334K: This mutant also disrupted an inter-head contact. Run length is

1.65 + 0.24 p.m.); velocity is 0.393 + 0.009 pm/sec (both near wild-type). Thus

any changes in the mechanical properties are minimal.

A1-3: This mutant deletes the first three amino acids of K560GFP,

consequently mutating Leu 4 to Met. This first three amino acids contact the

adjacent head in the crystal structure. Both velocity and run length appear to be

identical to wild type in the single molecule fluorescence assay.
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Table I: Single molecule motility of kinesin mutants

Mutant N Run Length Velocity
(pum) (pum/sec)

K560GFP 246 1.1 + 0.1 0.389 + 0.005
A1-3 57 1.4 + 0.2 0.386 + 0.011
KTip 98 0.34 + 0.04 0.305 + 0.009
ETip 25 2.3 + 0.6 0.32 + 0.03
E334K 38 1.65 + 0.24 0.39 + 0.01
Y77A 38 1.2 + 0.2 0.440 + 0.015
K437GFP 0.57 it 0.08 0.336 + 0.009

Table I: Single molecule motility assays of kinesin mutants. Single

molecule motility was measured as described as in Chapter 2. Run lengths are not

corrected for photobleaching.
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