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Chemical and Structural Analysis
of Kinesin Motility

by

Laura Romberg

ABSTRACT

Kinesin is a cytoskeletal motor protein that transports vesicles along

microtubules. Since only a few kinesin molecules are responsible for moving

each vesicle, efficient transport depends on the motors remaining tightly

associated with the microtubule. Kinesin is therefore processive, meaning

that a single molecule can move across a microtubule for microns without

releasing.

Processivity requires that kinesin remain bound to the microtubule for

>99% of each ATP hydrolysis cycle. However, the motor must release in

order to find the next tubulin binding site. To determine the hydrolysis

intermediate during which release could occur, we probed the affinity of

kinesin for microtubules in the presence of ATP analogs and inhibitors that

prolonged those intermediates. In motility assays with ATPYS, single kinesin

molecules remained tightly associated with the microtubule, implying that

kinesin with unhydrolyzed nucleotide has a strong affinity for tubulin. In the

presence of high concentrations of ADP, microtubules dissociated readily

from single motors, suggesting that kinesin-ADP may be a weak binding

intermediate. These strong and weak intermediates are reversed in myosin,

implying that the coupling of hydrolysis to mechanical motion differs
between the two motors.
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To enable processivity, the two heads of kinesin dimers are thought to

coordinate to move hand-over-hand along the microtubule. We predicted

that a coiled-coil in the neck of the motor coordinates the heads by connecting

them with a rigid structure that unwinds during parts of the

mechanochemical cycle. Such unwinding would allow the heads to span the

8 nm distance between tubulin binding sites. To test these ideas, a series of
kinesin mutants with alterations in the neck coiled-coil were fused to GFP.

Processivity was assayed using a microscope capable of visualizing single GFP

molecules. Substituting a stable coiled-coil did not greatly alter the motor's

processivity, making it unlikely that extensive unwinding occurs during

motility. In addition, although deleting the coiled-coil from the neck

significantly reduced processivity, it did not abolish it. Surprisingly,

duplicating one turn of the coiled-coil increased processivity. These results

suggest that the neck coiled-coil influences processivity but is not essential to
it.
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INTRODUCTION



Motor proteins establish the physical organization of the cell by driving
the movement and localization of subcellular structures. Two types of
filaments form the tracks along which three families of motor proteins move:
actin supports myosin movement (Weiss and Leinwand, 1996), while

microtubules form the tracks for kinesin and dynein (Bloom and Endow,

1995; Gibbons, 1996; Porter, 1996). Each motor family in turn consists of up to
30 different proteins specialized for particular functions in the cell. By
comparing the mechanisms by which these different proteins move along
filaments, the properties that are essential to motor proteins can be

distinguished from those that can be tailored to serve a particular cellular

purpose.

Two of the most thoroughly studied motors are skeletal muscle

myosin (hereafter referred to as "myosin,") (Rayment, et al., 1996) and

conventional kinesin (Howard, 1996). These proteins have a similar

structural organization (Figure 1). Two catalytic domains or "heads" contain

the nucleotide and filament binding sites and are dimerized by a coiled-coil

stalk and linked to a tail domain that is responsible for localizing the motors
to either thick filaments or membranous vesicles (Goldstein, 1993;

Kuznetsov, et al., 1988; Mooseker and Cheney, 1995). The sequences of the

head domains are conserved (>30%) within the kinesin and myosin

superfamilies, but the tails and any associated light chains are divergent,

allowing a wide variety of translocation events to be independently

performed and regulated. Surprisingly, crystal structures of myosin

(Rayment, et al., 1993) and kinesin (Kull, et al., 1996; Sablin, et al., 1996) motor

domains have shown that although these proteins share almost no sequence

homology, they are structurally related, suggesting that they may share a

common ancestor, and potentially also a common mechanism of movement.



Coupling ATP hydrolysis to movement along the polymer

All motor proteins that travel unidirectionally along a polymer lattice

must possess a few basic properties. They must be able to bind reversibly to

sites along the length of the polymer, and in order to make any net progress,

they must bias their direction of movement between these sites. These two

tasks are accomplished using the energy from nucleotide hydrolysis. Motor

proteins must therefore couple a chemical cycle of ATP hydrolysis to a

mechanical cycle consisting of filament binding and movement. The

intermediates in nucleotide hydrolysis act as allosteric affectors, causing the

motor to alternate between states that have strong and weak polymer

affinities, and between conformations that alter the position of the motor

relative to the polymer. Because the nucleotide intermediates appear in a

fixed order during the hydrolysis cycle, conformational changes in the motor

also occur in a fixed sequence. The motor moves forward when it has bound

to the polymer and reverts to its original conformation only after it has

released, thereby producing directional movement.

The mechanochemical cycle of myosin is best understood (Hackney,

1996). In the absence of nucleotide, myosin binds strongly to actin. Binding of

ATP to this acto-myosin complex is highly favorable, and the energy from

nucleotide binding is used to release the motor from the filament.

Nucleotide hydrolysis occurs off the filament and without a large change in

the free energy of the system. As a result, the motor is now spring loaded.

Rebinding of the myosin to actin catalyzes Pirelease, which in the absence of
actin would be quite slow. Following Pi release, conformational changes in

the motor bind it tightly to the filament and produce the powerstroke that

*
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drives actin sliding. In the last step of the cycle, ADP is released, and the

motor remains attached to the filament ready to bind another ATP.

Initial experiments suggested that kinesin's chemomechanical cycle

was similar to that of myosin. Like myosin, kinesin binds tightly to its

filament in the absence of nucleotide, but releases upon addition of ATP

(Vale, et al., 1985). In addition, kinesin was found to hydrolyze ATP

extremely slowly in the absence of microtubules (Kuznetsov and Gelfand,

1986). The microtubules catalyze the release of ADP (Hackney, 1988; Hackney,

et al., 1989) in a manner analogous to the acceleration of Pi release by actin.

By having a step in the hydrolysis cycle accelerated by the presence of the

polymer, the motor does not waste ATP when it is not translocating. These

similarities between the two motors suggested that kinesin's

mechanochemistry might parallel that of myosin in many other details

(Hackney, 1992). However, even given the similarities described above, the

sources of energy from ATP hydrolysis (nucleotide binding and Pi release

following hydrolysis) could be coupled in many different ways to the energy

requiring mechanical steps (release of the motor from the polymer and
directional movement).

To understand kinesin's mechanical cycle better, I examined how

microtubule binding affinities change throughout the hydrolysis cycle

(Romberg and Vale, 1993, details in chapter 1). Particular intermediates in the

hydrolysis cycle were extended by the addition of nucleotides or nucleotide

analogs which mimicked those intermediates. The affinity of kinesin for the
microtubule was assayed by observing microtubules being transported by

single kinesin molecules across a microscope slide surface and measuring the
time the motor remained bound to the microtubule under each nucleotide

condition. The results indicated that unlike myosin, kinesin remains



attached to the polymer immediately following ATP binding and releases
when ADP is in the active site.

More recent studies have furthered our understanding of kinesin's

properties during each intermediate of the ATPase cycle. Both kinetic and

equilibrium binding experiments have confirmed that kinesin does not

detach from the microtubule due to ATP binding. Instead, kinesin has a weak

affinity for the microtubule when it is bound to ADP (Crevel, et al., 1996; Ma

and Taylor, 1995). Although the timing of force production in the ATPase

cycle has not yet been determined, like for myosin, it probably occurs
sometime after nucleotide hydrolysis (Higuchi, et al., 1997). These results
have confirmed that both similarities and differences exist between kinesin

and myosin in their coupling of ATP hydrolysis to the mechanics of motility.

Processivity and the kinesin motor

Adaptations of myosin and kinesin to their cellular environment

Different motor proteins are tailored to work in different

environments. For example, there is a dramatic variation in the number of

motor molecules involved in moving a cellular structure. This value may

differ by as much as 5 orders of magnitude between muscle fibers contracting

due to myosin and vesicles transported by kinesin (Ashkin, et al., 1990; Cooke,

1997; Miller and Lasek, 1985). Many of the properties of these two motors can

be attributed to the conditions under which they must work.

Myosin is arrayed in an almost crystalline structure with thousands of

motors contributing to the sliding of each actin filament. During muscle

contraction, after finishing a powerstroke each myosin rapidly releases from

the actin in order not to produce a drag on the filament that would inhibit the



action of other motors. Thus myosin has what is termed a "low duty ratio,"

meaning that the motor spends a low percentage of each ATP hydrolysis cycle

bound to the polymer (Cooke, et al., 1982, Uyeda, et al., 1990). This low duty

ratio is possible because when an individual myosin releases from the actin,

the other proteins in the sarcomere hold the structure together. The low duty

ratio becomes less advantageous during isometric tension, however, when

filaments are no longer rapidly sliding but instead are trying to maintain their

position against a force. Motors that cannot complete their powerstroke need
to remain bound to the actin in order to contribute to the tension in the

muscle. Myosin's duty ratio therefore changes, so that the motor remains in

the strong actin-binding ADP state for longer periods of time. This results in

less ATP being hydrolyzed, a phenomenon known as the Fenn effect

(Bagshaw, 1993).

In contrast to myosin, only a small number of kinesin motors work

together at the surface of each vesicle (Ashkin, et al., 1990; Miller and Lasek,

1985). In order for a vesicle to be efficiently transported across long distances,

each motor needs to remain tightly associated with the microtubule. To this

end, a single molecule of kinesin can move for microns across a microtubule

without releasing (Block, et al., 1990; Howard, et al., 1989). So far kinesin is

the only cytoskeletal motor for which such a property has definitively been
shown.

Models for processivi

The ability of a protein to move for long distances along a polymer,

undergoing many rounds of nucleotide hydrolysis without releasing and

diffusing away, is termed "processivity". The term was first defined for DNA

polymerase, an enzyme that is able to polymerize 1,000's of base pairs of DNA

º
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after a single diffusional encounter with a template. This enzyme's

processivity is due to a donut shaped subunit that acts as a sliding clamp to

sterically block release from the DNA (Wyman and Botchan, 1995). However,

no donut shaped subunits exist to explain processivity in kinesin.

A motor could be processive if, in contrast to myosin, it had a high

duty ratio and released from the microtubule only briefly during its ATP

hydrolysis cycle. There would then be little opportunity for it to diffuse away

from the filament. However, since the kinesin motor core is only 7 nm

across (Kull, et al., 1996), it is unlikely that a single motor domain could move

the full 8 nm step between tubulin dimers (Svoboda, et al., 1993) without

spending a significant time released from the polymer.

Alternatively, the motor could weakly interact with the microtubule in

a way that would allow it to slide continuously along the length of the

filament (Vale and Oosawa, 1990; Vale, et al., 1989). Thus, weak ionic bonds

could substitute for the sliding clamp seen in DNA polymerase. Under

certain circumstances, kinesin does diffuse longitudinally along

microtubules, albeit only when the motor has been damaged by truncation or

freeze-thawing (Stewart, et al., 1993; Pierce and Romberg, unpublished

observations).

Kinesin's processivity could also be explained by a mechanism which

combines aspects of the two models described above. Each tubulin dimer

might possess multiple kinesin binding sites. If the motor remained bound

to one site while it released from another, the chance of diffusing away would

be minimized. RNA polymerase has been proposed to possess two

independent DNA binding sites and to move processively along templates

via just such a mechanism (Chamberlin, 1995). Indeed, recent reports have

shown that the C-terminus of 3 tubulin contains a secondary kinesin binding

fº
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site. This region is not essential for single motor motility, but it increases

both kinesin's affinity for the microtubule and the motor's processivity

(Tucker and Goldstein, 1997, Sheetz, personal communication).

In all the above models, processivity arises from properties within an

individual kinesin head, although dimerization of the motor would further
increase the chance that the kinesin remained bound to the microtubule.

However, the dimeric structure of the kinesin motor suggests a mechanism

of processivity in which possessing two heads is essential. If the binding of
the two heads to the microtubule alternated in a coordinated manner, the

motor could move hand-over-hand along the microtubule. The Rep protein

is a dimeric helicase that is thought to move along DNA in just this manner

(Lohman and Bjornson, 1996).

In order to determine whether kinesin's processivity depends on its

having two motor domains, I attempted to construct and purify a

heterodimeric kinesin that possessed only one motor head attached to a fully

dimeric neck and stalk (details in Chapter 2). The presence of the dimeric

stalk was intended to preserve the native characteristics of the motor and to

allow it to be attached to surfaces during motility assays. However, two

headed homodimers are formed as a side product during protein expression,

and separation of these side products proved to be difficult. During the course

of the purification attempts, techniques for observing the motility of

truncated motors advanced, so that experiments could be performed on
monomeric motors in the absence of the dimeric stalk. These monomeric

kinesins were never observed to move as single molecules (Berliner, et al.,

1995; Vale, et al., 1996). More recently, the heterodimer described above was

successfully purified by (Hancock and Howard, 1996) and their results

*
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confirmed that even when the normal neck and stalk structures are present, a

single motor domain is not sufficient for processivity.

Mechanisms of head coordination

Coordination of kinesin's motor domains has formed the basis for two

opposing models for processivity. The main difference between the models is

in their predictions about the amount of time the motor spends with one
versus two heads bound to the microtubule. In the first model, steric

constraints prevent the two heads from binding simultaneously to the

microtubule during much of the hydrolysis cycle. Thus, binding of one head

prevents the binding of the other, and once the second head has contacted the

microtubule, the first is pulled off. The cycles of the two heads remain

asynchronous, resulting in processive movement (Hackney, 1994; Jiang and

Hackney, 1997; Ma and Taylor, 1997). The second model proposes that the two

heads can bind simultaneously to the microtubule, but cannot release

simultaneously. Once a head has released from the microtubule, it rapidly

finds a new binding site before the second head has a chance to let go (Gilbert,
et al., 1995).

For kinesin to remain tightly associated with the microtubule, it seems

more logical for the motor domains to bind to tubulin readily, rather than to

prevent each other from binding. However, much evidence has accumulated

to suggest that only one head of kinesin interacts with the microtubule at a
time. Kinetic measurements have indicated that the microtubule cannot

catalyze the release of ADP from both heads of the dimer simultaneously

(Hackney, 1994). Cryo-electron microscope images (EM images) have

supported this by showing one head of kinesin bound to the microtubule

while the other is oriented perpendicular to the polymer axis (Arnal, et al.,
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1996; Hirose, et al., 1996). In addition, monomeric kinesin remains bound to

the microtubule through several rounds of ATP hydrolysis, suggesting that

normally the presence of the second head helps to release the first from the

microtubule (Jiang and Hackney, 1997).

Nonetheless, asynchrony of motor domain binding seems insufficient

to allow kinesin to be processive. In addition, an intermediate with both

heads bound to the microtubule would need to exist at least transiently. This

need is particularly evident from experiments in which kinesin remains

processive despite forces pulling the motor away from the microtubule

(Coppin, et al., 1995; Svoboda, et al., 1993). Under these conditions, if both

heads were released from the microtubule for more than 1 pus, the motor

would be pulled away from the polymer (Howard, 1996). However, based on

the relative positioning of the two heads in the crystal structure of the dimer

(Mandelkow, submitted), kinesin does not appear be able to span the 8 nm

between neighboring tubulin dimers. To allow simultaneous binding of the

two heads, the connection between them needs to change.

At least two possibilities exist for how a change in the relative

positioning of the two heads could allow for processivity. First, the structure

of the connecting sequences might melt, becoming longer and more flexible.

As a result, the previously constrained motor domain would become free to

undergo a diffusional search for the next tubulin binding site. Alternatively,

the connection between the heads could remain rigid, but the structure of the

heads and neck could change and act like a lever arm to swing the second

head closer to its tubulin binding site (Figure 2).

Experiments with truncated motors have mapped the region that
connects the heads to the -40 amino acid "neck" domain that is C-terminal to

the motor core (Correia, et al., 1995; Huang, et al., 1994). The essential core of

*
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the protein consists of the first -340 residues of kinesin and forms a

monomeric, non-processive motor. However, the addition of the neck to this

core is sufficient to dimerize the protein and enable processivity (Berliner, et
al., 1995; Vale, et al., 1996). Initially, it was not clear what structure the neck

formed. The presence of heptad repeats indicated that it had the potential to
form a coiled-coil, consistent with its ability to dimerize the motor. However,

it appeared that many amino acids in the neck would destabilize a coiled-coil

structure (Huang, et al., 1994; Tripet, et al., 1997; Young, et al., 1995). The

conservation of these destabilizing amino acids led to a model in which part

of the neck forms a coiled-coil that melts transiently during the

chemomechanical cycle in order to allow both heads to simultaneously bind
to the microtubule.

Alterations were made in the neck heptad repeats to test how stability

and flexibility in this region affect processivity (details in chapter 3).

Mutations were chosen that might be informative regardless of what the

actual structure of the neck or mechanism of processivity might be. Within

the context of a kinesin dimerized by the presence of ~130 stalk residues, the

heptad repeats in the neck were either deleted, stabilized, extended, or

disrupted with a flexible linker.

The results were surprising in almost every instance. It was expected

that the neck formed a specific connection between the heads that was

essential to processivity; instead, the coiled-coil in the neck could be deleted

and the motor remained somewhat processive. In addition, stabilizing the

neck to inhibit melting did not prevent processive movement. However,

changing the flexibility or sequence of the coiled-coil did decrease the number

of steps kinesin could take, indicating that the region has an influence on

single motor motility. Unexpectedly, duplicating seven amino acids in the
& A
-
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coiled-coil actually increased the length of the motor's runs, suggesting that

kinesin in nature has not evolved to possess optimal processivity. Inside a

cell, if the dense packing of filaments and organelles in the cytoplasm blocked

the path of a moving vesicle, it might need to release from the microtubule

in order to continue on its way (Howard, 1996). Perhaps then the motor has

evolved to balance processive movement with the ability to release from the

microtubule when necessary.

sº
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Figure 1: Motor Structures

a) Conventional kinesin: i) Globular catalytic domain. This region

contains the ATP and microtubule binding sequences. ii) Neck 1. A 3-strand

that lies parallel to the central B-sheet of the catalytic domain. It is conserved

in N-terminal kinesins. iii) Neck 2. A -35 a.a. coiled-coil is present in N

terminal kinesins and is highly conserved in conventional kinesin. iv)

Hinge 1. v) Stalk 1. A non-conserved coiled-coil region. vi) Hinge 2. vii)

Stalk 2. A non-conserved coiled-coil region. viii) Tail. This region binds light

chains and the kinesin cargo.

b) Myosin: i) Globular catalytic domain. This region contains the ATP

and actin binding sequences. ii) Neck. An -80 amino acid O-helix bound by

two light chains. This region is thought to act as a lever arm during motility.

iii) Stalk and iv) Tail. Long coiled-coil regions dimerize the motor and enable

assembly into thick filaments.

C
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Figure 2: Models for movement of dimeric kinesin
In order for kinesin to bind to the microtubule with both heads

simultaneously, the structure connecting the two heads must change. After

the second head binds, reformation of the original structure pulls the first

head off the microtubule. Two models for this process are possible: a) The

connection between the heads extends and becomes more flexible, releasing

the second head on a tether that allows it to undergo a diffusional search for

the next tubulin binding site. b) The motor undergoes a conformational

change, swinging the second head of the dimer closer to its binding site.
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CHAPTER 1

Chemomechanical Cycle of Kinesin
Differs from that of Myosin
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Chemomechanical cycle of kinesin
differs from that of myosin
Laura Romberg” & Ronald D. Valett

Department of *Biochemistry and t Pharmacology, University of
California, San Francisco, California 94143. USA

MOTOR proteins move unidirectionally along cytoskeletal poly
mers by coupling translocation to cycles of ATP hydrolysis. The
energy from ATP is required both to generate force and to dissoci
ate the motor-filament complex in order to begin a new
chemomechanical cycle”. For myosin, force production is associ
ated with phosphate release following ATP hydrolysis, whereas
dissociation of actomyosin is tightly coupled to the binding of
ATP. Dynein, a microtubule motor, uses a similar cycle",
suggesting that all cytoskeletal motors might operate by a common
mechanism. Here we investigate kinesin's chemomechanical cycle
by assaying microtubule movement by single kinesin molecules
when intermediate states in the hydrolysis cycle are prolonged with
ATP analogues or inhibitors. In contrast to myosin and dynein,
kinesin with bound ADP dissociates from microtubules during
translocation, whereas kinesin with unhydrolysed nucleotide
remains tightly associated with the polymer. These findings imply
that kinesin converts ATP energy into mechanical work by a
pathway distinct from that of myosin or dynein.

Single kinesin molecules attached to a microscope slide can
translocate microtubles for several microns at velocities identical
to those produced by multiple motors”. As diffusion would
separate a detached microtubule from the two-headed kinesin
molecule within a millisecond, kinesin must remain bound to
the microtubule for most of the ATPase cycle (~50 ms in total’).
: To whom correspondence should be addressed

But each head must dissociate briefly when moving to a new
tubulin binding site. To determine when this occurs in the
hydrolysis cycle, ATP analogues and inhibitors were used to
prolong different chemical intermediates (no nucleotide, ATP,
ADP plus hydrolysed P. (ADP-P) and ADP). Agents that pro
long kinesin intermediates that are weakly bound should cause
microtubules to dissociate more frequently from single kinesin
molecules. Those that extend a strongly bound intermediate
should allow single motors to move microtubules for many
microns, albeit at slower rates. In addition, prolonging a strong
binding state should increase the drag kinesin imposes on micro
tubules, thus causing transport by multiple motors to be slower
than that produced by a single motor".

To assay single motor motility, kinesin was adsorbed onto a
surface at a low density'. Microtubules that pivoted about single
attachment points and travelled distances shorter than their

68.
| 4.
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" Distance travelled

(% of microtubule length)

FKG. 1 Microtubule motility on surfaces sparsely coated with kinesin: criteria
for establishing movement by single motors. This histogram shows how far
microtubules travel before dissociating (expressed as a percentage of their
length). Translocation events are subdivided according to whether micro
tubules moved in a straight line (open bars) or pivoted about one (solid
bars) or two successive (shaded bars) points of attachment to the surface.
Microtubules that moved further than their length always had a second pivot
point, suggesting an interaction with a second kinesin motor. Only those
microtubules with a single point of attachment and which did not move
beyond their length were considered to have interacted with a single kinesin
Video observations indicate that the ends of microtubules in solution
frequently contact the surface; thus initial attachment to motors may not
occur at random along the length of a microtubule.
METHODS. Kinesin was purified from squid lobes by microtubule affinity”
followed by sucrose gradient sedimentation (5–20% sucrose prepared in
80 mM PIPES. 1 mM MgCl2, 1 mM EGTA, spun at 200,000g for 12h). Motility
assays were performed as in ref. 5 with the following modifications. The
surface of a microscope perfusion chamber was precoated for 2 min with
casein (5 mg ml" in 10 mM Tris. pH 7.7, 150 mM NaCl) instead of cyto
chrome cytubulin. A solution of 80 mM PIPES. pH 6.8, 1 mM EGTA. 5 mM
MgCl2 was used for all subsequent dilutions and for assaying motility.
Kinesin was introduced into the microscope chamber at a concentration of
4 ug ml" for the multiple motor assay, and 50 ng ml" for the single motor
assay, yielding surface densities of 560 and 7 molecules per um” respec
tively”. By applying Poisson statistics to the probability that a microtubule
finds a second motor during translocation (moving 4 um on average), we
calculated that there was an average of one motor per 18 um along the
microtubule path in the single motor assay. Therefore in multiple motor
assays about 20 motors were estimated to be attached to each 5 um long
microtubule. Before introduction into the microscope chamber, microtubules
stabilized with 10 um taxol (15 ugml" in the multiple motor assay and
90 ugml" in the single motor assay) were sheared with a 27-gauge needle
(average length of 4-7 um in different experiments). Microtubule motility
was observed using dark-field optics. Velocities and distances translocated
by single motors were determined by measuring the distance from the ends
of microtubules (at the start and end of a translocation event) to the node
about which they pivoted. All translocation events occurring within a
1200 um” field of view were measured.

sº
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TABLE 1 Microtubule interaction times and velocities with different nucleotides

Dissociation from single motors
Velocity (um s”)t

Number of Seconds (plm) Seconds bound um travelled
Nucleotide releases” bound to MTs per release per release One motor Multiple motors Ratio

1 mM ATP 17 186 (152) 11 9 0.82+0.03 0.75+0.01 1.1
2 um ATP 29 4.297 (93) 148 3 0.022+0.001 0.011 +0.001 2
250 um ATP-ySt 25 4,149 (67) 166 3 0.016+ 0.001 0.012+0.0003 1.4
1 mM ATP/150 am ADP 39 212 (153) 5 4 0.72+ 0.02 O.67 + 0.01 1.1
1 mM ATP/250 am ADP

-
O (O)S

- - - O.55+ 0.01 -

Nucleotides were purchased from Boehringer Mannheim. ATP-yS was further purified by chromatography on a Mono-Q column (Pharmacia) with a linear
0–0.6 M triethylamine gradient. The final product was analysed by 0.3M ammonium bicarbonate isocratic elution. It contained 0.5% ATP and 1% ADP, the
latter increased to 5% over a period of one month. The ATP-yS. used shortly after preparation, was assayed with AP5A (P"Pº-di■ adenosine-5'-)pentaphosphate:
100 am) to inhibit any dinucleotide kinase that may have been present. An ATP-regenerating system (0.1 mg ml" creatine kinase and 1 mM phosphocreatine)
was included in the assay with 2 um ATP.

* A translocating microtubule is considered to dissociate from a single motor if it is released into solution before its trailing end reaches the pivot point
where the kinesin molecule is presumably located. For each condition, data were taken from multiple microtubules on at least three slides.

* The translocation velocities produced by one and multiple motors are expressed separately and as a ratio. Microtubules in multiple motor assays are
estimated to be bound by ~20 kinesins (see Fig. 1). The means and standard errors from at least 60 velocity measurements are shown. It was difficult
to determine whether ADP altered the velocity ratio because 150 um ADP decreased microtubule velocity only slightly (~15%), whereas higher concentrations
did not permit translocation by single motors.

# Two findings indicate that ATP-yS. and not a low level of contamination with ATP (0.5%), was responsible for the movement in these assays. First, the
Km for motility produced with ATP-yS was 8 um (data not shown). At this concentration of total nucleotide, there is only 40 nM ATP, which by itself does
not produce motility at detectable rates in these assays. Second, addition of 5 ■■ M ATP (which on its own translocates microtubules at 0.025 am s”) to
a solution of 250 um ATP-yS did not change the velocity significantly,

§ In the single motor assay, translocation events lasting less than 0.5 p.m or 0.5s could not be distinguished from nonspecific adhesion to the surface
or collisions with the surface caused by diffusion.

length before dissociating were assumed to be transported by
individual motors (Fig. 1). Occasionally a microtubule dissoci
ated from the motor before its trailing end reached the pivot
point. By dividing the number of these events by the total
translocation time for all microtubules, an average interaction
time was determined.

The time spent by kinesin in its nucleotide-free state was
prolonged by decreasing the ATP concentration to 5-fold below
the Km for ATPase activity (10 u M; refs 7, 9). Under such
conditions, microtubules moved by single kinesins dissociated

13-fold less frequently (once per 148 s; Table 1) than with 1 mM
ATP (once per 11 s). The distance travelled per release was less
than at high ATP concentrations, implying that dissociation
occurs, albeit infrequently, during the nucleotide-free state. As
seen previously’, single motors translocated microtubules at
twice the velocity of multiple motors in a high-density assay,
indicating that nucleotide-free kinesin binds strongly to micro
tubules and imposes a drag on movement.

ATP-yS is an analogue whose rate of hydrolysis, and possibly
product release, is slow compared with that of ATP*. In the
presence of 250 iM ATP-yS, single motors translocated micro

s tubules slowly (0.012 am st") and remained bound for a time
Cl (166 s) comparable to that observed with 2 p.m ATP. The veloc

- ity ratio (single/multiple motors) of 1.4, which is between that
of 2 um ATP and 1 mM ATP (P<0.001), suggests that ATP-yS
prolongs a tightly bound microtubule state.

- Two phosphate analogues, aluminium fluoride (250 plM) and
vanadate (50 um), were added to 1 mM ATP to prolong an

- intermediate similar to kinesin-ADP-P. In single and multiple
motor assays with these analogues, some microtubules stopped

-
translocating but remained bound, while others continued to

2 - - move at close to full speed. Similar results have been found
- previously with vanadate in high-density assays”. Immobile

microtubules in the presence of aluminium fluoride rarely
resumed movement. In the presence of vanadate, however,
paused microtubules often resumed translocation (Fig. 2), per
haps because of an occasional dissociation of the inhibitor.

tºr Thus, both phosphate analogues cause strong binding of kinesin
b .. to microtubules. In contrast to the findings with 2 u M ATP and

250 p.m ATP-yS, this strong binding state can resist the actions
- of other motors generating force on the same microtubule.

To extend a kinesin-ADP state, Mg-ADP was added as a
6. ... . . . competitive inhibitor to 1 mM ATP. The addition of 150 um

6. -

|
- FKG. 2 Vanadate (50 un■ ) causes intermittent disruptions in microtubule

4. - transport in the presence of 1 mM ATP. The displacement of representative
- microtubules as a function of time at single (a) and multiple (b) motor

º densities is shown. The average velocities are 0.63 and 0.58 am sº during
- - translocation for a and b respectively. Paused microtubules resume translo

s cation less frequently when either the motor density or the vanadate
0 & concentration is raised. But restarting occurred in almost all cases in the

single motor assay with 50 um vanadate. Microtubule ends (+0.2 am error)
Time (s) were tracked using a custom computer program.
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FIG 3 Models for the filament binding Interactions of kinesin (K) and myosin
(M) during the ATP hydrolysis cycle. Possibilities of multiple nucleotide states
or mechanical influence are not included in this Scheme.

ADP caused microtubules to dissociate from single kinesins
twice as frequently; no binding was detected with 250 p.m. ADP
(Table 1). Similar concentrations of ADP in the absence of ATP
also dissociated microtubules from kinesin (data not shown).
These results suggest that ADP weakens the binding between
kinesin and microtubules. The sudden suppression of transloca
tion with increasing ADP may reflect the need for both kinesin
heads to detach simultaneously in order for a microtubule to
dissociate. Consistent with this idea, higher concentrations of
ADP (5–20 mM) were required to dissociate microtubules in
the multiple motor assay.

These results suggest the following sequence of interactions
between kinesin and microtubules during the ATP hydrolysis
cycle (Fig. 3). In the nucleotide-free state, kinesin is strongly
bound to microtubules. After nucleotide binding, the motor
remains tightly associated with the polymer, yet some conforma
tional change must occur that diminishes its ability to resist
microtubule translocation in a multiple motor assay. Kinesin
ADP-Pi is still strongly bound to the microtubule, but after
phosphate release, the interaction becomes weak, potentially
allowing the motor to dissociate and find a new binding site.
This model of the kinesin cycle requires the assumption that
the analogues and inhibitors used here prolong the predicted
states and that these states mimic normal intermediates in hydro
lysis. Transient-state kinetic measurements” of kinesin dis
sociation during the normal ATPase cycle will be needed to
confirm this model.

In a motor protein's chemomechanical cycle, energy is
required to dissociate the strongly bound motor-polymer com
plex and to produce force. Our results suggest that the utilization
of ATP energy by kinesin is different from that of other cytoske
letal motors. Upon binding ATP, myosin” and dynein'”
rapidly dissociate from their filaments. Although the binding
of ATP to kinesin is associated with a free energy change" of
similar magnitude to that of other motors”, our results indi
cate that kinesin does not dissociate from microtubules early in
its hydrolysis cycle. How then does kinesin use the binding
energy of ATP2 One possibility is that the energy may be stored
in the protein for use later in the cycle, as occurs for other
proteins such as bacteriorhodopsin”. Alternatively, the binding
of ATP may be directly coupled to mechanical work. This issue
can be resolved by determining when force production occurs
in the hydrolysis cycle. D
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Single molecules of kinesin are processive, moving along

microtubules for microns without releasing. Models for processivity have

been proposed in which the two heads of the dimer coordinate to move

hand-over-hand along the microtubule (Block, et al., 1990; Gilbert, et al., 1995;

Hackney, 1994; Howard, et al., 1989; Schnapp, et al., 1990). However, other

mechanisms could produce single motor motility. If the motor released only

briefly (<1 ms) while stepping to a new tubulin binding site (Block, et al., 1990;

Howard, 1996; Leibler and Huse, 1993; Spudich, 1990), or if more than one

binding site existed per tubulin dimer (Tucker and Goldstein, 1997), kinesin

might be able to move along the microtubule without diffusing away.

Processivity would then be enhanced by dimerization, but would be based on

the properties of an individual kinesin head.

In order to distinguish a processivity mechanism based on the
characteristics of the individual motor domain from one in which the two

heads need to cooperate with each other, I decided to examine whether a

monomeric motor domain could move as a single molecule. However,

forming a monomer by simply deleting kinesin's dimerization regions can

alter the protein's ATP hydrolysis and motility properties (Huang and

Hackney, 1993; Jiang, et al., 1997; Stewart, et al., 1993). In addition, the

presence of the dimeric stalk is necessary to adhere the motor to the

microscope slide surface during microtubule gliding assays (which were the

only single motor assay available in the lab at the time). Furthermore, it was

unknown whether sequences C-terminal to the heads contributed structural

characteristics to the motor that were important for single molecule motility.

To eliminate these concerns, I decided to generate a kinesin molecule that

possessed a dimeric stalk domain with only a single motor head.
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A molecular biological approach to creating such a protein was

adopted. Two polypeptides were simultaneously co-expressed, one

containing a complete motor domain and one that had been truncated to

eliminate the N-terminal motor head (Figure 1). The C-terminus of both

polypeptides included ~130 a.a. of coiled-coil stalk sequence (up to a.a. 560),

allowing the proteins to dimerize. In preliminary constructs, residue 385 was

chosen for the start site of the truncated protein because conservation in the

motor domain of conventional kinesin extends until this point. Co

expression of the two polypeptides was expected to result in a mixture of

single-headed heterodimers with homodimers possessing either two or zero

heads. As controls, wild type proteins possessing two heads (a.a. 1-560), or

stalk dimers with no heads (a.a. 385-560), were expressed separately.

The two polypeptides needed to be expressed in equivalent amounts in

order to form the highest proportion of heterodimer. To achieve this, two

open reading frames (ORFs) were introduced into a single bicistronic RNA

(Figure 1). The inclusion of a Shine-Dalgarno sequence between the ORFs
allowed the ribosome to remain bound to the RNA between translation of

the two proteins (Guzman, et al., 1992; Schoner, et al., 1986). However, this

initial bicistronic plasmid was found to express polypeptide from the first

ORF at much higher levels than that from the second. Two factors might
have contributed to this. Both the number of bases between the Shine

Dalgarno sequence and the 5' end of the second ORF, and the secondary

structure of this 5' region can alter the expression level of the second

polypeptide. Altering the number of bases after the Shine-Dalgarno sequence

did not change the expression levels of the polypeptides. However, when the

start site for the second, headless polypeptide was moved (from a.a. 385 to a.a.

350), the new plasmid was found to express from both ORFs equally. In
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addition, this new construct included a greater portion of the kinesin neck,

which was a region that had recently been shown to contribute to

dimerization (Correia, et al., 1995; Huang, et al., 1994). Corresponding

plasmids for the control stalk homodimer (a.a. 350–560) were also recloned.

In order to purify the desired single-headed heterodimer away from

wild type homodimers with two heads, an epitope tag was fused to the C

terminus of the headless polypeptide. Two tags (Glu-Glu; EEYMPME, Bourne

lab; and strep tag: SAWRHPQFGG, Biometra) were tested before one was

found (Flag tag, Kodak) that was detectable by western blot when fused to the

C-terminus of the protein. The motors were then purified either on a Flag

antibody column followed by a mono-Q column (for the bicistronic or stalk

construct), or on a phosphocellulose column followed by a mono-Q column

(for kš60). Both the kS60 and the stalk homodimers bound to mono-Q resin

and eluted at ~0.29 and 0.25 salt respectively, so this column provided

purification away from bacterial proteins, but only minimal separation of

different kinesin products.

A preliminary protein preparation from the bicistronic construct was

found to contain polypeptides corresponding to both ORFs. In the desired

heterodimer, the untagged polypeptide would be expected to bind to the Flag

column because it is dimerized with the tagged polypeptide. To test this

protein for processivity, the kinesin was diluted to various concentrations

and observed in microtubule gliding assays. The gliding velocity, dilutability,

and MT pivoting behavior observed were all indistinguishable from those of

wild type kj60.

Single molecule assays are extremely sensitive to contamination with

small amounts of wild type protein. It was therefore important to determine

whether the untagged two-headed motor was being efficiently purified away
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by the Flag column. A control, untagged kS60 construct was incubated with

Flag antibody resin, and surprisingly, the protein was found both to bind to

the resin and to elute when the Flag peptide was applied. This result might

be explained by the high charge of the Flag epitope, since kinesin is known to

adhere to ionic surfaces. Washing the column with 0.5 M NaCl substantially

reduced nonspecific binding, but untagged kinesin still bound and eluted

with yields that were as much as 10% those of the tagged protein.

Serendipitously, it was discovered that histidine-tagged k560 did not

detectably bind to and elute from Flag columns. Therefore, a second

bicistronic construct was made in which a histidine tag was fused to the C

terminus of the full length kä60 polypeptide.

The his-tagged bicistronic protein was purified over Ni2+ and mono-Q
columns and again tested for motility and processivity. During gliding assays

on surfaces densely coated with this protein, many microtubules moved

slowly or not at all, while a few moved at wild type speeds. As the motor was

diluted, moving microtubules often wobbled or diffused away from the
surface. At the lowest kinesin dilutions, most of the microtubules at the

surface moved rapidly and pivoted around their attachment points,

indicating processive motility. The above results are suggestive of a mixed

population of motor in which slower-moving single headed proteins do not

bind well to microtubules, but contaminating two-headed motor moves the

polymer rapidly and processively.

In order to determine whether the histidine-tagged heterodimer was

still contaminated with wild type kb60, it was necessary to analyze the protein

for the presence of zero-, one- or two-headed species, despite the similar

chemical and structural properties of these proteins. Results from three
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techniques which separate proteins on the basis of structure are described
below.

When control homodimeric proteins (k560 and stalk) were spun over

5-20% sucrose gradients, the two proteins separated into neighboring

fractions, with the full length band running faster than BSA and the stalk

running more slowly. A single-headed heterodimer would be expected to

show an intermediate mobility, with both polypeptides co-migrating on the

gradient. Instead, when the bicistronic preparation was examined, the two

bands overlapped but did not coincide. The full length band again appeared

in the fractions just below BSA, while the stalk band now co-migrated with

BSA. Further experiments ruled out chain exchange during the course of the

experiments. Therefore, the initial bicistronic preparation must have

contained a mixed population of proteins. Although the results could not

provide a definitive description of the protein population, it was clear that a

homogenous population of one-headed kinesin had not been obtained.

Velocity analytical ultracentrifugation also indicated the presence of a

mixed protein population (Figure 2). Experiments with controls gave discrete

S values of 2.5 + 0.3 and 4.2 + 0.3 (mean + standard deviation of 2-3 runs) for

the stalk and k560 homodimers respectively. However, the bicistronic

protein seemed to be a mixture of proteins with S-values between 2.3-3.8

(reproduced in 2 runs). Although these experiments again did not define the

exact composition of the mixture, they ruled out the possibility of a uniform

population with an S-value appropriate for a one-headed kinesin.

Finally, rotary shadowing electron microscopy images of the protein

were obtained by Ania Kashina at U.C. Davis. These images showed that at

least two types of proteins were present in the preparations, confirming the

results from the above two techniques. One protein was elongated with a
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small globular domain at the end, while the other consisted of just the

elongated portion of the protein. It was unclear whether a single head would

be large enough to produce a visible globular domain, and so an identity

could not be assigned to the specific proteins visualized. However, these

results demonstrated that more than one species was present in significant

quantities in the bicistronic preparation.

Taken together, the above experiments indicated that I had not

achieved the goal of purifying a single headed kinesin, and that further

attempts to do so might not be trivial. Therefore, the project was

discontinued in favor of one studying processivity in ways that would not

require the separation of kinesin species, and that would in the end be able to
yield more detailed information about the relation between kinesin structure

and processivity.

>
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Figure 1: The Bicistronic Construct

The coding region for two polypeptides, one containing the kinesin

motor domain plus half of the stalk (a.a. 1-560), and one containing just the

stalk (either a.a. 385-560 or a.a. 350-560) were cloned into a single bicistronic

RNA. Between the open reading frames is a Shine-Dalgarno sequence. In

this version of the construct, there is a 3 base pair linker before the second

open reading frame, and there is a histidine tag (HHHHHH) and a Flag tag

(EEEEYMPME) at the 3' end of the first and second open reading frames

respectively. Other versions contained 6 or 9 base pair linkers, or omitted the

histidine tag.
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Figure 2: Hydrodynamic analysis of kinesin with zero, one, or two heads

S-values were determined for kinesin using a van Holde-Weischet

velocity sedimentation analysis (van Holde and Weischet, 1978). a-b) Zero

headed stalk homodimers (a.a. 350-560 plus a Flag tag) sedimented with an S

value of 2.5. c-d) Two-headed K560 homodimers (a.a. 1-560) sedimented with

an S-value of 4.2. e-f) Kinesin expressed from the bicistronic construct did not

sediment with a uniform S-value (ranging from 2.3-3.8 S), indicating that it

was not a homogenous population of single-headed heterodimers. Methods:

Kinesin (~0.2-0.5 mg/ml in 25 mM Pipes 6.8, 0.2 M NaCl, 1 mM EGTA, 1 mM

MgCl2) was spun for 3 hours at 35,000 RPM in a Beckman Optima XL-A

Analytical Ultracentrifuge. Scans of the OD223 were taken across the length

of the cell at 10 minute intervals. The van Holde-Weischet points were

plotted (a, c, and e), indicating the apparent S-value of ten fractions of the

sedimenting boundary at each time point during the spin. The calculated S

value was determined by extrapolating the data from each boundary fraction

to infinite time (b, d, and f).
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CHAPTER 3

Role of the Kinesin Neck Region
in Processive Microtubule-Based Motility
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Abstract

Kinesin is a dimeric motor protein that can move along a microtubule

for several microns without releasing (termed processive movement). The

two motor domains of the dimer are thought move in a coordinated, hand

over-hand manner. A region adjacent to kinesin's motor catalytic domain

(the neck) contains a coiled-coil that is sufficient for motor dimerization and

has been proposed to play an essential role in processive movement. Recent

models have suggested that the neck enables head-to-head communication by

creating a stiff connection between the two motor domains, but also may

partially unwind during the mechanochemical cycle to allow movement to

new tubulin binding sites. To test these ideas, we mutated the neck coiled

coil in a 560 a.a. dimeric kinesin construct fused to green fluorescence protein

(GFP), and assayed processivity using a fluorescence microscope that can

visualize single kinesin-GFP molecules moving along a microtubule. Our

results show that replacing the kinesin neck coiled-coil with a 28 residue

peptide sequence that forms a highly stable coiled-coil does not greatly reduce

the processivity of the motor. This result argues against models in which

unwinding of the coiled-coil is essential for movement. Furthermore, we

show that deleting the neck coiled-coil decreases processivity by 10-fold, but

surprisingly does not abolish it. We also demonstrate that processivity is

increased 3-fold when the neck helix is elongated by seven residues. These
results indicate that structural features of the neck coiled-coil, while not

essential for processivity, can tune the efficiency of single molecule motility.
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Introduction

Conventional kinesin is a motor protein that transports membranous

organelles along microtubules in vivo (Bloom and Endow, 1995). Motility

assays in vitro have shown that kinesin is capable of moving across hundreds

of tubulin dimers (>1 pm) without detaching and diffusing away from the

microtubule (Block, et al., 1990; Howard, et al., 1989; Vale, et al., 1996). Such

processive movement is an unusual feature for cytoskeletal motor proteins

(Howard, 1997) and does not appear to occur in muscle myosin (Finer, et al.,

1994), ciliary dynein (Vale, 1992), or even other members of the kinesin

superfamily (Case, et al., 1997). In vivo, processivity may be an important

adaptation that allows efficient transport of organelles with only a small
number of kinesin motors.

The kinesin motor domain consists of a 320 amino acid core that

contains the microtubule binding and ATP hydrolysis sites and whose three

dimensional structure has been solved by X-ray crystallography (Kull, et al.,

1996; Sablin, et al., 1996). This core catalytic domain, also termed the motor

"head", is shared by all members of the kinesin superfamily. Adjacent to this

core catalytic domain is the "neck" region, which is defined by sequence

conservation among specific classes of kinesin motors and which is thought

to act in concert with the catalytic domain to produce movement (Vale and

Fletterick, 1997). In conventional kinesin, the neck consists of two parts: 1) an

N-terminal -10 residue 3-sheet motif that is shared with many other plus

end directed motors and may confer directional motion (Case, et al., 1997;

Henningsen and Schliwa, 1997), and 2) a subsequent -30 residue hydrophobic

heptad repeat that gives rise to a coiled-coil structure (Huang, et al., 1994;
Morii, et al., 1997; Tripet, et al., 1997). The coiled-coil portion of the neck is
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highly conserved (~65% a.a. identity) among conventional kinesins,

suggesting a specialized function (Huang, et al., 1994; Vale and Fletterick,

1997). A noteworthy conserved feature of this region that is that it is contains

two unstable heptads in the middle of the coiled-coil (Huang, et al., 1994;

Tripet, et al., 1997). The neck coiled-coil is terminated by a sequence

containing glycine and proline residues. C-terminal to this potential hinge

region, kinesin contains a long (~400 a.a.) coiled-coil stalk domain and a

globular tail domain that may help to dock the motor onto organelles.

Kinetic studies have suggested a model for kinesin processivity in
which the motor remains in continuous contact with the microtubule as the

result of an alternating interaction of the heads with the polymer (Hackney,

1994; Ma and Taylor, 1997). This idea has been supported by cryo-electron

microscopy images that show dimeric kinesin bound to the microtubule by

one head, while the other is detached and oriented perpendicular to the

microtubule axis (Arnal, et al., 1996; Hirose, et al., 1996). Thus, binding of one

head to the microtubule may inhibit binding of the partner head, at least

during some intermediates of the mechanochemical cycle. However,

experiments with monomeric kinesin also suggest that one head may help to

release the other from its tubulin binding site at another stage of the cycle

(Jiang and Hackney, 1997). By coordinating the two heads such that the

binding of one head induces the release of the partner head, the motor could
move hand-over-hand from one tubulin dimer to the next.

Truncations of kinesin have shown that monomeric motors are not

processive, although these motors are still competent to produce motility

when many proteins interact simultaneously with the microtubule (Berliner,
et al., 1995; Vale, et al., 1996). However, if the truncation is less severe and

yields a dimeric protein, the motor remains processive. The protein sequence

■ ºfº
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that enables these latter constructs to dimerize resides within the kinesin

neck (Huang, et al., 1994). Several recent models have proposed a

mechanochemical cycle in which the neck also acts as a sophisticated

communication link between the heads (Hackney, 1994; Hirose, et al., 1996;

Tripet, et al., 1997). At the start of the proposed cycle, the neck joins the two

heads tightly, so that only one head can interact strongly with the

microtubule. A nucleotide-induced conformational change in the bound

head is then transmitted to the neck, causing the coiled-coil partially to

unwind. This unwinding releases the second head so that it can now reach to

a new tubulin binding site through a diffusional search, creating an
intermediate in which both heads are bound to the microtubule. A

rezippering of the coiled-coil at the end of the cycle then pulls the first head

off the microtubule. This regenerates the motor state present at the beginning

of the cycle with one head bound and the other detached, except that the

motor has moved forward by one tubulin dimer. In support of such a model,

the crystal structure of the kinesin dimer reveals that the neck coiled-coil

forms a tight connection between the two catalytic domains, suggesting that

coiled-coil unwinding could be necessary for simultaneous binding of both

heads to the microtubule (Kozielski et al., manuscript submitted). Moreover,

studies of synthetic kinesin neck peptides reveal an unstable region in the

middle of the coiled-coil segment that could facilitate partial melting of this

structure (Tripet, et al., 1997).

In order to test the role of the kinesin neck coiled-coil in processivity,

we have either deleted or made alterations in this region and then assayed

the resultant proteins for processivity using a single molecule fluorescence

motility assay. We show that stabilizing the neck coiled-coil only reduced

processivity by ~50%. Thus it is unlikely that the neck coiled-coil needs to

-
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unwind substantially during motility. On the other hand, increasing the

flexibility in the connection between the two heads by inserting a three

residue glycine linker at the beginning of the neck reduced processivity by

60%. A more drastic mutation of deleting virtually the entire neck coiled-coil

decreased processivity 10-fold but did not abolish it. Unexpectedly,

duplicating the first heptad repeat of the coiled-coil enhanced processivity by

3-fold. Collectively, these results suggest that neck coiled-coil is not essential

for processivity, but that features of this structure make single molecule

motility more efficient.
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Materials and Methods

Expression Constructs

A peT17b vector (Novagen, Inc.) containing the N-terminal 560 amino

acids of human kinesin followed by a C-terminal histidine tag(Woehlke, et

al., 1997) was used as the starting point for mutagenesis of the kinesin neck

region. In order to construct the desired mutations in the neck region,

different strategies combining PCR, QuikChange mutagenesis (Stratagene,

Inc.), or annealing followed by DNA synthesis with Sequenase (Amersham,

Inc.) were employed. The neck region was then sequenced to confirm that

only the correct changes were introduced, and then a Nco I-Hind III fragment

containing the altered neck segment was subcloned back into the wild type

construct or into a 560 amino acid kinesin-GFP fusion (using the Ser65Thr
variant of GFP, Case, et al., 1997; Pierce, et al., 1997).

Protein Expression and Purification

At least four protein preparations of each neck mutant were made: two
of the mutant kinesin alone and two of the kinesin-GFP fusion. For each

preparation, E. coli BL21 (DE3) was transformed with the expression plasmid

construct, and a single colony was selected and grown in 0.5 ml LB/50 puM

ampicillin for 8 hr at 37°C. 10 pil of this pre-culture was then inoculated into

21 of TPM media (20 g/l tryptone, 15 g/l yeast extract, 8 g/l NaCl, 10 mM

glucose, 2 g/l KH2PO4, and 50 pg/ml ampicillin) and grown for 15 hr at 25°C.

The cells were then induced with 0.1 mM IPTG and grown for an additional 8

hr. Cells were spun at 2,000 x g for 10 min, and the pellets were frozen in

liquid nitrogen and stored at -80°C.
Cells were resuspended in 40-80 ml buffer (50 mM NaPO4 pH 8, 20 mM

imidazole, 250 mM NaCl, 1 mM MgCl2, 1 mg/ml Pefabloc (Boehringer

º:
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Mannheim), 0.5 pg/ml leupeptin, 0.5 pg/ml aprotinin, 0.7 pg/ml pepstatin,

0.1 pg/ml chymostatin) per liter of culture and disrupted in a French press at

0.8 MPa (18,000 psi). Insoluble material was removed by centrifugation at

11,000 x g for 30 min. One ml of Ni2+-NTA resin (Qiagen, Inc.) was incubated

with the supernatant on a roller at 4°C for 1 hr before the resin was
transferred to a column. The column was washed 8 times with 12 ml of wash

buffer (50 mM NaPO4, pH 6, 60 mM imidazole, 250 mM NaCl, 1 mM MgCl2,
25 puM ATP), or until the OD280 was below 0.05. 1 ml of elution buffer (wash

buffer with 500 mM imidazole, pH 7) was then applied, and the resin was

allowed to equilibrate for 10 min. The protein was eluted with an additional

4 ml of elution buffer and then diluted 5-fold with mono-Q column buffer (25

mM Pipes pH 6.8, 1 mM MgCl2, 1 mM EGTA, 25 pm ATP). The protein was

then applied to a mono-Q column (Pharmacia, Inc.), which was washed with

column buffer plus 100 mM NaCl or 200 mM. NaCl for kinesin or kinesin

GFP proteins respectively. The column was eluted with a gradient up to 1 M

NaCl, and the kinesin eluted at ~0.35 M NaCl. Peak fractions were stored in

liquid nitrogen after the addition of 10% sucrose. To quantitate protein

concentrations, samples were run at varying dilutions on SDS-PAGE gels

with a standard curve of BSA and were then stained with Coomassie dye.

The gels were then imaged with a CCD camera and optical densities were

calculated using the program NIH Image. Protein concentrations were

between 0.2-1.4 mg/ml depending on the kinesin construct, and the purity of

the full length protein was approximately 75% and 50% for the kinesin and

kinesin-GFP constructs respectively. Nearly all the contaminants were

degradation products which contained the histidine-tagged C-terminus of the

protein and which did not show detectable binding to microtubules.
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ATPase Assays
Microtubule-stimulated ATPase rates were measured in a

spectrophotometer using a coupled enzymatic assay (Catterall and Pederson,

1971) with details as described in Woehlke et al. (1997). In brief, microtubules

were polymerized with 20 p.m. paclitaxel, 1 mM GTP, 4 mM MgCl2, and 10%

DMSO, centrifuged through a 50% glycerol cushion, and resuspended in low
salt assay buffer (12 mM Na-Pipes pH 6.8, 2 mM MgCl2, 1 mM EGTA) with 20

HM paclitaxel. ATPase assays were performed in assay buffer with 12 mM

NaCl, 1 mM ATP, and a coupled NADH oxidation system. The assays were

performed with 65-250 nM kinesin and 10-15 different microtubule

concentrations ranging from 0.02-30 HM, depending on the construct. The

Km(MT) and kcat values were determined using a Kaleidagraph-based

hyperbolic curve-fitting routine, and R values were between 0.97-0.99. At

least two complete ATPase curves of varying microtubule concentrations

were performed for each protein preparation.

Multiple Motor Motility Assays

Kinesin motility was assayed by using differential interference contrast

microscopy to observe microtubules gliding across kinesin-coated coverslips.

Kinesin (0.7-7 p.m.) was combined in BRB80 buffer (80 mM Pipes pH 6.8, 2 mM
MgCl2, 1 mM EGTA) with 0.1 mg/ml casein, paclitaxel-stabilized bovine brain

microtubules (~0.5 p.M), an ATP regenerating system (40 pg/ml

phosphokinase (Boehringer Mannheim), 150 pg/ml phosphoenol pyruvate,

and 1 mM ATP), and an oxygen scavenging system (Harada et al., 1990)(0.2

mg/ml glucose oxidase, 36 pg/ml catalase, 22 mM glucose, and 0.5% B
mercaptoethanol). The mixture was then pipetted into a flow chamber

consisting of a coverslip supported over a glass slide by two strips of double

stick tape. Microtubules at the coverslip surface were visualized using a Zeiss
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Axioplan microscope equipped with a 63x, 1.4 N.A. objective and a

Hamamatsu Newvicon camera. Over the course of 5 min, images of several

fields were recorded onto sv HS tape. The speeds of >30 microtubules per

protein preparation were measured using a custom written computer analysis

program.

Single Motor Motility Assays

Individual kinesin-GFP fusion proteins were visualized moving along

sea urchin sperm flagellar axonemes in a total internal reflection fluorescence

microscope. The microscope (Pierce and Vale, in press) and assay (Pierce, et

al., 1997; Vale, et al., 1996) are described in detail elsewhere. In brief, 1-8 nM

kinesin-GFP was diluted into the low salt buffer described above for the

ATPase assay, except that K-Pipes was used rather than Na-Pipes, since it

increased the number of kinesin molecules moving along axonemes.

Additional components included 7.5 mg/ml BSA (to minimize kinesin-GFP

adsorption to the surface), the oxygen scavenging system described above, 1

mM ATP and Cy-5 labeled sea urchin axonemes (Gibbons and Fronk, 1979;

Vale, et al., 1996). 5 pil of this solution was applied onto a fused silica slide,

and then sealed under coverslip using rubber cement dissolved in heptane.

Slides were illuminated with an argon laser (488 nm) at 10 mW, since this

provided optimal single spot detection. Up to 3 fields were imaged for 5 min

each, and data was recorded onto sv HS tape after 4-frame averaging with an

Argus 20 image processor (Hamamatsu Photonic Systems).

Analysis of Processivity

For analysis of single motor motility, a motor concentration was used

in which movements on the axonemes were frequent but not overlapping.

In addition, background fluorescence from motors diffusing in solution had
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to be sufficiently low so that fluorescent spots could be easily distinguished.
Data was recorded from two different preparation of each construct.

For fluorescence intensity analyses, the intensity of all moving spots in
a 1-3 p.m. area of an axoneme were measured; this was repeated until 250 spots

had been measured for each construct. The fluorescence intensity of GFP

diminishes slightly during illumination (Pierce, et al., 1997). To minimize

this contribution, intensities of spots were measured 31 sec after contacting

the axoneme. Data were taken from a single frame acquired using a four

frame rolling average. To determine the spot intensity, a 15 x 15 pixel area

around a spot was selected, and the total intensity was measured using an

Argus 20 image processor (Hamamatsu Photonic Systems). The background

intensity derived from an adjacent region was then subtracted from this

value. As a control to determine the fluorescence intensity of the overall

motor population, all non-moving spots that landed in an area on the slide

adjacent to the axoneme during the same time period were analyzed in the
Same manner.

The observed run lengths and speeds of 150-250 moving fluorescent

kinesin-GFP spots were measured using a custom computer analysis

program. Only movements on long axonemes were measured (generally 8-18

pum, although for the less processive mutants, axonemes as short as 5 pm

were sometimes analyzed) to minimize the chance that a kinesin-GFP would

release from the microtubule simply by running off the end. To measure run

lengths, small segments of the axonemes were first viewed to locate moving

spots and then observed frame by frame in order to ensure that the exact

starting and ending point of each run was determined. Only kinesin-GFP

spots that were well separated from other fluorescent spots, could be clearly

distinguished from the background, and moved smoothly and continuously

º
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for at least 0.5 sec were chosen for analysis. By visually tracking the center of

the diffraction limited spots, movements as short as 0.1 pm could be detected.

However, since the error in measuring the length of these runs is high, only

runs >0.2 pm were used in velocity calculations. The efficiency of detecting

extremely short runs was low because the dwell time of the motor on the

microtubule was very brief. In order to more efficiently locate short runs for

the least processive proteins, GLY3 and DEL, the axonemes were divided into

very short segments for visual inspection (~1 pm versus ~3 pm segments for

the other constructs). In addition, because these two constructs moved more

slowly than wild type, their dwell times on the microtubule were increased,

raising the likelihood that very short movements could be detected.

Therefore, for these mutants, a more complete set of data at the shorter run

lengths could be gathered.

Histograms of observed run length were plotted for each construct and

fit to an exponential curve using the program Origin (MicroCal Inc.).

Although all runs which were detected were plotted, only data from runs

longer than 0.25 pm were used for the curve fitting because of the inefficient
detection of runs below this limit. Runs as short as 0.2 and 0.15 pum were used

for fitting GLY3 and DEL respectively, because of the more efficient data

collection described above. The average run length values thus generated are

referred to as the observed run lengths. However the rate constant for

photobleaching (kbleach), as well as the motor release rate constant (krel),
contributes to the observed rate of disappearance of kinesin-GFP spots (kobs)

according to the equation: kobs = krel + kbleach. kobs is the reciprocal of the

dwell time of the motor on the microtubule, where the dwell time = observed

run length/motor speed. kbleach was determined by counting the

disappearance of kinesin-GFP spots adsorbed to the surface at 2.5, 5, 10 and 20

gº. …! ■ lºt
| R_Y
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mW. In each case, the disappearance showed an exponential decay with time º
(Vale, et al., 1996), and the rate constant varied linearly with the laser power s
(Pierce, et al., 1997). At the 10 mW laser power used in this study, the º
photobleaching rate was 0.10 secºl for a kinesin-GFP dimer (Pierce, et al., 1997, C

Pierce and Vale, in press). From kobs and kbleach, the actual run length of *.
the motor in the absence of GFP photobleaching (krel) could be calculated

from the above equations. This correction for photobleaching was confirmed

experimentally by measuring run lengths of the DUP mutant at 4 and 10 mW
laser illumination as described in the text.
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Results

Desi f Neck Coiled-Coil Mutants

To design mutations in the neck, we used information derived from

circular dichroism studies of kinesin neck peptides as well as functional

studies of kinesin proteins truncated within this region. Structural studies by

Morii et al. (1997) and Tripet et al. (1997) revealed that peptides containing the

heptad repeat sequence from the neck will form a coiled-coil and suggested

that the C-terminal boundary of this coiled-coil lies at Gly371. The N

terminal boundary was less clearly defined, but was unlikely to begin before

Cys330 (amino acid numbers quoted in this paper correspond to residues in

the human kinesin sequence). Functional studies have shown that kinesin

truncated at residue 332 displays a low microtubule gliding velocity (Stewart,
et al., 1993; Vale, et al., 1996) and an abnormal basal ATP rate and Km for

microtubule stimulated ATPase activity (Huang and Hackney, 1993; Jiang, et

al., 1997). Kinesin with ten additional residues displayed more normal

motility and ATPase properties. Therefore, to insure robust motor activity,

mutations were made after Trp340 for all constructs in this study. Very

recently, the crystal structure of dimeric rat kinesin has been solved and

reveals a coiled-coil between residues 337-370 (E. Mandelkow, personal

communication). Thus, the region chosen for mutagenesis in this study

encompasses virtually the entire neck coiled-coil. All mutations described

below were made in the context of a human kinesin protein that remains

dimeric irrespective of the neck structure due to the presence of the first 110

amino acids of the coiled-coil domain of the kinesin stalk (K560, Figure 1).

To test whether the neck coiled-coil is essential for processivity in the

context of a dimer, the residues 341-370 were deleted from K560 (DEL, Figure
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1). In this mutant protein, the initial 3-strand region of the neck is connected

to a non-conserved region preceding the stalk. This non-conserved region

contains several glycines and prolines and may serve as a hinge that could

account for the flexible behavior of kinesin observed in motility assays
(Huang, et al., 1994; Hunt and Howard, 1993).

To perturb any tight connection between the two heads that could

serve to communicate tension or positional information, a flexible linker of

three glycines was inserted at residue 342 (GLY3). Six amino acids from the

heptad repeat remain N-terminal to the glycine linker, but this sequence

alone is insufficient to form a stable coiled-coil (Su, et al., 1994; Tripet, et al.,

1997). As a control for amino acid insertions at residue 342, the construct DUP

was created in which the prior seven amino acids (T336-K342) were

duplicated. This construct would be expected to extend the neck coiled-coil by

one complete turn of the O-helix.

Finally, two constructs were made to test the model that the neck

coiled-coil needs to unwind during the mechanochemical cycle. In the

construct STABLE COIL, residues 343-370 were replaced by four copies of the

heptad repeat sequence EIEALKA. Thermodynamic studies of this 28 a.a.

peptide have shown that it forms an extremely stable coiled-coil with a AG for

melting that is >20 kcal/mol (Su, et al., 1994; Tripet, et al., 1997). Since the

energy derived from ATP hydrolysis is ~12 kcal/mol, it is unlikely that this

sequence would readily unwind during motility. A second and less drastic

construct (YEN->ILI) was made by changing three non-ideal amino acids at

the hydrophobic interface of the coiled-coil to more stabilizing residues

(Y344I, E347L, N351I). These three substitutions have been shown to stabilize

dimers of a neck peptide (a.a. 344-383), increasing the melting energy from 8.5

to 11.2 kcal/mol (Tripet, et al., 1997).
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ATPase and Multiple Motor Motility Assays

All mutant proteins were first assayed for ATPase and in vitro motility
activities in order to determine whether mutations in the neck coiled-coil

affect basic enzymatic and motor functions (Table 1). The microtubule
stimulated ATP turnover rates for four of the five of the neck constructs were

similar to that of the wild type motor (kcat of 15–19 ATP/sec/head for mutants

versus 22 ATP/sec/head for wild type). On the other hand, STABLE COIL

displayed a slightly higher kcat (31 ATP/sec/head). In addition, most of the

mutants exhibited an apparent Km for microtubule stimulation of the

ATPase activity (KmMT) which was similar to that of the wild type construct.

An exception, however, was DUP, whose Km MT was significantly lower (0.3

HM tubulin for DUP vs. 0.96 puM tubulin for WT). All of the neck mutants

were also able to move microtubules across a microscope slide surface under

conditions where multiple motors were contacting each microtubule (Table

1). The speeds of movement ranged from 44-72% of wild-type K560. The

above assays confirm that none of the neck coiled-coil mutations severely

damaged motile or enzymatic activity.

Single Molecule Motility Assays

The behavior of single molecules of the neck coiled-coil mutants

proteins was tested in a motility assay using a total internal reflection (TIR)

microscope. This low background fluorescence microscope is capable of

visualizing individual fluorescent molecules (Funatsu, et al., 1995) and has
been used to observe individual kinesin proteins moving along axonemes (a

9 + 2 array of microtubules) from sea urchin sperm flagella (Vale, et al., 1996).

As the fluorescent tag for assaying mutants in this study, we fused the
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Ser65Thr mutant (Heim, et al., 1995) of green fluorescent protein (GFP) to the

C-terminus of the mutant K560 constructs (Pierce, et al., 1997). The kinesin

GFP fusion proteins were first tested in the multiple motor microtubule

gliding assay to ensure that the constructs remained active when fused to

GFP. All mutant-GFP proteins moved microtubules, and they did so at

speeds between 48-115% of wild type kinesin-GFP (Table 2).

To observe single motor motility, the kinesin-GFP proteins were

diluted to nanomolar concentrations in a buffer containing 1 mM ATP and

Cy5-labeled fluorescent axonemes. By TIR microscopy, fluorescent spots

corresponding to individual wild type kinesin-GFP appear along the length of

an axoneme and move continuously in a given direction before releasing

(Pierce, et al., 1997). Kinesin-GFP in solution moves rapidly by Brownian

motion and contributes to a faint blurred fluorescent background.

Surprisingly, for all the mutant kinesin-GFP proteins, fluorescent spots were

observed moving unidirectionally along axonemes. The velocities of the

moving spots for the DUP, YEN-ILI, and STABLE COIL constructs were
similar to wild type (Table 2). In contrast, DEL and GLY3 moved at

approximately half the speed of the wild type protein. These single motor

speeds largely mirror those from multi-motor assays, and are probably the

more reliable measure of relative motor velocity because only active motors
contribute to the data collected.

It was important to establish that the single spot motility observed for

kinesin mutants was produced by kinesin dimers and not by motor

aggregates. Using similar assay conditions, previous experiments showed
that fluorescent spots of K560-GFP were twice as bright as monomeric GFP,

indicating that K560-GFP is dimeric under the conditions of the assay (Pierce,
et al., 1997). Here, we measured the single spot fluorescence intensities of
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neck coiled-coil mutants fused to GFP and found that they all have similar

average intensities to K560-GFP (within 30%), indicating that these proteins

are dimeric under our assay conditions as well.

It was still possible, however, that a small population of aggregated

protein could account for the moving fluorescent spots observed in assays

with the mutant proteins. To rule out this possibility, we compared the

fluorescence intensities of moving spots to that of spots that were adhered to

the slide surface. For all constructs, the intensity histograms for moving spots

were similar to those for the glass adsorbed population (Figure 2). However,

for several, most notably GLY3 and YEN-ILI, there is a shoulder of brighter

spots in the moving kinesin population that is not present in the non

moving histograms. Nonetheless, even in the most extreme case of GLY3, it

is apparent that the majority of the moving spots are of the correct intensity.

Thus, protein multimers are likely to constitute only a small percentage of

the moving spots observed in these assays.

To further confirm that a minor population of aggregated motors does

not account for the motility seen, the activity level (movements/um

MT/min/nM kinesin) was determined for each protein preparation (Table 2).

All mutant proteins displayed similar activity to the wild type protein, and

one mutant, STABLE COIL, was even more active. These data further argue

against a rare protein aggregate as the source of moving spots for the mutant

proteins.

Single Molecule Run Lengths

To examine whether the neck coiled-coil mutations changed the extent

of processivity, the distance that the motors moved from the time that a

fluorescent spot appeared on the axoneme to the time when it disappeared
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was measured for >150 moving spots. As found previously (Block, et al., 1990;

Vale, et al., 1996), these distributions could be fit to an exponential curve

(Figure 3), indicating that kinesin has a constant probability of releasing and

diffusing away from the microtubule each time it takes a step. The observed

disappearance of kinesin from axonemes, however, is the sum of two

independent exponential processes: the release of kinesin from the axoneme

and the photobleaching of the GFP (Block, et al., 1990; Vale, et al., 1996). The

true rate of release of the motor can therefore be calculated from the equation:
krel = kobs - kbleach. The photobleaching rate for GFP was previously

determined to be 0.10 secºl at 10 mW (Pierce and Vale, in press; see also

Material and Methods). The observed run lengths multiplied by kobs/krel

define the actual motor run lengths, which are shown in Table 2 and quoted

throughout the text. For wild type kinesin, the corrected run length is 1.3 pm,

similar to previous reported values (Block, et al., 1990; Vale, et al., 1996).

Assuming a kinesin step size of 8 nm (the distance between tubulin dimers,

Svoboda, et al., 1993), the wild type protein takes 166 steps on average before
detaching and has a release probability per step (Poff/step) of 0.6%.

The two constructs that increase the stability of the neck coiled-coil,

YEN->ILI and STABLE COIL, exhibited run lengths that were similar to those

of wild type kinesin (TABLE 2). The run length of YEN->ILI was 1.1 pm, or

84% of the wild type distance. Even in the 28 a.a. replacement of the coiled

coil (STABLE COIL), the run lengths were 55% of the wild type protein.

These results suggest that it is unlikely that the neck coiled-coil needs to

unwind significantly in order for the motor to move processively.
Two constructs, DEL and GLY3, had significantly shorter run lengths

than wild type, moving only 0.14 and 0.50 pm respectively. These two GFP

constructs were also the only ones that moved at significantly slower speeds
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than wild type in the single motor assays (0.16 and 0.17 plm/sec vs. 0.31

pum/sec for wild type). These mutants nevertheless have a high probability of

stepping from one tubulin subunit to the next without detaching. For DEL,

Poff/ step is 5.6%, indicating that this motor has a ~95% chance of remaining
attached after completing a step. Therefore, while the tight coupling of the

two heads by the neck coiled-coil may make processivity more efficient, the

coiled-coil is not essential for processive motion.

Interestingly, the construct DUP moved -3.5 fold farther than wild

type, a phenomenon shown by two independent preparations of the protein.

The fluorescence intensity data in Figure 2 indicates that the lengthened runs

are not simply due to a large population of multimeric protein. However,

because DUP has the longest dwell time on the microtubule, the

photobleaching rate contributes substantially to the determination of

corrected run length (the corrected run length is 2.5-fold greater than the

observed run length). To confirm that the calculated run length of this motor

is correct, we measured DUP movements at two laser powers and found that

the observed run lengths at 4 m W laser power were significantly greater than

at 10 mW (3.0 pm versus 1.8 pm). The corrected run length remained

approximately the same (4.9 plm versus 4.4 pm), confirming both the validity

of the photobleaching correction procedure and the long run length of the
DUP construct.
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Discussion

Recent models for processivity have suggested that the kinesin neck

coiled-coil coordinates the two heads of the motor as they alternate

interacting with the microtubule (Hackney, 1994; Hirose, et al., 1996; Tripet, et

al., 1997). These models are supported by experiments showing that kinesin

dimers containing the coiled-coil are processive, while monomers that lack

the coiled-coil are not (Berliner, et al., 1995; Hackney, 1995; Vale, et al., 1996).

However, in these previous truncation studies, specific roles that the neck

coiled-coil might have in processivity, beyond simply dimerizing two motor
domains, could not be assessed. Here, we have altered the neck coiled-coil in

the context of a stable kinesin dimer in order to evaluate how specific

structural features of the neck contribute to motor processivity. The resultant

proteins were assayed using a motility assay that involves direct visualization

of single, fluorescently labeled kinesin molecules (Pierce, et al., 1997; Vale, et

al., 1996). Surprisingly, we show that deletion of virtually the entire neck

coiled-coil (a.a. 341-370) does not abolish processivity, although the resultant

protein could not move as far the wild type protein (18 versus 166 steps). We

therefore conclude that the neck coiled-coil is not essential to processivity,

provided that the motor is dimerized by downstream sequences. However,
we also demonstrate that mutations that alter structural features in the neck

affect single motor run length. This provides information on the mechanism

by which kinesin steps along the microtubule lattice, as discussed below.

The neck coiled-coil does not need to melt during processive motility

A notable feature of the kinesin neck is the placement of destabilizing

residues with low hydrophobicity (Y344, E347, N351) at the interface of the
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coiled-coil. The high conservation of this unstable region has led to the

suggestion that the N-terminal three-fifths of the coiled-coil may unwind

during motility (Huang, et al., 1994; Tripet, et al., 1997). According to such a

model, stabilizing this region of the neck should decrease processivity and

might even interfere with movement entirely. However, we find that the
constructs YEN->ILI and STABLE COIL move 0.8 and 0.6 times as far as the

wild type protein, demonstrating that increased stability in the neck coiled

coil does not prevent processive motility. The free energy of melting of the

entire STABLE COIL sequence is >20 kcal/mol (Tripet, et al., 1997), which

exceeds the energy from ATP hydrolysis. The energy barrier for a partial

melting of STABLE COIL is expected to be significant as well, since the

unfolding of coiled-coil structures is highly cooperative (Su, et al., 1994). In

addition, because of the free energy differences between the altered neck

sequences, unwinding would be expected to be slower in the mutant proteins

compared to the wild type motor. However, single motor motility of

YEN-ILI and STABLE COIL occurs at wild type speeds, suggesting that

melting of the coiled-coil is not a rate-limiting step in cycle.

The results with STABLE COIL raise interesting questions as to how

the motor steps along the microtubule. For the motor to be processive, a
transient intermediate in which both heads are bound to the microtubule is

expected to exist (Hackney, 1994; Hirose, et al., 1996; Tripet, et al., 1997).

However, the crystal structure of the kinesin dimer reveals that the length of

the linker sequence between the two heads is insufficient to allow both to

bind simultaneously to adjacent tubulin dimers 8 nm apart on the

protofilament (E. Mandelkow, personal communication). Thus, in order to
extend the connection between the heads, some structure must melt. Since

our results do not support unwinding of the neck coiled-coil, we favor a
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model in which the bonds that hold the B-sheet region of the neck (residues

323-332) to the catalytic domain are broken during the hydrolysis cycle,

enabling these residue to adopt an extended conformation. Structural

modeling indicates that up to 10 nm of extra linker could be created by such
an event, which would be sufficient to allow both heads to bind to the

microtubule (not shown). Consistent with this hypothesis, these residues

adopt a well-ordered B-sheet structure in one crystal (Kozielski et al.,

manuscript submitted), but are disordered in other crystal forms (Kull, et al.,

1996).

Since Y344, E347, and N351 are not essential for processive movement,

why are these residues so strikingly conserved? One possibility is that they

play a role in the regulation of the kinesin motor. The tail of the full length

kinesin protein has been shown to fold onto the head and inhibit activity

(Hackney, et al., 1992), and sequences in the neck coiled-coil may be important

for this interaction, (Hackney and Huang, 1993). It is possible that partial

melting of the kinesin neck coiled-coil could serve some function in the

regulation of motor activity by the tail domain.

The neck coiled-coil enhances processivity

Although the neck coiled-coil is not essential to single molecule

motility, mutant proteins with the coiled-coil deleted or containing a three

glycine insertion move only ~10% and ~40% as far as wild type respectively.
In addition, these DEL and GLY3 constructs moved at half the wild type speed

in single molecule assays. Thus, the native neck coiled-coil does make
processive motility more efficient.

The presence of the coiled-coil in the neck might enhance single motor

motility by at least three mechanisms. First, the coiled-coil could help to
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align the two polypeptides of the dimer so that regions involved in

positioning the two heads could more readily interact. The positioning of the
heads relative to one another is thought to cause the motor domains to

undergo alternate cycles of microtubule-catalyzed ATP hydrolysis (Amos and

Hirose, 1997; Hackney, 1994; Hirose, et al., 1996). Second, processivity may

require tension to be transmitted through a stiff connection between the

motor domains in order to release the posterior head from the microtubule

(Jiang and Hackney, 1997). The slower single motor speeds of the DEL and
GLY3 mutants might be explained by inefficient release of the posterior head

from the microtubule, resulting in futile cycles of ATP hydrolysis without

forward progress along the microtubule. Finally, charged residues on the

outer surface of the coiled-coil could potentially interact with tubulin, which

would help to maintain contact between the motor and the microtubule and

thereby help processivity.

Surprisingly, we also discovered that duplicating the first heptad repeat

of the neck (T336-K342) results in a striking "gain-of-function" phenotype,

increasing processivity >3-fold. Thus, the length of the neck helix may play a

role in the efficiency of processive movement. Interestingly, the neck helix of

conventional kinesin motors is 10 residues longer than the predicted neck

helices of other N-terminal motors in the kinesin superfamily (Vale and

Fletterick, 1997). At the present time, it is difficult to explain why duplicating

7 amino acids in the neck improves processivity. For myosin, a long O-helix

in the neck is thought to act as a lever arm to swing the motor between

binding sites (Block, 1996), and changes in the length of this helix correlate

with changes in the velocity of the motor (Uyeda, et al., 1996). However, as

shown in this and previous studies (Inoue, et al., 1997), deletion of the

kinesin neck coiled-coil does not significantly diminish the velocity of
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movement, which argues that the kinesin neck helix does not act as a lever

arm essential for movement, as is generally envisioned for myosin (Vale,

1996). It remains possible, however, that the neck helix increases processivity

by amplifying mechanical changes that occur in the motor domain to increase

the chance that the partner head will be reach and bind to the next tubulin

dimer. Alternatively, if the 7 duplicated amino acids do not form part of the

coiled-coil structure, they might enhance processivity simply by increasing

the length of the linker between the two heads. However, this idea is

inconsistent with our observation that addition of three glycines residues in

the same location produces the opposite effect.

Location of processivity elements in kinesin

Our results, in conjunction with previous studies (Berliner, et al., 1995;

Vale, et al., 1996), indicate that processivity requires a kinesin dimer and is

optimized when the heads are connected by the neck coiled-coil. However,

this work also eliminates the neck coiled-coil as a primary determinant for

single motor motility, which implies that the catalytic domain and/or the

neck B-sheet region contain important elements for processivity. This

conclusion is consistent with the results of Case et al. (1997) and Henningsen

et al. (1997), who found that the neck and stalk of kinesin are not sufficient to

confer processivity on the catalytic domain of NCD, a kinesin superfamily

member. Further mutagenesis studies in conjunction with single molecule

assays can be used to better define the essential regions of kinesin that drive

processive motion.
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TABLE I

Motility and enzymatic characterization of neck mutant constructs

ATPaseb

.. Microtubule Gliding Speed”Onstruct
(um/s) kcat Km (MT)

(ATP/s/head) (uMTubulin)

WT 0.32 + 0.08 22 + 3 0.97+ 0.26

DEL 0.14 + 0.02 15 + 3 0.87 -- 0.12

GLY3 0.23 + 0.04 17+ 3 1.36 + 0.28

DUP 0.21 + 0.04 16 HE 6 0.30 + 0.07

YEN–3 ILI 0.14 + 0.04 19 + 3 0.85 + 0.22

STABLE COIL 0.17+ 0.04 31 + 5 0.96 + 0.59

Microtubules gliding on kinesin-coated surfaces and microtubule-stimulated ATPase assays were
performed as described in "Materials and methods". Values are as follows:
a) Means #: S.D. of velocities of >60 microtubules were measured from assays with at least 2
independent protein preparations.
b) Means # S.D. of at least four independent assays were performed on two different protein
preparations. kat and Km (MT) values were obtained by the best fit to a hyperbolic curve of 10-15
turnover rates at varying microtubule concentrations.
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TABLE
II

Motility
of
GFP-Kinesinconstructs

VelocityaRunLength

d

§.(um/s)(■ im)*off/stepMovementFrequencye

(%)

manymotorssinglemotorsObservedbCorrected"
-

movements
....

minºplmaxonemeºnMkinesin

WT0.40+0.050.31+0.070.93+0.071.330.600.05 DEL0.19+0.070.17+0.070.13+0.010.145.60.05 GLY30.28+0.060.16+0.090.38+0.020.501.60.04 DUP0.46+0.10.31+0.071.81+0.174.350.180.07

3.00+0.43'4.89%0.16*

YEN–3ILI0.28+0.050.32+0.080.83+0.061.120.710.06 STABLECOIL0.28+0.040.29+0.090.58+0.040.731.10.37
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Table II: Motile Properties of Kinesin-GFP Proteins

Microtubules gliding on kinesin-GFP coated surfaces and single

molecule assays for kinesin-GFP using a total internal reflection microscope

were performed as described in the Materials and Methods. Determination of

the values in the Table were performed as described below:

a) Means and standard deviations were derived from measurements from 2

independent protein preparations. For microtubule gliding assays, >30

microtubule measurements were made per protein preparation. For single

motor assays, >70 measurements were made per preparation and velocity data

was derived only from those molecules that moved -0.2 p.m.

b) The data from Figure 3 was fit to an exponential curve using the equation y
= A e(-x/?), where A = the average run length. Errors listed are the 95%
confidence limits. Assays were performed using a laser power of 10 mW

except where indicated by the asterisk (*) for the DUP construct, in which case

4 m W laser power was used.

c) In order to account for the photobleaching of GFP, the rate constant for

release of kinesin from the microtubule (krel) was calculated according to the

equation kobs = krel + kbleach, where kobs = single motor velocity/observed

run length, and kbleach is the rate constant for bleaching of GFP-kinesin

under a given laser power (0.1 s−1 for 10 mW and 0.04 sºl for 4 mw (Pierce, et
al., 1997; Pierce and Vale, in press). The corrected run length = velocity/krel

(See Materials and Methods).

d) The probability that a kinesin will release from the microtubule rather
than completing its next step was calculated using the equation Poff/step = 1 -

e(-s/ %), where s is 8 nm (the kinesin step size, Svoboda, et al., 1993) and A is

the average run length.



61

e) For calculating the protein activity level, the total number of movements

was divided by the total length of axonemes, time of observation, and the

kinesin concentration. Since the percentage of runs which are 30.2 pm

depends on the processivity of the mutant being measured, and the efficiency

of detecting these runs is low, the total number of movements was derived by

integrating the exponential curve fit to the data in Figure 3. The values listed

are derived from the combined data from two preparations of the same

mutant protein; when quantitated independently, assay to assay variability

could be as great as two to three fold.
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Figure 1: Mutant neck constructs

a) WT K560. The wild type kinesin construct used as the basis for

mutagenesis contains the first 560 amino acids of the human kinesin gene
followed by a histidine tag. * indicates residues at the hydrophobic interface

of the coiled-coil. (*) indicates destabilizing residues in this interface.

Domains of this construct are I) core catalytic domain, II) neck B-sheet region,

III) neck coiled-coil region, IV) hinge region, V) coiled-coil stalk. The

boundaries of the core catalytic domain are defined by conservation

throughout the kinesin superfamily. The boundary of the neck is defined by

strong class-specific conservation between conventional kinesins (Vale and

Fletterick, 1997). b) DEL: Amino acids 341-370 of the neck coiled-coil were

deleted. c) GLY3: Three glycines were inserted between K342 and K343. d)

DUP. Residues T336-K342, one complete turn of the o-helix, were duplicated.

e) YEN->ILI: Three destabilizing residues at the "a" and "d" position of the

coiled-coil were changed to stabilizing hydrophobic residues (Y344I, E347L,

and N351I). f) STABLE COIL. Four heptad repeats (a.a. 343-370), were replaced

by a highly stable model coiled-coil consisting of 4 repeats of the sequence

EIEALKA. g) WT K560-GFP. The above neck mutations (b-f) were also

inserted into K560 with green fluorescent protein (the Ser65Thr mutant,

Heim, et al., 1995) fused to its C-terminus.
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Figure 2: Fluorescent intensity of individual kinesin molecules

The histograms show the fluorescent intensity of kinesin molecules

either moving along axonemes or non-specifically adsorbed onto the slide

surface nearby (see Materials and Methods for details). Tick marks represent

one arbitrary fluorescent unit; fluorescent intensities cannot be directly

compared between preparations because of small variations in laser

alignment during different assays.
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Figure 3: Run lengths of single, fluorescently labeled kinesin molecules

Run lengths of 150-270 individual GFP-kinesin molecules moving on

axonemes were measured from 2 independent preparations of each construct.

Histograms of the data were plotted using bin widths derived from the

formula 2.60N(-1/3) (Scott, 1979), where o is the standard deviation of the

data and N is the number of data points collected. Exponential curves were fit

to the data using only runs >0.25 pm (or 0.2 and 0.15 pm for GLY3 and DEL

respectively), as described in Materials and Methods. Run length values are
shown in Table 2.
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CONCLUSION
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Seven years ago, when this thesis began, it was known that individual

kinesin molecules could use the energy from ATP hydrolysis to move
processively towards the plus end of microtubules (Block, et al., 1990; Howard,

et al., 1989; Vale, et al., 1985; Vale, et al., 1985). However, the mechanism

underlying this movement was not yet understood. A complete explanation

of kinesin motility must be able to describe how the motor couples three basic

processes: ATP hydrolysis, reversible binding to the filament, and directional

positioning relative to the polymer lattice. Studies of these properties have

often been complicated by the existence of interactions between the two heads

of the dimer. Below, I will consider what has been determined so far about

these three properties in kinesin, how they are influenced by dimerization,
and what areas remain for future research.

The ATP hydrolysis cycle

Kinetic experiments have extensively mapped out kinesin's ATP

hydrolysis cycle (for review, see Hackney, 1996). Almost all the rates of
transitions between intermediates have been measured for both the

monomer and the dimer. In the absence of microtubules, the two heads act

independently and the hydrolysis rate is limited by extremely slow ADP

release. In the presence of microtubules, ADP release is accelerated almost

10,000-fold, although it still may be partially rate limiting during the cycle.

The strongest evidence so far for an interaction between the two kinesin

heads has come from kinetic experiments showing that microtubules can

only accelerate the release of ADP from one head of a dimer at a time.

The structural basis for these kinetic transition rates is not yet

understood. An atomic structure of the nucleotide binding pocket is known

for only one form of kinesin, that bound to ADP (Kull, et al., 1996). However,
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because kinesin's nucleotide binding pocket is similar to that of myosin and

G-proteins, analogous amino acids in all three proteins may be sensing the

presence of the gamma phosphate or controlling rate of ADP release (Vale,

1996). In particular, two conserved residues in G proteins interact with the

gamma phosphate and act as switches to change the properties of the protein

when it is bound to ATP versus ADP. Although mutagenesis studies can

explore the function of the corresponding amino acids in kinesin, a detailed

understanding of these interactions will probably await the crystallization of

the protein in different nucleotide states.

Microtubule Binding

Experiments have begun to yield insight into kinesin's microtubule

binding properties, although the information here is less complete than for

motor's ATPase cycle. The affinity of kinesin for the microtubule has been

measured for almost all hydrolysis intermediates except kinesin-ADP-Pi

(Crevel, et al., 1996; Ma and Taylor, 1995; Romberg and Vale, 1993). In

addition, residues in the microtubule binding site have been defined through

alanine scanning mutagenesis (Woehlke, et al., 1997). However, this

technique probably only detected mutations that severely altered microtubule

affinity during the weak binding kinesin-ADP intermediate. Therefore,

additional residues remain to be discovered that strengthen binding during

other parts of the hydrolysis cycle or that have more subtle effects. Once the

residues that modulate binding are understood, models for communication

between the microtubule binding site and the nucleotide pocket can begin to

be seriously considered.

A picture of the tubulin side of this binding interaction is also starting

to take shape. Kinesin binds once per tubulin dimer, largely to 3 tubulin,
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with some contacts on the alpha subunit (Larcher, et al., 1996; Song and
Mandelkow, 1993; Tucker and Goldstein, 1997; Walker, 1995). Some

controversy exists as to whether dimeric kinesin binds to a single tubulin

dimer or can straddle two dimers with its two motor domains (Arnal, et al.,

1996; Hirose, et al., 1996). Although no conclusive evidence for a kinesin

with both heads bound has yet been found, such an intermediate needs to

exist at least transiently to explain the motor's processivity. An exciting

recent development is the solution of tubulin's atomic structure. Combined

with EM images that allow the kinesin structure to be docked onto the

microtubule, this new information should allow the tubulin residues

involved in kinesin binding to be determined. In addition, EM pictures have

indicated that tubulin changes conformations upon kinesin binding

(Hoenger, et al., 1995), and it will be interesting to see if these changes in turn
influence kinesin function.

The powerstroke and directional movement

The biggest gap in our understanding of kinesin function is

information on how the motor moves directionally. Models for kinesin's

powerstroke (Cordova, et al., 1992; Hirose, et al., 1996; Howard, 1996; Vale,

1996; Young, et al., 1995) can be divided into two categories that are not

necessarily mutually exclusive. The models describe either a lever arm or an

elastic spring moving the motor between binding sites on the microtubule

(Figure 1, Introduction). In the first type of model, a conformational change

causes a region of the protein to swing as a rigid body along the microtubule.
After the motor has bound to the filament, displacement occurs as the

motor's lever arm returns to its original conformation. In the second type of

model, a structured region of the motor extends or becomes more flexible.
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This extension allows the motor to perform a diffusional search to find a new

binding site. Following tubulin binding, the reformation of the original

structure acts like a spring to pull the filament towards the motor. For many

years, these same models were considered in discussions of the myosin

powerstroke, and only recently have high resolution structures of myosin

provided evidence that a long O. helix may act as a lever arm to swing the

motor between actin subunits (Jontes, et al., 1996; Whittaker, et al., 1996).

For kinesin, it is unknown which portion of the protein is involved in

producing the powerstroke. The region involved must also be the region that
determines the direction of movement for kinesin and for NCD, a minus-end

directed, kinesin-like protein. No obvious lever arms exist in the conserved

motor core of the kinesin superfamily (the catalytic core), which forms a

single, compact domain (Kull, et al., 1996; Sablin, et al., 1996). However,

proteins consisting of the catalytic core plus ~10 residues of the neighboring

neck domain can produce unidirectional movement (Stewart, et al., 1993) in

both kinesin and NCD. Because the neck sequence is specific to subclasses of

kinesin-like proteins, this region is a good candidate for producing the

powerstrokes that move these proteins in different directions. The

importance of the neck to directionality has been supported by recent

experiments showing that the kinesin neck can confer plus-ended

directionality on the NCD catalytic core (Case, et al., 1997; Henningsen and

Schliwa, 1997).

Studies have provided evidence that kinesin's powerstroke may occur

during ATP binding (Ma and Taylor, 1997) or following hydrolysis (Higuchi,

et al., 1997) (n.b. force production may occur during different intermediates in

the hydrolysis cycle for monomers and dimers, see Howard, 1996). Therefore,

for the neck to be involved in the motor's powerstroke, the neck structure
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should change during the appropriate nucleotide transitions. The possibility

of such a transition is supported by different crystal structures of the motors

that show the neck either bound to the catalytic core of the motor or

completely disordered (Kull, et al., 1996; Sablin, et al., 1996, Mandelkow,

submitted), suggesting that the neck-head interaction may be labile.

How could the neck produce the motor's powerstroke? There is some

evidence that the neck may not be acting as a rigid lever arm during motility

(Inoue, et al., 1997). However, simple melting of the neck to form a flexible

polypeptide tether is also insufficient to explain directional motion that
differs between kinesin and NCD. In the structures of both motors, the neck

emerges from the same region of the protein and is similarly oriented

relative to the head (Sablin, personal communication, Mandelkow,

submitted). Therefore, in order for the necks to be essential to directionality,

some as yet unseen structural intermediate needs to exist in which the necks

orient kinesin and NCD towards opposite ends of the microtubule.

Many models for directionality have been based on EM images of the

dimeric motors (Arnal, et al., 1996; Hirose, et al., 1996). In these images, one

head is bound to the microtubule and is superimposable between the kinesin

and NCD structures, while the second head is unbound and oriented

differently in the two proteins. It is important to remember, however, that

truncated monomers retain their native direction of movement, meaning
that interactions between the two heads of a dimer are not essential to

directionality. Since those amino acids in the necks that are necessary for

directionality are oriented identically in recent crystal structures, perhaps the

suggestive difference between kinesin and NCD dimers that appears in the

EM images are not actually important to determining directionality. Another
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possibility is that the structure of the necks in the EM images is not the same
as that seen in the crystal structures.

Processivity

Kinesin's dimeric structure, while not necessary for directionality, is

essential for single motor motility. For kinesin to be processive, every power

stroke must place the motor 8 nm further along the microtubule. Individual

motor domains are only ~7 nm on their longest axis (Kull, et al., 1996), and

thus dimerization is essential to extending the reach of the protein.

However, simply connecting two motor domains is not enough to make

them processive (Case, et al., 1997). The power stroke in one head must be

amplified by the second head, which may act as an elongated tether or lever

arm. In addition, the two heads must synchronize their chemomechanical

cycles.

The region of kinesin that coordinates the two heads remains to be

defined (see chapter 3). A 33 residue coiled-coil in the kinesin neck allows

dimerization of the motor, and is therefore positioned to be a potential

communication link between the heads. However, deletion of 29 of these

residues (a.a. 341-370) results in a motor that is still able to step between

tubulin dimers with a high efficiency. The four residues that are not altered

in this deletion construct may contribute to processivity, a possibility that is

supported by results with the DUP construct, in which duplication of a.a. 336

342 enhanced processivity above that seen in wild type kinesin. In order to

determine whether these initial amino acids are essential to processivity, the

entire neck coiled-coil (a.a. 337-370) must be deleted.

Modifications of the neck that are based on the results with the DUP

construct may provide the easiest handle for further defining the features that
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are important for processivity. To determine whether length of the neck is

correlated with single motor run lengths, the processivity of a series of

proteins in which a.a. 336-342 are deleted or repeated multiple times could be

analyzed. To distinguish the importance of the length of the neck from

properties specific to the N-terminal residues of the coiled-coil, a.a. 343-349

could instead be duplicated or deleted from the wild type or the DUP

construct. In addition, mutations that stabilize the initial heptad against

unwinding could be made to determine whether this region needs to unfold

during single motor motility.

If the neck coiled-coil aligns the two heads so that they can readily

interact with each other, insertions or deletions in this region would need to

occur in multiples of 7 amino acids in order not to disturb the phasing of the

coil. However, it is possible that in DUP, the replicated amino acids form an

unstructured, flexible linker. By introducing insertions that were not

multiples of 7 residues, or by scrambling the first heptad in DUP, one could

determine whether the structure rather than the length or charge of the

duplicated peptide is important to enhancing processivity.

Kinetic studies of the DUP protein's interaction with microtubules may

provide more detailed insight into the mechanism of single molecule

motility. In DUP, a longer linker may allow the free head of a dimer to bind

more rapidly to the next tubulin dimer before the original head has released

from the microtubule. As a result, the motor might spend more time with

both heads on the filament. Such changes in binding of the heads to the

microtubule should be detectable in experiments examining either the rate of

release of ADP from the two heads of a dimer (as in Hackney, 1994), or the

percentage of time the motor spends with both heads bound to the
microtubule.
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In addition to residues in the neck coiled-coil, sequences within either

the B-strand portion of the neck or the catalytic core must also contribute to
the reversible connection between the motor domains (Case, et al., 1997).

Images of kinesin dimers show that the cores contact each other at the tip of
their arrow head-shaped structures (Sosa, et al., 1997, Mandelkow, submitted).

In the crystal structure of the kinesin dimer, the neck 3-strands are located at

the edge of the central B-sheet of the separate head domains. However, this

sequence may also be able to dimerize with itself, since peptides of the entire

neck region (3-strand + coiled-coil) form more stable dimers than those

which exclude the 3-strand region (Tripet, et al., 1997). To be involved in

processivity, dimerizing interactions in the catalytic core or the B-sheet of the

neck should be nucleotide sensitive and transiently denatured in order to
allow both heads to bind to the microtubule.

Mutagenesis studies of the essential neck B-sheet or core domains of

kinesin would need to be carefully directed towards those residues that are

likely to be specifically involved in processivity. By substituting residues in
the neck 3-sheet that are conserved in conventional kinesins with those

which are found in other N-terminal motors, one might affect processivity

while preserving the basic motility of the protein. Similarly, mutations in

residues involved in the contact between the catalytic cores will be less likely

to disrupt general motor function if they are on the surface of the motor and

conserved in kinesin but not in the entire superfamily.

For other motors within the kinesin superfamily, do the two heads

interact? If the heads are loosely connected, there may be no steric hindrance

to force them to alternate. In addition, other motors would not be processive

if the heads do not amplify each other's motion enough to span the full 8 nm

between binding sites. Although no motor besides conventional kinesin has
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yet been shown to be processive, all proteins that move organelles should face

similar evolutionary pressures for efficient motility driven by only a few
motor molecules. If in the future other motors are not found to be

processive, perhaps the in vivo conditions under which motors work

enhance their processivity in ways that differ from in vitro motility assays.

Alternatively, conventional kinesin may be adapted for moving especially

small cellular components such as protein complexes.
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