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T

 

he

 

 view that proteins are, in essence, nanoscale
macromolecular machines is helping to foster a new
paradigm in biology, with an interdisciplinary em-

phasis that incorporates strong elements of biophysics (1).
Remarkable examples of cellular machinery abound, in-
cluding ribosomes, polymerases, proteosomes, chapero-
nins, and spliceosomes. But perhaps no more spectacular
example of proteins-as-machines exists than the motor
proteins, also called mechanoenzymes. These molecular
assemblies drive both rotary and linear motions in virtu-
ally all organisms. Rotary engines include the F

 

1

 

-F

 

0

 

 ATP-
ase (ATP synthase) and the bacterial flagellar motor, both
powered by currents of protons. Linear motors, which in-
clude members of the myosin, kinesin, and dynein super-
families, are fueled by the hydrolysis of ATP. 

Among the linear motors, kinesin is the only mecha-
noenzyme that is known to be processive—that is, it re-
mains bound to its polymer substrate while undergoing
multiple rounds of activity (23). Kinesin dimers, which
consist of two identical heads attached to a common 

 

a

 

-heli-
cal coiled-coil stalk, are widely believed to proceed by a
“hand-over-hand” mechanism, involving a strict alterna-
tion of the two heads along the microtubule lattice. Three
recent studies, two appearing in this issue (8, 19) and one in

 

Biochemistry

 

 (31), shed new light on the mystery of kine-
sin processivity and lend additional experimental support
to the hand-over-hand model.

 

Proceeding Processively

 

There is overwhelming evidence for kinesin processivity.
Single molecules of kinesin typically travel for distances of
a micrometer along microtubules, with a constant proba-
bility of dissociation per unit of distance traveled, corre-
sponding to roughly 1% per molecular step (5, 28). This
implies a processivity value of 

 

z

 

100 enzymatic turnovers
catalyzed before dissociation or termination. This value
compares favorably with that calculated for many nucleic
acid enzymes, which move processively but are not nor-
mally categorized as motor proteins, although it pales in
comparison with DNA or RNA polymerase. Perhaps
more impressively, single molecules of kinesin can pull
tiny beads (

 

z

 

0.5 

 

m

 

m in diameter) against loads up to 

 

z

 

6
pN or more (24), all while taking steps measuring 8 nm (25).
These numbers can be used to estimate an upper bound
for the length of time any kinesin molecule might reason-

ably spend apart from its microtubule substrate, assuming
it were to unbind at all during the mechanical cycle. A load
of 

 

z

 

3 pN (half of the stall force) can pull a dissociated
bead rearwards through a distance equal to its forward
stepsize, thereby precluding net progress, in 

 

z

 

20 

 

m

 

s. Any
time spent unbound must be shorter than this (perhaps 0).
This is one thousandth of the time required for molecules
to complete their mechanical cycle, which is 

 

z

 

20 ms at

 

z

 

400 nm/s (half the peak velocity). The effective “duty ra-
tio” for a single kinesin molecule, defined as that fraction
of the total cycle during which it remains tightly attached
to the microtubule during the translocation process, is thus

 

.

 

0.999, and possibly 1.0. Kinesin hangs on for dear life.
But does kinesin move hand-over-hand? Implicit in that

scenario is a kind of molecular legerdemain whereby the
trailing head can’t advance until the leading head is al-
ready in position, and vice versa, so that strict alternation
is accomplished. The first real indication for such coordi-
nation came from elegant biochemical work by Hackney
(7), who showed that there is a fundamental asymmetry
between the two heads of a kinesin dimer molecule bound
to a microtubule in the absence of ATP: one head domain
was directly attached to the microtubule in a rigor-like
manner and carried no bound nucleotide, while the other
head appeared to be tethered and carried ADP in its cata-
lytic site. Moreover, the binding of ATP to the rigor head
induced ADP release by the partner head. Subsequent
work confirmed and extended this result and was consistent
with a model in which ATP binding by one head is required
for ADP release by the other (16). In this way, the two
heads may be forced to run “out of phase” with one another.

The hand-over-hand model predicts that single-headed
motors ought not to work very well, if at all, and they
should lose their processivity. In ground-breaking work,
Gelles and co-workers (2) demonstrated that a single-
headed, monomeric construct based on the head domain
of 

 

Drosophila

 

 kinesin did in fact support movement in
vitro. As anticipated, however, the motion was slow and ir-
regular, with motors wandering willy-nilly over the micro-
tubule surface, and comparatively large surface densities
of motors were required in assays. This was in contrast to
native dimeric motors, which support movement at vanish-
ingly low surface densities, down to the single-molecule
level (11), and which track faithfully along paths parallel
to single protofilaments of the microtubule lattice (18). All
in all, this is consistent with the view that single-headed
motors work in groups and that their heads don’t hang on
very well. But there are other possible explanations for the
failure of single-headed kinesin, so it was important to go
beyond these experiments.
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One-headed Monsters

 

Hancock and Howard (8) produced a single-headed con-
struct by coexpressing full-length kinesin heavy chains
from 

 

Drosophila

 

 together with histidine-tagged, “decapi-
tated” chains deleted for the motor domain. The decapi-
tated chains consist largely of the rod domain (also called
the stalk) that is responsible for kinesin dimerization via

 

a

 

-helical coiled-coil interactions. The his-tag on the head-
less chain was used to isolate the single-headed species
from the two-headed one, generating a homogeneous pop-
ulation for testing. Consistent with earlier work, the mo-
tion produced by one-headed motors was slow and irregu-
lar, regardless of the surface density. However, the fact
that these constructs contained the full-length rod, which
under the right conditions can bind to surfaces without dis-
rupting the motor activity in the heads, meant that it now
became possible to titrate movement against motor sur-
face density. This experiment is formally analogous to ti-
trating the activity of an enzyme against its substrate con-
centration: when plotted appropriately, the result is a
sigmoid curve whose steepness reveals the presence or ab-
sence of cooperative interactions—a kind of Hill curve. For
dimeric motors, the effective mechanical “Hill coefficient”
was unity, reproducing earlier results (11, 22). However, the
new single-headed constructs gave a mechanical Hill coef-
ficient somewhere between 4 and 6, implying that 4–6 ki-
nesin heads must participate to generate continuous motion.

Perhaps the most interesting finding was that at the very
lowest surface densities, isolated single-headed motors
tended to bind microtubules for exceedingly long times
(

 

z

 

3 s, on average), leading to diffusional swiveling of the
microtubules on surfaces about their points of attachment,
a phenomenon known as “nodal point pivoting.” How-
ever, single-headed motors failed to move microtubules, in
contrast to dimeric motors. This result poses something of
a paradox. If single heads linger on microtubules for as
long as 3 s, corresponding to a detachment rate of just

 

z

 

0.3 s

 

2

 

1

 

, how can the two-headed species possibly drive
movement at 

 

z

 

800 nm/s, which requires an overall step-
ping rate of 

 

z

 

100 s

 

2

 

1

 

 given 8-nm steps? On this basis,
Hancock and Howard reasoned that the binding of addi-
tional heads to a microtubule somehow accelerates the de-
tachment of the first head, most likely because the first head
senses an additional mechanical strain acting through the
microtubule. This resolution seems plausible, although the
evidence for it remains circumstantial, but it is the kind of
coordination required for hand-over-hand motion.

Gelles and co-workers (31) took a somewhat different
tack, using two different “tail-less” single-headed deriva-
tives, K365-BIO and K340-BIO, which consist of slightly
different sizes of the kinesin head domain from 

 

Dro-
sophila

 

 fused to a biotin-accepting domain from 

 

Esche-
richia coli

 

. These monomeric species were then bound at
various densities to surfaces coated with streptavidin and
used in microtubule gliding assays. By adding methycellu-
lose to the motility buffer, they were able to prevent mi-
crotubules from diffusing away from the coverglass sur-
face, and thereby to score movement at lower motor
densities than previously (26). The logic of the experiment
goes as follows: For motors with low duty ratios (those
that are bound and stroking during only a fraction of the
cycle), the effect of multiple motors is to produce faster

motion than that of a single motor alone since the contri-
bution from any one motor tends to occur at a time when
all the others are unbound. Thus, the individual motions
summate. In contrast, for motors with high duty ratios, the
effect of several motors is roughly the same as for a single
one (15), and there is little or no change in speed.

By carefully compiling histograms of speeds attained by
both single-headed species and a double-headed control,
Gelles and co-workers were able to demonstrate that sin-
gle-headed motion is fundamentally different from dou-
ble-headed motion. In particular, motions produced by the
two-headed derivative tend to be biphasic: either microtu-
bules are driven by motors near their peak speed, or they
are not driven at all, whereupon the motion is purely diffu-
sive. Episodes of movement at intermediate speeds are
comparatively rare. This behavior is consistent with a pro-
cessive motor having a high duty ratio. In contrast, both the
single-headed species produce monophasic distributions,
with a continuum of speeds that do not cluster near the
maximal value. This is consistent with a nonprocessive motor
having a low duty ratio. In addition, Gelles and colleagues
were able to confirm reduced duty cycles for their single-
headed derivatives by a clever autocorrelation analysis,
which quantifies aspects of the persistence of the motion (31).

But is a low duty ratio for single-headed motors consis-
tent with the observation that single heads remain bound for
long periods (8), which would seem to imply the exact op-
posite? Curiously, yes. Assuming that the interpretation
advanced by Hancock and Howard is right, i.e., that detach-
ment rates for single heads are accelerated many-fold by
the mechanical strain that develops when other heads bind,
then assays that characterize the effects of multiple single
heads (e.g., those used by Gelles and co-workers) would
tend to “see” the detached forms, giving a low duty ratio.
But more work remains to be done addressing this issue.

 

What’s in a Name?

 

The difference in behavior between single- and double-
headed kinesin species raises anew a frequently posed
question: Which parts of the kinesin molecule are respon-
sible for its various properties? Is it possible to assign spe-
cific roles to one or more functional domains, such as force
production, ATP hydrolysis, stepping distance, elastic
compliance, processivity, or directionality? A search for
functional domains generally begins with the identification
of structural domains. Unfortunately, the kinesin field de-
veloped an obsolete and/or misleading nomenclature by
assigning colorful structural names to regions of the mole-
cule before their structures were actually known, based on
a combination of electron microscopy, biochemistry, se-
quence gazing, and wishful thinking (14, 27, 29, 30). Origi-
nally, the NH

 

2

 

-terminal 

 

z

 

430 amino acids (aa)

 

1

 

 of the kinesin
heavy chain, which contain the ATPase and microtubule-
binding activities, were called the “head,” and assumed to
form a globular unit. The middle region of the heavy chain,
responsible for dimerization through 

 

a

 

-helical coiled-coil
interactions, was termed the “stalk,” while the COOH-ter-
minal 

 

z

 

50–90 aa formed a third globular region called the
“tail.” This created a problem right from the start, because
of the structural analogy with myosin, where the globular
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NH

 

2

 

-terminal domain is also called the “head,” but where
the coiled-coil portion is named the “tail.” To avoid confu-
sion, many prefer to call the kinesin “stalk” a “rod,” which
is a term also used for myosin.

Alas, the problems didn’t end there. The NH

 

2

 

-terminal

 

z

 

430 aa of kinesin constitute rather more than a globular
head; they stretch well into the rod domain. The head frag-
ment whose structure was originally determined was much
smaller than this, comprising the first 

 

z

 

350 aa, of which

 

z

 

325 aa were visible in the crystal structure (14). The lat-
ter portion was dubbed the kinesin “motor domain,” de-
spite the fact that fragments truncated at this point did not
retain motor activity. The name for this fragment was later
revised to the “catalytic domain” (6), or to the “catalytic
core” (27). The sequence of 20–40 aa immediately follow-
ing the catalytic domain is evolutionarily conserved, in a
class-specific way, across the whole superfamily of kinesin
proteins, and is thus of considerable interest. Tenden-
tiously, this sequence, whose structure was unknown at the
time, was given the name “neck” (20, 27) (although the
term “neck” had previously been used in a different con-
text [12]), and the “motor domain” was apparently rede-
fined to be the catalytic domain plus this neck (6). Soon
thereafter, the crystal structures of both kinesin monomers
and dimers containing portions of the neck were solved,
comprising the NH

 

2

 

-terminal 

 

z

 

350 and 

 

z

 

370 aa, respec-
tively (13, 21). These structures reveal that “neck” was an
unfortunate choice of words. First, the neck isn’t located at
the base of the head; it starts near the midzone of the
structural head domain, and its first dozen aa are closely
associated with the rest of the head, forming two short 

 

b

 

strands (

 

b

 

-9, 

 

b

 

-10) packed against the core of the crystal
structure. Second, the stretch of polypeptide linking the
head to the “body” (stalk), that is, the part one might be
inclined to call a “neck” in common parlance, is exceed-
ingly short, comprising just 3–4 aa. The remaining 

 

z

 

50 aa
of the neck region, from 

 

z

 

340–390, dimerize into a coiled-
coil. Thus, the neck defined by Vale and Fletterick (27)
spans at least three structural subdomains: the head, the
short head–stalk linker, and the start of the rod, or stalk
(Fig. 1). Now that crystal structures are available, it would
seem to be a good time for people to get together and
reach a consensus on a structurally consistent set of names
for the parts of the kinesin protein. 

 

Neck and Neck

 

Nomenclature notwithstanding, the neck is turning out to
be a very interesting portion of the kinesin molecule. Two
recent studies of genetically engineered kinesin-ncd chi-
meras, in which the head of kinesin (a plus end–directed
motor) was replaced by the head of its relative, ncd (a mi-
nus end–directed motor), have furnished some insights
into the possible origins of directional polarity (6, 9).
When the kinesin catalytic domain was replaced by the
corresponding domain of ncd, with the chimeric junction
chosen to coincide with the NH

 

2

 

-terminal start of the kine-
sin neck sequence (Fig. 1), the resulting constructs moved
towards the plus ends of microtubules, despite their ncd
heads. In its simplest interpretation, this result suggests that
the secret of directionality may reside somewhere in the
neck and is therefore located “outside of the core catalytic
domain” (6). Once again, though, the nomenclature may

serve to mislead because the “neck” starts within the globu-
lar head domain.

The paper by Romberg et al. (19) investigates the effect
of directed mutations elsewhere in the neck region of the
human kinesin heavy chain. The mutations they intro-
duced all turned out to be located towards the base of the
neck, beyond the start of the 

 

a

 

-helical coiled-coil stalk,
which begins at Ala339 in the rat structure (Ala337 of the
human sequence; Fig. 1). It had been hypothesized that
some degree of “melting” or unwinding of this coiled-coil
region might be required to separate the two kinesin heads
by a distance equal to the step size (4, 27). Romberg and
co-workers produced a number of sequence variants of the
kinesin heavy chain designed to test this notion. Chimeric
molecules were created, consisting of the NH

 

2

 

-terminal
portion of the kinesin heavy chain sequence out to 

 

z

 

aa
560, which is midway through the long stalk. Beyond this
point, the kinesin sequence was fused to the sequence for
green fluorescent protein equipped with a his-tag. These
constructs could be scored for motor activity at the single-
molecule level, using the powerful new tool of total inter-
nal reflection microscopy (17, 28).

The working hypothesis was that stabilizing the coiled-

Figure 1. Sequence alignment for a portion of the kinesin heavy
chain and corresponding elements in the kinesin structure. (A)
Alignment of the rat (top) and human (bottom) sequences span-
ning the region z310–350 aa. Identical amino acids are colored
(yellow). The numbering scheme for rat and human sequences
differs by two. Neck regions, as defined by Sack et al. (21) and
Vale and Fletterick (27), are indicated (horizontal black arrows).
The sequence replaced in the ncd-kinesin chimera of Case et al.
(6) is indicated on the left (red open box, left), as well as the sites
of various mutations introduced by Romberg et al. (19) (vertical
red arrows, right). Immediately under the alignment are struc-
tural elements of the dimer: a-helix 6 (olive), b-strands 9 and 10
(lavender), and the start of the coiled-coil (violet). Below these
are the structural domains, consisting of the head (green, COOH
terminus blue), head-stalk linker (gray), and initial portion of the
stalk (violet). A new “region of interest” begins in a-helix 6 and
continues until the start of the stalk (see text). (B) The corre-
sponding structural domains are shown mapped onto a cartoon of
the kinesin dimer, using the same coloring scheme.
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coil region to prevent any hypothetical unraveling might
destroy kinesin processivity altogether. Interestingly, how-
ever, processivity was never completely abolished in any
of the mutants scored. In one, a complete turn of the
coiled-coil was duplicated (7 aa, starting at roughly the
second heptad repeat of the coiled-coil, based on the rat
structure). In a second, 3 aa in the second and third heptad
repeats of the coiled-coil region were changed to hydro-
phobic residues in an attempt to make their coil interac-
tions more “ideal.” In a third, roughly the second through
fifth heptad repeats were replaced by a coiled-coil consen-
sus sequence in an effort to further stabilize interactions.
In all three cases, kinesin processivity, as assayed by sin-
gle-molecule run length, was comparable to that of wild
type. If anything, the duplication mutant had a greater-
than-normal processivity, which seems hard to rationalize
in this kind of model. Two additional mutants were tested.
In one, a Gly-Gly-Gly “swivel” was inserted into the se-
quence between positions 342 and 343 (human number-
ing), which was expected to facilitate head motion. This
mutation had about half the processivity of wild type. Un-
fortunately, the swivel may have been introduced at a less-
than-perfect position in the human sequence, in light of
the rat structure. Ideally, it would be placed in the head–
stalk linker (aa 

 

z

 

335, Fig. 1) and not after the first heptad
of the coiled-coil. Finally, a 

 

z

 

30-aa deletion was made at
the start of the coiled-coil, beginning at human residue
341. This mutation affected kinesin processivity the most,
reducing it to 

 

z

 

14% of wild type, but nevertheless failed
to destroy it altogether.

It’s hard to know exactly what to make of these results,
except that kinesin is a hard molecule to keep down! The
initial coiled-coil region of kinesin dimers may well still
unravel during motion, despite the attempts to stabilize it
by mutagenesis. The fact that the mutations were placed
mainly in the second heptad repeat or beyond, and not in
the first, may compromise the strength of any conclusions
one might draw. But equally plausibly, unwinding of the
coiled-coil region may not be required for processivity af-
ter all, which is precisely the conclusion favored by Rom-
berg et al. (19). This raises the question of what, exactly,
does provide the means by which the kinesin heads sepa-
rate by 8 nm. By a process of elimination, it is intriguing to
speculate that the region from the middle of 

 

a

 

-helix 6 of
the head domain (aa 

 

z

 

310) to the start of the coiled-coil
(aa 

 

z

 

340) might be the site of the requisite structural
changes (Fig. 1, 

 

region of interest

 

). Romberg et al. (19)
show with computer modeling that swiveling of one of the
two kinesin heads, in combination with restructuring of the
peptide in this region of interest, might, in principle, allow
the kinesin dimer to dock with a microtubule in such a way
that both heads are bound (their Fig. 4). As explained above,
the hand-over-hand model requires both kinesin heads to
bind, at least transiently, during the mechanical cycle.

Could this region of interest be in any way analogous to
the so-called “lever arm” of the myosin motor, which is
widely believed to be the site of conformational changes
that power motion in muscle (3, 10)? Superficially at least,
there is no structural resemblance whatsoever, and even if
this region were to undergo large-scale conformational
changes, it is not immediately apparent how it could pro-
duce either the requisite displacement (8 nm) or force (

 

z

 

6
pN). And that, of course, has us all scratching our heads.
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