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Abstract

Kinesin-14 motor proteins step towards microtubule
minus ends, in the opposite direction to other kinesins.
Work on the still-enigmatic kinesin-14 mechanism
published in BMC Structural Biology shows that the
carboxyl terminus of the motor head undergoes a
dock-undock cycle, like that of plus-end-directed
kinesins.

Kinesins are the railway engines of the cell, hauling
molecular cargo over long distances along microtubule
tracks. The kinesin-microtubule railway system is central
to the self-organization of eukaryotic life and its
mechanisms are consequently an important problem in
molecular cell biology. Most kinesins step towards micro-
tubule plus ends, but in one subfamily, the kinesins-14
(K-14), the conventional mechanism is reversed so that
the motors haul cargo in the opposite direction, towards
microtubule minus ends. Discovering the reversal
mechanism is proving challenging. A new crystal struc-
ture of a kinesin-14 point mutant [1] now visualizes for
the first time the docking of the proximal part of the
kinesin-14 carboxyl terminus to a site on the main part of
the kinesin head, showing that the docking and un-
docking of a carboxy-terminal peptide is a general feature
of the mechanism of force generation in both plus-end-
directed and minus-end-directed kinesins.

The initial discovery of Ncd [2,3], the first kinesin-14 to
be found, stimulated exciting protein-engineering experi-
ments aimed at finding the structural mechanism for
backward stepping. It was quickly established that con-
necting kinesin-14 heads via their carboxyl termini to the
tail of kinesin-1 (kinesin-1 is plus-end-directed) results in
a plus-end-directed chimera, whereas connecting
kinesin-1 heads via their amino termini to a kinesin-14
tail produces a slow minus-end-directed chimera. So far
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so good, but subsequent experiments revealed a more
subtle and complicated picture. Mutating the head-tail
junction in kinesin-14 caused it to revert to plus-end-
directed motility [4], whereas a point mutation near the
head-tail junction (Ncd N340K) produces a schizophrenic
motor that drives plus-end-directed microtubule sliding
for a few seconds, and then switches to driving minus-
end-directed sliding, and vice versa [5]. Making sense of
these data requires three-dimensional (3D) structural
information. Enter crystallography.

Structural studies reveal two stable positions of
the coiled-coil tail in kinesin-14

Crystal structures of wild-type Ncd show the two heads
of the dimeric motor in symmetrically equivalent posi-
tions (Figure 1a). In the crystal structure of a kinesin-14
mutant (Ncd N600K) [6] this symmetry is broken, with
one head in the familiar position, and one rotated by
about 70° (Figure 1b). The new structure [1], of a T436S
mutant in the active-site P-loop of Ncd (equivalent to
T94S in Drosophila kinesin-1), shows this same asym-
metrical arrangement. Figure 1c displays the same data as
for Figure 1b, but with one head of the dimer overlaid on
the other, showing that the coiled-coil tail can lie stably in
two different positions relative to the motor head. This
raises the possibility that flipping between these positions
could allow the coiled-coil tail to function as a lever to
exert force.

Crystallography provides an atomic-resolution view of
isolated kinesin heads, but as yet there are no crystal
structures of kinesin-tubulin complexes. This is where
electron microscopy can help. Kinesins bound to micro-
tubules can now be visualized using 3D cryoelectron
microscopy with a resolution sufficient to allow the posi-
tions of particular helices and other secondary structural
elements to be mapped. Two competing kinesin-14
schemes have emerged, in both of which ATP turnover in
the microtubule-attached head drives a lever-swing of
the coiled-coil tail. One scheme has this occurring on
ATP binding, and the other on ADP release (Figure 2).
Lever models are attractive, but also bring new problems:
Heuston et al. [1] show that the two lever positions are
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Figure 1. Kinesin-14 lever positions. (a) A crystal structure of a wild-type Ncd dimer shows a symmetrical structure with the heads in equivalent
positions (PDB 1CZ7). The amino terminus of the head is highlighted in red and the carboxyl terminus in green. The alpha4 relay helix is magenta.
The blow-up on the right of the region linking the motor heads to their tails (the lever) shows the carboxyl termini of the two heads in essentially
the same conformation. (b) In a dimer formed of mutant Ncd subunits (N600K, PDB 1N6M), one head is rotated relative to the other by about 70°.
The new structure of Heuston et al. [1] of the mutant T436S shows this arrangement. (c) Same data as in (b) above, with one head rotated to overlay
the other, showing the coiled coil tail can adopt two stable positions relative to the head.




Cross BMC Biology 2010, 8:107
http://www.biomedcentral.com/1741-7007/8/107

Page 3 of 5

microtubule.

@ MT.K.ADP.Pi @

Figure 2. Competing models for coupling the kinesin-14 lever scheme to ATP turnover. In one scheme (left), lever motion is coupled to ADP
release. In the other (right), it is coupled to ATP binding. K. ADP, kinesin with ADP bound in the active site; MT.K.ADP, kinesin with bound ADP in
contact with microtubule (MT); MT.K.0, complex of microtubule and kinesin after ADP release; MT.K.ATP, complex of microtubule and kinesin with
bound ATP; MTK.ADPPi, hydrolysis of ATP generates kinesin with ADP and P bound. The - and + signs indicate the minus and plus ends of the

each stabilized by multiple salt bridges and how the lever
might be driven from one stable position to another is
unclear. Furthermore, the lever (the coiled-coil tail of the
motor) is potentially forbiddingly long: perhaps as long as
150 nm in the wild-type molecule, albeit with some
regions less stable than others [7].

Confidence in some sort of lever-swing model is
nonetheless much increased by experiments showing
that the ability of Ncd to drive minus-end-directed
motility depends critically on the rigidity of the head-
proximal part of its coiled-coil tail (often called the ‘neck’;
the remainder of the tail is called the ‘stalk’). Endres et al.
[8] tested the effects of inserting flexible linkers at the

head-tail junction, and within the coiled-coil tail, proving
firmly that a two-chain coiled tail is a prerequisite for
coupling microtubule-activated ATP turnover to
microtubule sliding motility. These results explain why
wild-type kinesin-14 likes to dimerize, either with itself,
as for Ncd, or, as in Kar3, with a non-motor partner
protein (Cik1 or Vikl). Dimerization can stiffen the lever,
via coiled-coil formation. The experiments of Endres et
al. [8] also confirm that the speed of kinesin-14-driven
microtubule sliding increases in direct proportion to the
predicted lever length.
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Figure 3. Docked and undocked positions of the carboxy-terminal neck-linker in kinesin-5. A kinesin-5 in the docked conformation (PDB
1X88) with a structure in the undocked conformation (PDB 1116) superimposed. With the alpha4 relay helix in the UP position (shown in pink), the
neck-linker (green) can dock into a site on the main part of the motor head. With the alpha4 DOWN (shown in magenta) the neck-linker docking
site is sterically blocked, and the neck-linker adopts an alternative position. In the magnified portion of the structure shown on the right, the arrow
indicates intrusion of the carboxyl terminus of alpha4 (magenta) into the docking site of the carboxy-terminal neck linker (green).

Coupling between docking of the kinesin carboxyl
terminus and force generation

For the plus-end-directed kinesin-1, kinesin-3 and
kinesin-5, crystallography has revealed that the flexible
carboxyl terminus of the head (called the ‘neck-linker’)
can dock into a slot on the main part of the head, with
the amino terminus lying alongside or wrapping over it.
Recent simulations suggest that in kinesin-1, this
interaction between the amino and carboxyl termini
contributes substantially to the free energy of neck-linker
docking [9], lending new life to the proposal, originally
made a decade ago [10], that neck-linker docking is itself
the force-generating event for kinesin-1, equivalent to the
lever arm action proposed for myosins. The carboxyl
terminus of kinesin-14 is not seen in existing crystal
structures. But in the new kinesin-14 crystal structure of
Heuston et al. [1], the carboxyl terminus of one of the two
heads is seen to anneal into a site on the main part of the
head in much the same way as the carboxy-terminal neck-
linker of plus-end-directed kinesins. The docking occurs in
the head with the ‘post-stroke’ lever position, suggesting
that lever motion and docking are coupled. Both heads in
the new structure contain ADP, but the occupancy is

reduced in the head with the docked carboxyl terminus
and post-stroke lever position. Heuston et al. speculate
that their post-stroke structure may correspond to a no-
nucleotide microtubule-bound state of the motor, so that
force generation is coupled to ADP release.

What is the mechanical significance of the dock-
undock cycle of the carboxyl terminus of the kinesin
head? How might it be important for both plus- and
minus-end-directed motility? Several lines of evidence
indicate a coupling between the catalytic status of the
active site, the conformation of the alpha4 relay helix,
thought to transmit information between the active site
and the microtubule-binding interface, and the docking
of the carboxy-terminal ‘neck-linker’ of kinesins in
general. Figure 3 shows a superposition of the UP and
DOWN states of the alpha4 relay helix in a kinesin-5
crystal structure. With the relay helix in a DOWN state,
docking of the carboxy-terminal neck-linker is blocked
because the alpha4 helix intrudes into the neck-linker
docking site [10]. In the recent literature, the UP state is
referred to as ‘ATP like’ and the DOWN state as ‘ADP
like, but in my view it remains arguable which chemical
state of the active site corresponds to the UP and DOWN
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states of the alpha4, once the kinesin head is bound to the
microtubule. The vast majority of published crystal
structures of kinesins have ADP in the motor active site,
but both UP and DOWN states of the alpha4 are seen,
and there is no correlation, taking the dataset as a whole,
between the status of the active site and the conformation
of the alpha4 relay helix [11].

Here again, high-resolution cryoelectron microscopy
can help. Hirose and colleagues [12] examined Kar3, a
minus-end-directed kinesin-14, and found large-scale
melting of the alpha4 relay helix on going from the state
with bound ATP analog AMPPNP to the empty state, but
any effects on the carboxyl terminus or coiled-coil tail are
unknown as they were not included in the motor
construct used. Movement of the alpha4 helix and
docking of the neck-linker has been confirmed in several
plus-end-directed kinesins in complex with microtubules
[13].

Rooting out the reversal mechanism

The new work of Heuston and colleagues [1] shows that
in kinesin-14, as in other members of its extended family,
docking and undocking of the carboxy-terminal residues
of the head can occur during ATP turnover. The
outstanding problem now is to work out the molecular
mechanism by which the coiled-coil lever of kinesin-14 is
driven from pre-stroke to post-stroke positions and back
again. One possibility is that residues on the microtubule
contribute. Whatever the answer may be, it is a safe bet
that the kinesin-14 mechanism holds yet more surprises
in store.
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