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within the L5 loop in allosteric communication and why there are differing ef-
ficacies in drug inhibition. Here we demonstrate an integrated approach to
build, test, and refine a model of how the L5 loop alters the conformation of
the motor domain in solution. Over 30 perturbations of the L5 loop, either
by sequence variation or drug binding, were analyzed using kinetic data, vibra-
tional spectroscopy, and multivariate analysis. Principal component analysis
organized mutant kinesins into two populations of Eg5 conformers, distin-
guished by changes mainly in 310 helices and unordered regions. The presence
of inhibitors also resulted in coincident, steady-state structural changes in this
kinesin. We surmise that the above conformational changes are localized to the
L5 loop. Unexpectedly, conformational changes were not restricted to the drug-
binding pocket alone: we have directly measured long-distance changes to the
beta-sheet core of the kinesin protein, a requirement for allostery that is quan-
tifiable in this analysis. Such tools can ultimately permit prediction of pleiotro-
pic changes in structure and consequently protein function and drug efficacy.
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All processive kinesins contain an unusual structural motif consisting of an al-
pha helix (a2) interrupted in the middle by a stem and loop motif known as L5.
The role of L5 in the overall enzymatic function of kinesin motors remains un-
known. However, its importance is highlighted by the finding that a variety of
small molecule inhibitors of the mitotic kinesin Eg5, which contains the longest
L5 in the kinesin superfamily, bind to this region with high affinity. These in-
hibitors induce a folding of L5, and trap the motor in an ADP bound, weak mi-
crotubule binding conformation. In order to gain greater insight into the func-
tion of L5, we have characterized three site-directed mutants in the loop
(position 121), stem (position 131) or in the portion of a2 amino-terminal to
this stem and loop motif (position 113). These three mutations have profound
effects on the kinetics of structural transitions that occur with nucleotide and
microtubule binding, and our results indicate that this conserved structural mo-
tif plays an important role in tuning the kinetics of kinesin motors.
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Kinesin superfamily motor proteins contain a structurally conserved loop near
the ATP binding site, termed L5. The function of L5 is unknown, although sev-
eral drug inhibitors of the mitotic kinesin Eg5 bind to L5. Here, we performed
electron paramagnetic resonance spectroscopy on Eg5 with spin labels site-spe-
cifically attached to ADP, to L5, and to the neck linker element that docks along
the enzymatic head to drive forward motility on microtubules. Our results in-
dicate that L5 undergoes a conformational change that enables Eg5 to bind
to microtubules in a pre-powerstroke state, with its neck linker undocked. De-
letion or inhibition of L5 blocks this pre-powerstroke state and abolishes the
fast, coordinated stepping of the Eg5 dimer. This L5-dependent motile mech-
anism should prevent single Eg5 dimers from moving on two separate micro-
tubules and forming aberrant microtubule cross-links in the mitotic spindle.
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In vertebrates, proper formation of the mitotic spindle requires the activity of
Eg5, a motor protein of the kinesin-5 family. Loss of Eg5 function leads to mo-
nopolar spindles and mitotic arrest. Eg5’s homotetrameric configuration, in
which two pairs of motor domains are connected by a central stalk, allows it
to crosslink and slide microtubules. Previous single molecule fluorescence
studies of Eg5 have shown that in physiological ionic strength its motion along
single microtubules is predominantly diffusive and ATP-independent, but be-
comes predominantly directional upon crosslinking two microtubules. The
structural and mechanistic basis of this allosteric regulation of Eg5’s motor ac-
tivity is poorly understood. One possibility is that Eg5’s non-motor domains,
including the central stalk and C-terminal tail, transmit signals of microtubule
binding state across the Eg5 tetramer and regulate motor activity. To probe the
roles of Eg5’s non-motor domains and to establish structure-function relation-
ships for these domains, we have generated a series of GFP-labeled Eg5 dele-
tion constructs, including a dimeric version and tetrameric versions containing
deletions of the motor domain and of the C-terminal tail domain. Each of the
constructs, including one that lacks the kinesin motor domain, binds microtu-
bules with varying affinities. In a multiple motor microtubule gliding assay, de-
letion of the tail domain results in a 50% increase in gliding velocity, from 15
nm/s for full-length Eg5, to 23 nm/s for tail-less Eg5. This indicates that the tail
domain is capable of attenuating Eg5 motility. To understand the contributions
of the Eg5’s domains to its directional and diffusive movement, we are using
single molecule fluorescence microscopy to characterize the motility along mi-
crotubules for each construct. These studies suggest a model wherein the non-
motor domains of Eg5 modulate its motor activity and contribute to its ability to
associate with microtubules.
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The homo-tetrameric motor protein Eg5 from X. laevis drives relative sliding of
anti-parallel microtubules by the processive action of its two opposing sets of
dimeric motor. As shown by Kwok et al. (2006, Nat. Chem. Biol. 2:480) and
Kapitein et al. (2008, J. Cell Biol. 182:421), tetrameric motors move slowly
(~20nm/s), but processively on a single microtubule alternating between diffu-
sional and directional episodes, while motors moving between two microtu-
bules move in a highly directional and processive fashion.
In order to obtain a tetrameric model system with more clearly defined proper-
ties and motile phases, we have constructed a tetrameric chimera by replacing
Eg5-motor domain and neck-linker by the homologous regions of D. mela-
nogaster Kinesin 1 (DK4mer).
In surface-gliding assays, Dk4mer showed fast motility (553531nm/s), irre-
spective of a C-terminal his- or GFP-his-tag. Comparison to DmKHC shows
a similar k0.5, ATP of ~0.06mM, suggesting that the GFP-tagged version is suit-
able for single-molecule fluorescence studies. Single GFP-tagged DK4mer mo-
tors moved processively along the MT at speeds comparable to those seen in
surface-gliding assays (49953nm/s). We observe clearly distinguished direc-
tional and diffusional episodes and an overall run length of ~9mm on average.
We further performed relative sliding assays using DK4mer and observe the ex-
pected trimodal distribution of velocities at v=0, v=v1 and v=2v1, v1 being
500nm/s, clearly showing that DK4mer is capable of sliding microtubules apart
simultaneously using both pairs of motor domains.
The DK4mer is thus an excellent model system to study regulatory aspects of
Kinesin-5 due to its high speed, its long processivity and its clear separation of
diffusive and directional motility and its fast and efficient relative sliding of mi-
crotubules.
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Recently, we have successfully dissolved the crystal structure of ADP bound
K16 motor domain. The overall structure of the K16MD is similar to that of
conventional kinesin motor domains, as expected from the high similarity of
amino acid sequence. However, neck-linker region of K16 showed an ordered
conformation in a position like that of Eg5. Previously, we have designed the
K16 motor domain chimera protein fused with GFP at the neck-linker in order
to monitor the conformational change of the neck-linker during ATP hydrolysis
by small angle X-ray solution scattering. We determined the Radius gyration
(Rg) values of K16-GFP in the presence or absence of nucleotides by X-ray so-
lution scattering. The Rg of nucleotide-free K16-GFP was about 42 Å. In the
presence of ADP and ATP, the Rg values were 38 Å and 39Å, respectively.
In this study, conventional kinesin fused with GFP (KIF5A-GFP) was prepared
and analyzed by small-angle X-ray scattering in order to compare its neck-
linker conformation with K16-GFP. The Rg value of ADP and AMPPNP states
are 34.5Å while that of nucleotide-free is 35.4Å. For KIF5A-GFP, the Rg dif-
ference between nucleotide-free state and nucleotide-docked state is three
times smaller than K16. These results suggest that the conformational change
of K16 neck-linker is more significant than KIF5A. Moreover, Eg5 fused
with GFP (Eg5-GFP) was also successfully expressed in E.coli., which has dif-
ferent orientation of neck-linker in crystal structure. The conformation of the
kinesin in the solution was also analyzed.
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