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Background: Kinesin-5 motors are important for formation and maintenance of the bipolar mitotic spindle.
Results: ATP binding triggers coupled conformational changes of kinesin-5 specific structural elements in the microtubule-
bound motor domain.
Conclusion: Kinesin-5 mechanochemistry is tuned to its cellular functions.
Significance: Subnanometer resolution structure determination of microtubule-bound kinesin-5s and kinetics experiments
reveal the molecular basis of their motor properties and of drug inhibition.

Kinesin-5 is required for forming the bipolar spindle during
mitosis. Its motor domain, which contains nucleotide and
microtubule binding sites andmechanical elements to generate
force, has evolved distinct properties for its spindle-based func-
tions. In this study, we report subnanometer resolution cryo-
electron microscopy reconstructions of microtubule-bound
human kinesin-5 before and after nucleotide binding and com-
bine this information with studies of the kinetics of nucleotide-
induced neck linker and cover strand movement. These studies
reveal coupled, nucleotide-dependent conformational changes
that explain many of this motor’s properties. We find that ATP
binding induces a ratchet-like docking of the neck linker and
simultaneous, parallel docking of the N-terminal cover strand.
Loop L5, the binding site for allosteric inhibitors of kinesin-5,
also undergoes a dramatic reorientation when ATP binds, sug-
gesting that it is directly involved in controllingnucleotidebind-
ing. Our structures indicate that allosteric inhibitors of human
kinesin-5, which are being developed as anti-cancer therapeu-
tics, bind to a motor conformation that occurs in the course of
normal function. However, due to evolutionarily defined
sequence variations in L5, this conformation is not adopted by
invertebrate kinesin-5s, explaining their resistance to drug inhi-
bition. Together, our data reveal the precision with which the
molecular mechanism of kinesin-5 motors has evolved for force
generation.

Cell division is orchestrated by the bipolar spindle. This
structure is organized through the coordinated production of

sustained force from opposing microtubule (MT)2 motors, and
it is crucial for accurate chromosome segregation. Although
these mitotic motors have evolved specific enzymologies to
generate and respond to this force, themolecular basis for such
specific adaptations is largely unknown. One of these motors is
kinesin-5 (K5), which is important for the formation andmain-
tenance of bipolar spindles (1). K5s oligomerize through coiled-
coil interactions to form homotetramers, with pairs of motor
domains (MDs) at either end of dumbbell-shaped molecules.
This organization is perfectly designed for the cross-linking and
sliding of adjacent MTs that contribute to the bipolar architec-
ture of the spindle (1, 2). Dimers of K5 within the tetramer
accomplish this process by taking ATP-driven steps along the
MT lattice toward their plus-ends (3, 4).
The force-generating capacity of kinesins originates in their

MDs, which contain both MT- and ATP-binding sites. Con-
served structural elements in the nucleotide-binding site,
including the P-loop, and the switch I and switch II loops,
undergo coordinated conformational changes in response to
ATP binding and hydrolysis (Fig. 1A). These structural changes
are transmitted to other regions of theMD to controlMT affin-
ity (5, 6). In plus-end kinesins, such as K5s, the conformation of
the nucleotide-binding site also controls the orientation of the
neck linker (NL), a 14–18-amino acid sequence at the MD C
terminus. In the case of the transport motor kinesin-1 (K1), the
NL directs motor-generated movement by docking along the
MD in response to ATP binding, a structural change that
directs the other, tethered head of the K1 dimer toward the
plus-end of the MT (7, 8). In K1s, the MD N terminus is also
essential for motility because its proximal portion, or cover
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strand (CS), interacts with the NL, together called the cover
neck bundle (CNB), which has beenmodeled as a �-sheet. CNB
formation is hypothesized to be important in reinforcing NL
movement, because NL docking alone is not sufficient to
account for force transmission and motility (9, 10).
Despite their conserved features, kinesinMDs with different

cellular physiologies show significant variability in several
structural elements. This suggests that kinesins modify these
regions in order to respond to the specific functional demands
placed upon them. One of the most variable of these structural
elements is loop 5 (L5), which interrupts the helix-�2 and is
close to the P-loop, switch I, and switch II. It is among themost
highly variable sequence segments in the kinesin superfamily,
ranging from7 residues in vertebrate kinesin-7 to 18 residues in
vertebrate K5 (11) (Fig. 1A). Several recent studies indicate that
L5 regulates the ATPase cycle of K5 by modulating ATP bind-
ing (12), ADP release (13), microtubule binding (12), and cou-
pling to the NL (14). Moreover, L5 is the binding site of small
molecule inhibitors specific to vertebrate K5s (15) that alloster-
ically inhibit ATPase activity and directional movement (16,
17), induce spindle collapse, and arrest mitosis, (18) and have
been investigated in cancer clinical trials (19). Together, these
data raise fundamental questions about the molecular mecha-
nism by which K5-specific structural elements control the
motor’s mechanochemistry.
A battery of biophysical, biochemical, and structural tech-

niques has been used to address these important questions.
Structures solved using x-ray crystallography have provided
residue-by-residue views of the humanK5MD, including high-
lighting potential conformational variations in the K5 NL and
L5 (11, 15, 20, 21). In parallel, spectroscopic measurements
have provided dynamic data concerning the timing and regula-
tion of conformational changes within the MD and have been
correlated with K5 enzyme kinetics (12, 14, 22). The K5 crystal
structures have formed the basis ofmolecular interpretations of
these dynamic data. Unfortunately, these structures are neces-
sarily solved in the absence of MTs, which are crucial partners
for the K5 ATPase. This makes it very difficult to directly cor-
relate the nucleotide bound in a kinesin MD crystal structure
with the functional state of the motor that is captured (23–26).
To address these deficits, we have combined two comple-

mentary methods to determine the structures of the human K5
MD in discrete nucleotide states and the relative timing of con-
formational changes in relation to nucleotide binding. The first,
cryoelectron microscopy (cryo-EM) and image reconstruction,
is ideally suited to examine the structure of large complexes and
has allowed us to determine the MT-bound structures of
humanK5MDat successive steps in itsATPase cycle. Although
prior intermediate resolution (�25–30 Å) cryo-EM studies of
human K5-MT complexes provided initial insight into the
function of these motors (27, 28), the movements of individual
components of the MD could not been visualized. Our sub-
nanometer resolution reconstructions now enable us to visual-
ize coupled, nucleotide-dependent conformational transitions
of humanK5 structural elements, including those in L5, theNL,
and the N terminus. They also enable comparison with a previ-
ous reconstruction at equivalent resolution of the Drosophila
melanogaster K5 KLP61F (29), which sheds light on the lack of

inhibition of KLP61F by human K5-specific drugs (30). The
secondmethodology, transient state kinetics utilizing a series of
distance-sensitive probes in theMD, has allowed us to comple-
ment these static “snapshots” of the K5 MD structure with
dynamic information in order to determine the relative timing
of structural changes that occur during the motor ATPase
cycle. Our work allows us to reconcile a number of prior incon-
sistencies in the literature (12, 14, 31, 32), and it reveals the
structural basis of K5 force generation and function-specific
tuning of its conserved ATPase.

EXPERIMENTAL PROCEDURES

Cloning, Expression, Purification, and Labeling of K5
Constructs—A cysteine-light human K5 motor construct (resi-
dues 1–367) with a single cysteine on the neck linker (V365C)
was generated, expressed, and purified using a C-terminal His6
tag as described previously (12, 31). We also generated three
additional cysteine-containing Eg5 (residues 1–367)mutants in
a pET-21a vector for bacterial expression. The first of these is a
construct with a single cysteine in L5 (T126C) for undecagold
labeling. The other two contain two cysteines and have been
used to measure the kinetics of NL docking (V256C,V365C)
and CS movement (A2C,V256C) during the ATPase cycle by
means of distance-sensitive spectroscopy. TheA2C,V256C and
V256C,V365C constructs were labeledwith tetramethyl rhoda-
mine 5�-maleimide (TMR) by incubation for 24 hwith a 10-fold
molar excess of TMR over MD, followed by gel filtration on
Sephadex G25 to remove unbound label. Labeling stoichiome-
tries of 1.7–1.9 were achieved for both constructs (data not
shown). TheMT-activated kcat for TMR-labeledV256C,V365C
was 5.1 � 1.6 s�1, whereas that for TMR-labeled A2C,V256C
was 4.5 � 0.9 s�1, both reasonably close to the corresponding
value for wild type (33). Additionally, labeling with the FRET
donor/acceptor pair AEDANS-DDPM was accomplished by
incubating the motor domain construct with 0.2 mol eq of 1,5-
IAEDANS for 24 h, followed by incubationwith a 10-foldmolar
excess of DDPM. Excess label was removed by gel filtration on
Sephadex G25 (PD10, GE Healthcare). This resulted in a 1:5 to
1:10 AEDANS/DDPM molar ratio, as determined by absor-
bances at 336 and 440 nm.
An undecagold cluster conjugated to a maleimide linker was

used to covalently label single cysteines at specific sites in the
K5 motor domain using a similar strategy as was applied to K1
(7, 34). The gold label, provided by Dr. Dan Safer (University of
Pennsylvania), was activated with a 100-fold molar excess of
N-methoxycarbonylmaleimide in 0.5 M sodium bicarbonate for
90min on ice, and the reactionwas stopped by addingwater (50
ml of water for every 1 ml of reaction). The mixture was then
applied toCM-Sepharose resin (Sigma) and eluted into labeling
buffer (10 mM Hepes, pH 7, 25 mM potassium acetate, 1 mM

magnesium acetate, 1 mM EGTA, 0.1 mM ATP) supplemented
with 0.2 M potassium acetate. The protein was exchanged into
labeling buffer supplemented with 1 mM tris(2-carboxyethyl)-
phosphine (Sigma) using a PD10 desalting column (Amersham
Biosciences). Immediately prior to mixing with a 10-fold molar
excess of activated gold, the T126C andV365C constructs were
exchanged into labeling buffer (T126C) or labeling buffer sup-
plemented with 50 mM imidazole, pH 7 (V365C), both without
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tris(2-carboxyethyl)phosphine. After an 8-h incubation at
room temperature, labeled proteins were recovered by nickel
affinity chromatography. Concentrations of eluted protein and
attached gold (determined by absorbance at 420 nm) gave label-
ing efficiencies of 50% for T126C and 64% for V365C.
Electron Microscopy and Image Processing—MTs were

polymerized using bovine brain tubulin (Cytoskeleton, Inc.).
The tubulin, at a final concentration of 5 mg/ml, was incubated
with 80 mM PIPES, pH 6.8, 5 mM MgCl2, 1 mM EGTA, 5 mM

GTP for 2 h at 37 °C. Paclitaxel (1mM; Calbiochem) in dimethyl
sulfoxide was added, followed by a further 2-h incubation at
37 °C.UnlabeledT126Cwas dialyzed into 80mMPIPES, pH6.8,
5 mM MgCl2, 1 mM EGTA before use. MTs (2 �M) and MD (20
�M) were incubated at room temperature with either 5 mM

AMPPNP (Jena Biosciences GmbH) for 90 min or with apyrase
(1 unit/ml (Sigma), to remove bound nucleotides) for 10 min.
Subsequently, 3.5-�l samples were applied to glow-discharged
C-flat holey carbon grids (400-mesh; Protochips Inc.), at 24 °C
and 100% humidity, followed by automated blotting and plung-
ing into a liquid ethane bath (Vitrobot, FEI Co.). Low dose
images were collected on a Tecnai F20 FEG microscope (FEI
Co.) operating at 200 kV using a Gatan CT3500 Cryotransfer
System (Gatan, Inc). Micrographs were recorded at �50,000
nominal magnification, 0.8–2.4 �m defocus, on Eastman
Kodak Co. SO-163 films and digitized (SCAI scanner, Carl
Zeiss, Inc.) to a final sampling of 1.4 Å/pixel.
Segments along 13-protofilament MTs were manually

picked using Boxer (35) (helix option). Three-dimensional
reconstructions were generated using a previously described
custom single particle procedure (36). For each MT, the orien-
tation of the seam was determined by projection matching
using a B lattice 13-protofilamentMTdecoratedwithK1motor
domain as reference. Two rounds of reference alignment and
reconstruction using custom SPIDER (37) scripts and five
refinement rounds using FREALIGN (38), taking into account
pseudohelical symmetry and including full CTF correction
based on parameters determined by CTFFIND3 (39), were per-
formed. The resolution of the final reconstructions for the rigor
and AMPPNP states was determined by two methods: 9.5 and
9.7 Å from the Fourier Shell Correlation 0.5 criterion (40) or
10.3 and 10.4 Å from Rmeasure (41) for rigor and AMPPNP,
respectively (supplemental Fig. S1 and Table S1). The maps
were sharpened using a band pass filter between 20-9.7 Å and
20-9.5Å. Asymmetric units of the rigor (EMD-2078) andAMP-
PNP (EMD-2077) reconstructions are deposited in the Electron
Microscopy Data Bank.
The same reconstruction procedure was applied to the data

sets of gold-labeled T126C (T126C-Au) or V365C (V365C-Au)
treated with apyrase or AMPPNP. Gold densities were clearly
visible in the four reconstructions (supplemental Table S1 and
Fig. S2). An asymmetric unit of each of these reconstructions is
deposited in the Electron Microscopy Data Bank: gold_loop5/
AMPPNP, EMD-2152; gold_loop5/rigor, EMD-2079; gold_
NL/AMPPNP, EMD-2081; gold_NL/rigor, EMD-2080. To
extract gold-specific densities, differences between scaled gold-
labeled and unlabeled reconstructions were calculated using
SPIDER (37) and IMAGIC-5 (42) packages, and lowpass and/or

median filters were applied to the difference maps to reduce
residual noise.
Atomic Model Building—UCSF Chimera (43) was used for

rigid body fitting of atomic structures in the cryo-EM recon-
structions. The crystal structure of ��-tubulin dimer (PDB
entry 1JFF (44)) was fitted as a rigid body. The quality of the fit
was assessed by cross-correlation between the experimental
and simulated maps (supplemental Table S2). The four differ-
ent human K5 MD crystal structures (PDB entries 3HQD (20),
1II6 (11), 1Q0B (15), and 2WOG (21)) were fitted as rigid bod-
ies, and cross-correlation values were calculated (supplemental
Table S2). The N-terminal residues 6–16 were added to the
dockedK5MD-AMPPNP crystal structure (PDB entry 3HQD),
using the Chimera function commands “addaa” and “mini-
mize,” in order to generate amodel of theMD that accounts for
the EM density in the presence of AMPPNP. Among 250 dif-
ferent conformations of L5 (residues 119–131), produced with
the tool ”Model loops with Modeler” in UCSF Chimera, a sub-
set of 10 conformations with the top scores for stereochemistry
and accounting for the EM density were selected and subjected
to flexible fitting within the K5 MD. The final K5 MD-AMP-
PNP atomic model was refined by flexible fitting in Flex-EM
(45) (supplemental Table S2). The server RIBFIND (46) was
used to find theMD rigid bodies for the first iteration of flexible
fitting in order to avoid overfitting. Subsequently, individual
secondary structural elements were defined as independent
rigid bodies in the final iteration. The atomic model for the
rigor statewas created as follows. 1) The coordinates of residues
16–204, 236–265, and 310–365 from K5 MD-ADP crystal
structure (PDB entry 1II6), which account for the K5 MD core
and the NL, and residues 205–235 and 266–309 from K5MD-
AMPPNP (PDB entry 3HQD), which account for helix-�3/
switch I and helix-�4/switch II, were used to generate a chime-
ric K5 MD. 2) Different conformations of L5 (residues 119–
131) were generated as described above, and the top 10
conformations were selected and added to the chimeric MD.
The final chimeric MDwith the modeled L5 conformation was
refined using Flex-EM (supplemental Table S2). The atomic
models are deposited in the Protein Data Bank: AMPPNP,
4AQV; rigor, 4AQW.
Kinetic Methodologies—Pre-steady-state measurements of

binding of 2�dmT to the catalytic site and of ATP-induced
movement of the NL and the CS were performed on a KinTek
SF-2004 stopped flow spectrophotometer with an instrument
dead time of 1.2 ms. Binding of 2�dmTwasmonitored by excit-
ing the mant fluorophore at 295 nm through FRET from MT
and MD tryptophans and observing the emission at 90º to the
incident beam through a 450-nm broadband pass filter. For
experiments using the AEDANS-DDPM donor acceptor pair,
the donor (AEDANS) was excited at 332 nm, and a 500-nm
broadband pass filter was used tomonitor changes in AEDANS
fluorescence emission. We had previously reported (31) that
the limiting anisotropies for fluorescent probes on the Eg5 neck
linker are�0.25, which implies that the error in determining �2

is between 2 and 10% (47).
For experiments monitoring changes in TMR dimer forma-

tion, the fluorophore was excited at 520 nm, and a 590-nm long
pass filter was used to monitor changes in TMR emission.
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Motor-MT complexes were formed prior to stopped-flow
experiments by removing unbound nucleotide through gel fil-
tration (PD10), followed by the addition of 0.2 unit/ml apyrase.
All experimentswere carried out in 100mMKCl, 25mMHEPES,
2 mM MgCl2, 1 mM EGTA, pH 7.50, at 20 °C. For experiments
using AEDANS-DDPM FRET or TMR dimer formation,
MD/MT stoichiometries were typically 1:5–7, using an [MT] of
5–7�M.Wehad previously shown thatMD/MTstoichiometric
ratios from 1:4 to 1:15 gave similar kinetic results (31, 48).

RESULTS

Subnanometer Resolution Reconstructions of the Human K5
MD fromCryo-EM—We collected low dose cryo-EM images of
human K5 MD bound to taxol-stabilized MTs in the presence
of apyrase (to remove nucleotide) and AMPPNP, a non-hydro-
lyzable ATP analog. Using single-particle analysis, rigor (nucle-
otide-free) and AMPPNP structures were reconstructed at 9.5
and 9.7 Å resolution, respectively (Fourier shell correlation cri-
terion 0.5; supplemental Table S1 and Fig. S1).We used a single
cysteine mutant (T126C) in a cysteine-free background to gen-
erate these reconstructions. We found that the MT-activated
ATPase of T126C is within the range reported for wild type and
cysteine light K5 MD (T126C kcat � 5.6 � 0.2 s�1 compared
with 5.5–8.3 s�1 (31, 33)). We also monitored the transient
kinetics of ATP binding by mixing a range of concentrations of
2�dmT with complexes of MD plus MTs in the stopped flow
and monitoring the resulting fluorescence increase, corre-
sponding to binding of 2�dmT to the active site. The rate con-
stant for both wild type and T126C constructs showed similar
hyperbolic dependence on [2�dmT] (supplemental Fig. S3),
defining maximum rate constants and apparent 2�dmT disso-
ciation constants of 56 � 19 s�1 and 83 � 47 �M, respectively,
for wild type, and 55 � 11 s�1 and 82 � 28 �M, respectively, for
the T126C mutant.
In each reconstruction, the characteristic arrowhead-shaped

K5MD points toward theMT plus-end and binds every ��-tu-
bulin dimer, the building block of the underlying MT lattice
(Fig. 1B). The biggest difference between the two reconstruc-
tions is that themajority of the K5MD is rotated counterclock-
wise by �16° in the AMPPNP state, such that its tip points
toward the MT plus-end (Fig. 1B). Previous moderate resolu-
tion (25–30 Å) cryo-EM studies of K5 showed no such rotation
upon binding ATP analogues (27, 28). However, at these lower
resolutions, it has been demonstrated that it would not techni-
cally be possible to visualize such movements (49). In all
cryo-EMstudies of plus-end kinesins at resolutions comparable
with ours (�10 Å or better), counterclockwise rotation was
seen similar to what we report here for K5s (25, 49). Such a
rotation is postulated to result from a rearrangement of con-
served loops in the catalytic site in response toATPbinding (25,
49). This rearrangement is structurally amplified, causing the
bulk of the MD to rotate around a static contact with the MT
(6). Moreover, our reconstructions show that, in addition to
MD rotation, large conformational changes also occur
throughout the MD when AMPPNP binds.
Generation of Pseudoatomic Models of MT-bound K5 MD in

Rigor andAMPPNPStates—Wegenerated pseudoatomicmod-
els of the K5-MT complex before and after AMPPNP binding.

As expected, coordinates of the ��-tubulin dimer (PDB entry
1JFF) fit well into the MT portion of our reconstructions, vali-
dating the quality of our structures (Fig. 1B and supplemental
Table S2). To evaluate the K5MD conformation in each recon-
struction, we compared rigid body fits of each of the four dif-
ferent conformations of the human K5 MD captured in crystal
structures (supplemental Table S2). The crystal structure of
human K5 MD in complex with AMPPNP (PDB entry 3HQD)
yielded the best fit into the AMPPNP reconstruction, as evalu-
ated both by the highest correlation value (supplemental Table
S2) and by a visual match of the two structures. This structure
was therefore used as a starting model for further refinement,
discussed below. On the other hand, there is no nucleotide-free
K5 crystal structure available, and no clear best fit to the rigor
K5-MT reconstruction was obtained with any of the available
crystal structures, with particular mismatches observed at the
nucleotide-binding site, L5, and the NL (data not shown).
Therefore, chimeric coordinates were generated using the
AMPPNP (PDB entry 3HQD) andADP (PDB entry 1II6) crystal

FIGURE 1. Cryo-EM reconstructions of human K5 MD before and after ATP
binding. A, crystal structure of arrowhead-shaped K5 MD bound to AMPPNP
viewed with the MT-binding surface at the back. The mechanochemical ele-
ments in the MD that sense and respond to bound nucleotide are color-coded
and labeled with arrows, with AMPPNP shown in space-fill representation (PDB
entry 3HQD (20)). B, cryo-EM reconstructions of MT-bound human K5 MD in
rigor (left) and AMPPNP (right) states. The inset shows the whole rigor recon-
struction of MT-bound K5 MD, whereas the main panels show a single K5 MD
bound to ��-tubulin dimer (surface contoured at 1.1 � and mesh contoured
at 4 �, with green ribbon docked) in rigor (yellow) and AMPPNP (orange). Hel-
ices H11 and H12 in �-tubulin are labeled. The schematic below illustrates the
rotation of the K5 MD that occurs when AMPPNP binds. The MT plus-end is
toward the top of this and all subsequent figures.
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structures that matched the rigor reconstruction visually and
by computational optimization (Fig. 2, A–C, and supplemental
Table S2). Such an approach is frequently taken in cryo-EM
reconstructions and in particular was necessary for full inter-
pretation of previous subnanometer reconstructions of MT
complexes with K1 (25, 50). As described under “Experimental
Procedures,” we generated a set of rigor model structures from
these chimeric coordinates containing computationally gener-
ated, energy-minimized conformations of L5 that approxi-
mately matched the EM density. Both MD docked coordinates
were subject to flexible fitting (supplemental Table S2).
Binding of Nucleotide Triggers Conformational Changes

throughout the K5 MD—Comparison of our rigor and AMP-
PNP reconstructions, aided by the docked coordinates, clarified
the mechanisms by which structural changes are initiated in
MT-boundK5when it binds toATP. In both structures, density
corresponding to helix-�4 forms the main static contact with

the MT wall, binding at the intra-tubulin dimer interface (Fig.
2A). K5 loop 8 also extends to the MT surface, but its contacts
with helices H11 and H12 of �-tubulin shift slightly as the MD
rotates upon AMPPNP binding (Fig. 2, A and C).

In the rigor reconstruction, the empty nucleotide-binding
pocket is relatively open. Helix-�4 forms the back of the open
active site, whereas the switch I and II loops appear retracted
toward the MT binding surface, although, even at this resolu-
tion, it is not possible to model their conformations precisely.
By contrast, in the AMPPNP reconstruction, the fully occupied
nucleotide-binding site is more compact. This indicates that
the switch I and II loops have closed (Fig. 2A, left panel, green
arrow) to coordinate the bound nucleotide, as shown by the
good match of the docked crystal structure in complex with
AMPPNP to this region (Fig. 2A). This closure of the switch I
and II loops causes rotation of the K5 MD around the static
helix-�4 contact with the MT. Thus, the fundamentals of this
so-called “seesaw” mechanism of force transduction, shown to
apply to bothK1 andK3motors (5, 6), holds true forK5s aswell.
Nucleotide-dependent Conformational Changes of the K5 L5—

Comparison of the reconstructions and docked coordinates in
the vicinity of the nucleotide-binding site highlight the nucle-
otide-dependent conformational changes in K5 L5 (Fig. 2A). In
the AMPPNP reconstruction, L5 corresponds to the protrud-
ing density above the closed active site (Fig. 2, A and B). In this
ATP-like state, the match between the archlike fold of our
model and our reconstruction is very good (Fig. 2 and supple-
mental Table S2). However, there is a large conformational dif-
ference in L5 in the absence of nucleotide, indicated by the lack
of the protruding density in the rigor reconstruction (Fig. 2, A
and B). Instead, L5 flattens in the direction of both the MT
surface and the short helix-�0 at the bottom of theMD and lies
at the entrance of the active site. Density in the region of L5 is
connected with the base of helix-�3 (Fig. 2A, arrowhead 1) and
possiblywith switch I at the nucleotide-binding site (arrowhead
2). Although our reconstruction is not detailed enough to reveal
the exact conformation of L5, one such computationally gener-
ated conformer that approximately matches the EM density is
shown in Fig. 2.
To confirm this dramatic reorientation of L5, we covalently

attached an electron-dense undecagold cluster to the engi-
neered cysteine in this loop (T126C-Au (34)) and calculated
reconstructions of gold-labeled K5 MD. We first determined
that the presence of the gold cluster did not perturb either the
global structure of K5 MD itself or the nucleotide-dependent
closure of the nucleotide-binding site and resulting MD rota-
tion (supplemental Fig. S2). This validates our approach, used
previously for elucidating the K1 stepping mechanism (7), and
shows that the gold labels enable us to specifically track nucle-
otide-dependent conformational changes of L5.
The reconstructions of gold-labeled protein have additional

density in the region of L5 compared with unlabeled K5 MD
(supplemental Fig. S2). Calculation of the differences between
the reconstructions in the presence and absence of gold label
allowed more precise localization of the gold cluster in each
nucleotide state. In the AMPPNP reconstruction, the posi-
tion of the gold cluster confirms that the protruding density
above the closed active site corresponds to L5 (Fig. 3A and

FIGURE 2. Pseudoatomic models of nucleotide-dependent conforma-
tional changes of MT-bound K5. A–C, orthogonal views of a single ��-tubu-
lin dimer with K5 MD in rigor (left, in yellow) and AMPPNP (right, in orange)
reconstructions, contoured as in Fig. 1B. The docked pseudoatomic coordi-
nates are color-coded according to the key. A, view of the nucleotide-binding
pocket. Arrowheads 1 and 2 indicate L5 interaction with helix-�3 and switch I,
respectively. The curved density at the plus-end MD tip, not accounted for by
docked coordinates in the AMPPNP reconstruction (indicated by an arrow),
probably corresponds to additional NL residues and part of the histidine tag
of our construct; it is only visible when the NL is docked and was previously
observed in a K3-AMPPNP MT-bound reconstruction with an equivalent affin-
ity tag (49). B, view of the front face of the K5 MD. C, the view of the NL clearly
shows NL docking and ordering of the N terminus.
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supplemental Fig. S2). By contrast, the L5 gold label in the
rigor reconstruction has shifted toward the nucleotide-binding
site, consistent with our pseudoatomic modeling. These data
confirm that AMPPNP bindingmoves L5 from a position prox-
imal to the catalytic site to a more distant position on the MD
surface (Fig. 3A). The position of the gold densities also vali-
dates the L5 pseudoatomicmodels for both rigor andAMPPNP
states.
Nucleotide-dependent Conformational Changes in the K5NL—

In K1s and K3s, ATP binding causes the NL to undergo a struc-
tural transition, from a state where it is flexible and unstruc-
tured to one where it is docked along the MD toward the MT
plus-end and structured (5, 6). This docking is part of the allos-
teric communication mechanism between MDs in kinesin
dimers that enables them to take multiple steps along the MT
lattice, a property called processivity. However, it has been
unclearwhether the same nucleotide-dependent changes ofNL
structure also occur for K5s, given that 1) theK5NL sequence is
longer and non-conserved compared with K1s and K3s; 2) K5
dimer constructs show variable processivity compared with
K1s (3, 4, 51); 3) the K5 NL has been captured in an unusual,
immobilized conformation in crystal structures in the presence
of ADP (11, 21); and 4) the K5 NL may be relatively ordered in

rigor as well as in the presence of nucleotide, suggesting that
nucleotide-dependent conformational changes in the NL in
K5s are significantly different fromwhat is seen for K1s (14, 31).
Although the K1 NL is not visible in rigor reconstructions of

MT-bound motor (7, 36), density corresponding to the NL in
K5 can be readily visualized both before and after nucleotide
binding, consistent with prior spectroscopic studies (31). In
particular, we find that the K5 NL is structured in rigor, where
it points toward the MT minus-end (Fig. 2, B and C). This ori-
entation was originally seen in a K5 crystal structure solved in
the presence of ADP (11) or ADP plus S-trityl-L-cysteine bound
to L5 (21), both of which represent a nucleotide state different
from that of our rigor reconstruction.We interpret this finding
as further evidence of the structural uncoupling that can occur
between nucleotide occupancy and motor conformation in the
absence of MTs. The close match between our rigor recon-
struction and this NL conformation supports the idea that in
rigor, the MT-bound K5 NL is structured and directed toward
the MT minus-end.
In contrast, the conformation of the K5 NL in our AMPPNP

reconstruction matches the K5 NL conformation in the AMP-
PNP crystal structure and, like K1, is seen to be docked along
the MD toward the plus-end (Fig. 2, B and C). Although the

FIGURE 3. Site-specific gold labels track nucleotide-dependent conformational changes. A, density corresponding to a gold cluster covalently attached to
L5 (via T126C shown in a space-filling representation) is superimposed on the K5-MD reconstructions in rigor and AMPPNP and confirms the reorientation of L5
when AMPPNP binds. Gold difference maps in orange (rigor) and red (AMPPNP) are contoured at 2.6 and 2.4 �, respectively. B, density corresponding to a gold
cluster covalently attached to the NL (via V365C shown in a space-filling representation) is superimposed on the K5-MD reconstructions in rigor and AMPPNP
and confirms the ordered-to-ordered transition of the NL toward the MT plus-end when AMPPNP binds. Gold difference maps in orange (rigor) and red
(AMPPNP) are contoured at 1.6 and 2.4 �, respectively.
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distal portion of the K5 NL contains a well conserved proline
(Pro-363) that might be predicted to influence NL conforma-
tion (11), the presence of this geometry-constraining residue
does not appear to influence the fundamental process of NL
docking along theMDupon binding to AMPPNP (7, 20). It also
highlights that the crystal structure of the K5MD in AMPPNP,
generated in the absence of MTs, correlates closely with many
aspects of the MT-bound AMPPNP motor that we observe in
our reconstructions.
To validate our interpretation of these nucleotide-dependent

NLmovements, we covalently attached a gold cluster to a single
reactive cysteine in the NL (V365C-Au) (12). We calculated
reconstructions of this gold-labeled protein (supplemental Fig.
S2), determined that there were no detectable structural per-
turbations in the gold-labeled MD, and identified the position
of the gold in difference maps (Fig. 3B). The gold density
matches the location of the NL in our dockedmodels very well,
and it emphasizes the large reorientation of �120°, from
minus-end-directed to plus-end-directed, that the K5 NL
undergoes upon binding AMPPNP (Figs. 2 (B and C) and 3B)
(14, 31).
In a recent study, it was shown that an EPR spin probe on the

NLwas immobilized in both rigor andATP-like states (14). The
authors assumed that this spectroscopic finding corresponded
structurally to a plus-end orientation, and they concluded that
NL docking in K5, unlike the case for K1, occurs with ADP
release. However, our ability to directly visualize the K5 NL
orientation in rigor and ATP now allows us to conclude that 1)
although the K5NL is immobilized in rigor, consistent with the
EPR studies, it is directed toward the MTminus-end, and 2) as
with K1s, NL docking in K5 occurs with ATP binding. Our
reconstructions reveal a large movement of an ordered K5 NL
when ATP binds (Figs. 2 and 3), in which it swings from a
minus- to a plus-end direction. This ATP-dependent ordered-
to-ordered structural transition distinguishes the K5 NL from
that for K1, which has previously been shown to undergo a
disordered-to-ordered transition (25, 31, 48).
Evidence for CNB Formation in K5—A relatively unexplored

aspect of theK5motormechanism is the role of its 19-residueN
terminus. In our AMPPNP reconstruction, validation of the
docked NL conformation by the location of the gold label
enables us to infer that the nearby elongated density, also point-
ing toward the MT plus-end, probably corresponds to the
K5-specific N terminus, partially modeled in Figs. 2 and 3.
That the docked NL and the N terminus both point toward

theMT plus-end in our AMPPNP reconstruction suggests that
CNB formation occurs in K5s as it does in K1s (9, 10). This is
consistent with the observation of ATP-dependent correlated
movements of the N terminus and NL in K5s (12). In contrast,
theminus-end-directedNL conformation in rigor prevents for-
mation of the CNB, supported by our finding that the N termi-
nus is disordered in this state (Figs. 2 (B and C) and 3B). These
data serve to highlight that CNB formation is likely to be a
conserved aspect of kinesin motility and force generation
across plus-end kinesin families.
Spectroscopic Probes Can Detect NL and CS Movement—Al-

though our cryo-EM reconstructions provide new information
about how nucleotide binding alters the structure of the K5

MD, they do not allow us to determine the timing of these
movements. This requires transient kinetic experiments, using
spectroscopic probes that are sensitive to position. In our prior
study (12), we attached a fluorescent donor (FlAsH) and a non-
fluorescent acceptor (QSY7) to the MD N terminus and the C
terminus of the NL, respectively, of a K5 MD-MT complex.
Mixing with ATP induced a rise in fluorescence, indicating a
separation of NL from CS, that followed a lag of �20 ms, cor-
responding to a rate constant of 40–50 s�1 (12). By contrast,
mixing with ADP produced a rise in fluorescence without a lag.
We argued on the basis of these findings that 1) ATP binding
induces theCS andNL to “dock” as a unit with a rate constant of
�40–50 s�1, corresponding to the lag phase; 2) the NL and CS
subsequently separate with formation of a weak MT-binding
conformation, producing a fluorescence enhancement; and 3)
the relative orientation of the CS and NL in rigor and in ADP
are different from each other. We interpreted these findings by
assuming that the N terminus was flexible and randomly ori-
ented throughout the ATPase cycle and that any changes in
FRET efficiency reflected movements of the NL alone. How-
ever, our cryo-EM reconstructions clearly show that both the
NL and CS reorient themselves in response to nucleotide, and
they underscore the importance ofmeasuring the kinetics of CS
and NL movements individually. In order to accomplish this,
we generated twodouble cysteineK5MDmutants, A2C,V256C
and V256C,V365C. In both, we placed one cysteine within the
�-core of the MD (V256C, near the plus-end tip (Fig. 4A)),
because this residue does not appear to change orientationwith

FIGURE 4. Kinetics of nucleotide-induced movement of the NL measured
by TMR quenching. A, location of the inserted cysteines. B, mixing a rigor
complex of 4 �M TMR-labeled V256C,V365C plus 20 �M MTs with 4 mM ATP
(blue jagged curve) in the stopped flow produces a decrease in fluorescence
intensity over time that fits a double exponential rate equation (solid gray
curve), whereas the corresponding experiments with 4 mM ADP (red jagged
curve) and 4 mM AMPPNP (magenta jagged curve) fit a single exponential rate
process (solid black curves). The transient for AMPPNP has been offset by �0.2
V, whereas that for ATP has been offset by �0.2 V in order to allow the three
transients to be distinguished. C, for both ATP and ADP, the value of the rate
constants varied with [nucleotide]. Fitting of the rate constants for the ATP-
induced transients to a hyperbolic isotherm yields maximum values of 43.2 �
3.5 and 14.1 � 1.4 s�1 for the fast (filled circles) and slow phases (unfilled
circles), respectively. The corresponding hyperbolic fitting for ADP yields a
maximum rate constant of 13.5 � 1.7 s�1. Each point and bar represents the
mean of four independent measurements � 1 S.D. Conditions were as fol-
lows: 100 mM KCl, 25 mM HEPES, 2 mM MgCl2, 1 mM EGTA, pH 7.50, 20 °C.
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nucleotide binding and can therefore serve as a stable frame of
reference. We placed the other cysteine at either the N termi-
nus (A2C) or theC terminus of theNL (V365C) (Fig. 4A). These
mutations did not appear to have any appreciable effect on the
MT-activated ATPase kcat (data not shown).
We used a distance-sensitive spectroscopic approach with

high signal/noise ratio to measure the kinetics of NL and CS
movements, involving the static quenching of TMR fluores-
cence through dimer formation. This method takes advantage
of the ability of TMR to dimerize weakly in solution, a process
that can be markedly enhanced if the TMR fluorophores are
attached to structural elements within a protein that approach
each other to within the 10–20 Å necessary to achieve static
quenching (52). TMR dimer formation produces a blue shift in
the absorption spectrum and a 	20-fold reduction in fluores-
cence emission. The energy transfer efficiency from FRET var-
ies continuouslywith the degree of separation donor and accep-
tor fluorophores, and at the ensemble level, it provides a
measure of the mean distance between these fluorophores. By
contrast, TMR quenching is “all or none,” and fluorescence
intensity at the ensemble level measures the fractional popula-
tion of protein molecules whose attached TMR fluorophores
can approach each other within the necessary distance to
achieve quenching. We had previously used this method to
monitor the separation of the K1 neck linkers at both the
ensemble and singlemolecule levels during theATPase cycle (8,
53). As demonstrated in supplemental Fig. S4, the resulting
absorption spectrum for a V256C,V365C preparation in the
absence of nucleotide and MTs demonstrates a 518/555 nm
absorbance ratio of 1.19, which implies that �85% of the TMR
probes are dimerized in this state (solid red curve). Unfolding
the MD with 6 M guanidine prevents any intradomain interac-
tions and produces a TMR absorption spectrum characteristic
of monomer (supplemental Fig. S4, dashed blue curve). Similar
results were seen for the A2C,A256C construct (data not
shown). This implies that the NL of a MT-free, rigor MD is
close to the motor core, contrary to what we are observing by
cryo-EM in our rigor MD-MT complexes (Figs. 2 and 3). This
suggests that binding of a rigorMD to theMT induces undock-
ing of theNL from themotor core. Furthermore, it predicts that
mixing TMR-labeled, rigor V256C,V365C with a 5-fold molar
excess ofMTs in the stopped flow should separate the twoTMR
fluorophores from each other and enhance the fluorescence
emission. This is confirmed in supplemental Fig. S5, which
illustrates that MT binding unquenches TMR fluorescence.
Kinetics of Nucleotide-induced NL Movement—We mixed a

complex of TMR-labeled V256C,V365C plus MTs with 4 mM

ATP, ADP, or AMPPNP in the stopped flow, and the resulting
transients are depicted in Fig. 4B. In each case, they consisted of
a reduction in TMR fluorescence, implying that nucleotide
binding moves the NL in close proximity to position 256 in the
motor core (Fig. 4A). However, in the case of ATP (Fig. 4B,
blue), the transient was biphasic, with the faster phase consti-
tuting 60–70% of the total signal amplitude. By contrast, the
transients produced bymixingwithADP (Fig. 4B, red) or AMP-
PNP (magenta) were monophasic. Over a range of ATP and
ADP concentrations, the rate constants derived from the biex-
ponential and monoexponential rate equations, respectively,

varied hyperbolically with [nucleotide] (Fig. 4C), defining max-
imum rates of 43.2 � 3.5 and 14.1 � 1.4 s�1 for ATP (blue) and
13.5 � 1.7 s�1 for ADP (red). The slower of the two rate con-
stants forATP and the rate constant forADPare still faster than
those for nucleotide-induced MT dissociation (8.5–8.7 s�1)
(12).
We confirmed these findings by labeling the V256C,V365C

construct with the FRET pair 1,5-IAEDANS (5-((((2-iodo-
acetyl)amino)ethyl)amino)naphthalene-1 sulfonic acid; fluo-
rescent donor) and DDPM (fluorescence quencher), forming a
nucleotide-free complex with MTs, mixing in the stopped flow
with ATP or ADP, and monitoring the change in AEDANS
donor fluorescence. As with our experiments with TMR, we
observed a fluorescence decrease thatwasmonophasic forADP
and biphasic for ATP, implying that themean distance between
AEDANS and DDPM had shortened (supplemental Fig. S6A).
As a control, we repeated these experiments with the double
cysteine construct labeled only with donor (AEDANS) and
found that mixing with nucleotide had little effect on the
AEDANS fluorescence emission (data not shown). The rate
constants varied hyperbolically with [nucleotide], and the
extrapolated maximum rate constants (47.2 � 3.0 and 14.4 �
1.7 s�1 for ATP (blue) and 12.4 � 0.4 s�1 for ADP (red) are
similar towhatwe observedwithTMR (supplemental Fig. S6B).
Our results suggest that ATP-induced movement of the NL

toward the motor core is a two-step process that precedes MT
dissociation. The first step occurs at roughly the same rate as
ATPbinding to the catalytic site inK5 (31) and reorients theNL
froma rigor orientation towhat is seen in the presence ofAMP-
PNP (Fig. 3). The second step occurs at the same rate as the
strong-to-weak transition in K5 (31), a process that precedes
dissociation from the MT. By contrast, mixing with AMPPNP
produces a single phase in the fluorescence transient (Fig. 4B),
as would be expected for this non-hydrolyzable ATP analog.
The slower rate constant for this process (6.7 � 0.1 s�1) com-
paredwithATP is consistentwith its	10-fold lower affinity for
the catalytic site of kinesins (54). Furthermore, our finding that
ADP binding also quenches TMR fluorescence suggests that,
unlike K1, the NL of K5 remains docked during the transitions
from ATP to ADP states, so long as it is bound to the MT, and
that the orientation of the K5 NL in the presence of ADP is
different from that in rigor (7).
Kinetics of Nucleotide-induced CS Movement—We used the

same approach described abovewith ourA2C,V256Cconstruct
in order to measure the movement of the CS relative to the
motor core. TMR labeling of this construct also was associated
with an absorption spectrum consistent with TMR dimeriza-
tion (data not shown). Mixing a complex of 4 �M TMR-labeled
A2C,V256C plus 20 �M MTs with ATP or ADP in the stopped
flow produced a rise in TMR fluorescence (Fig. 5A), implying
that binding of either nucleotide induces the CS to move away
from the motor core. In the case of ATP, fitting of the observed
fluorescence transient (jagged blue curve) to a single exponen-
tial term was inadequate (smooth magenta curve in Fig. 5A and
inset) and required two exponential terms, one corresponding
to a lag phase associatedwith a rate constant of�50 s�1 and the
second corresponding to a rise in fluorescence (smooth cyan
curve; highlighted in the inset on a shortened time scale). This is
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qualitatively very similar to what we had previously observed
using FRET donor/acceptor pairs on the NL and N terminus
(12). The rate constant for the rising phase of the transient
varied hyperbolically with [ATP], defining a maximum rate of
10.2 � 0.3 s�1 (Fig. 5B, blue). This extrapolated rate constant is
nearly identical to what we had measured previously using a
FRET donor/acceptor pair on the N terminus and NL (12). In
contrast, adequate fitting of the ADP transient (Fig. 5A, jagged
red curve) could be accomplished with a single exponential
process (Fig. 5A, smooth green curve). The rate constant for this
process varied hyperbolicallywith [ADP] (Fig. 5B, red), defining
a maximum rate of 13.8 � 0.9 s�1, also nearly identical to what
we had previouslymeasured forADP-induced separation of the
CS and NL (12).
These results imply that the TMR fluorophores are detecting

a change in CS orientation that occurs with or after ATP
hydrolysis. To test this further, we mixed a complex of 1 �M

TMR-labeled A2C,V256C plus 5 �M MTs with either 4 mM

ATP, ADP, or AMPPNP. Results are depicted in supplemental
Fig. S7. Mixing ATP (blue) and ADP (red) again produced a
fluorescence increase with rate constants in the 10–14 s�1

range. By contrast, mixingwith the non-hydrolyzable ATP ana-
log AMPPNP produced no appreciable fluorescence change
over the same time course.
By combining our current results with our earlier study (12),

we can make several conclusions. First, in a rigor K5-MT com-
plex, the N terminus is flexible and can interact at least tran-
siently with the motor core. This is consistent with our
cryo-EM reconstructions of rigor K5-MT complex, which indi-
cate that this region is unstructured. Itmay also explainwhy the
fluorescence of a rigor, TMR-labeled A2C,V256C-MT is
quenched (Fig. 5). Second, ATP binding induces a coordinated
docking of theNL andCS along the surface of themotor core at
a rate of 40–50 s�1. Third, ATP hydrolysis and formation of a
weak MT binding state causes the CS to peel away from the
motor core and break its interaction with the NL. This latter
effect might in turn be expected to lead to a reorientation of the
NL and could account for the slower phase that we observe of
ATP-induced changes inTMR fluorescence (Fig. 4B).However,

even in the weak MT-binding state that is induced by ATP
hydrolysis or by ADP binding, our spectroscopic results argue
that the NL is still in a forward orientation, because we still
observe quenching of TMR and AEDANS fluorescence. The
loss of an interaction with the CS might be expected to reduce
NL stability and could explain the enhanced flexibility of theNL
noted in earlier EPR studies in the presence of ADP (14).

DISCUSSION

The model of the spindle as “mitotic muscle” (55) captures
the ensemble nature of coordinated force generation by many
motors that act to establish spindle organization and drive its
function. K5s are central players in mitosis because they slide
spindle MTs and sustain cross-bridges between them in the
face of sustained opposing force from minus-end-directed
motors, including ncd and dynein (56). Given that the enzymol-
ogy and structure of molecular motors are shaped by the phys-
iologic requirements placed on them, it seems likely that the
molecular properties of the K5MDmust be very different from
those of a transportmotor, such asK1.Our data show the struc-
tural basis for some of the adaptations made by the K5 MD in
order to serve these requirements.
Cryo-EM of the K5 MD Reveals Coupled Conformational

Changes in Response to ATP Binding—We have used the ATP
analog AMPPNP in conjunction with subnanometer cryo-EM
structure determination to identify the structural conse-
quences of ATP binding. This work demonstrates that the local
conformational changes induced by ATP binding, including
closure of the switch I and II loops around the active site, trigger
a set of further conformational changes that are propagated
throughout theMD (supplementalMovie S1). These include 1)
retraction of L5 away from the catalytic site, 2) a counterclock-
wisemotion of the K5MDon theMT lattice, 3) a large swing of
a structured K5 NL toward theMT plus-end, and 4) the forma-
tion of a K5 CNB between the NL and N-terminal CS. How do
our structural findings relate to K5 function?
K5 L5 Conformation Transmits Nucleotide Occupancy—

Consistent with prior EPR andmolecular dynamics studies (12,
14, 57), our data argue that L5 can control nucleotide binding by

FIGURE 5. Kinetics of nucleotide-induced movement of the CS. A, a double cysteine K5 construct (A2C,V256C) was labeled with TMR, and a rigor complex of
4 �M TMR-labeled V256C,V365C plus 20 �M MTs was mixed in the stopped flow with ATP (blue jagged curve) or ADP (red jagged curve). For ATP, the resulting
fluorescence transient consisted of an increase in fluorescence, implying a separation of the CS from residue 256 in the motor core. However, fitting of this
transient to a single exponential rate equation (smooth magenta curve) is inadequate at short time intervals (black oval), and this is illustrated in the inset.
Adequate fitting required a double exponential rate equation, which assumes the presence of a lag (smooth cyan curve, illustrated on an expanded scale in the
inset). By contrast, the corresponding transient produced by mixing with ADP (red jagged curve) could be adequately fit with a single exponential process
(smooth green curve, illustrated on an expanded scale in the inset). B, for both ATP and ADP, the rate constant for the rising phase varied hyperbolically with
nucleotide concentration, defining maximum rate constants of 10.2 � 0.3 s�1 for ATP (blue) and 13.8 � 0.9 s�1 for ADP (red). Each point and bar represents the
mean of four independent measurements � 1 S.D. Conditions were as follows: 100 mM KCl, 25 mM HEPES, 2 mM MgCl2, 1 mM EGTA, pH 7.50, 20 °C.
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direct steric effects (supplemental Fig. S8) as well as indirectly,
through allosteric effects on the dynamics of switch I. The prox-
imity of L5 to the nucleotide-binding site in our rigor structure
suggests that the negatively charged L5 and the negatively
charged phosphates of ATP might generate an electrostatic
repulsion that blocks ATP binding. In particular, the displace-
ment of L5 away from the nucleotide-binding site to a confor-
mation protruding from the surface of theMDwhen AMPPNP
is bound could correspond to a previously described isomeriza-
tion that rate-limits ATP binding compared with K1 and which
also correlates withNLdocking (Figs. 2 and 3 and supplemental
Movie S1) (14, 31, 58). The proximity of L5 to the nucleotide-
binding site provides a means of communication between the
two sites, such that ADP release would result in collapse of
unliganded L5 toward the nucleotide-binding pocket. Specifi-
cally, the side chain of L5 residueGlu-118 hydrogen-bondswith
the sugar moiety of an ATP analog (20) or with ADP in the
presence of a small molecule inhibitor (15, 59). Mutation of
Glu-118 affects nucleotide affinity and catalytic efficiency (59,

60), suggesting that it could act as a sensor of active site occu-
pancy. Intriguingly, such nucleotide binding regulation by a
family-specific insert is reminiscent of the proposed role of
“insert 1” in myosin VI, which occupies a position with respect
to the nucleotide binding site that is structurally equivalent to
L5 (61).
Molecular Basis of K5 Drug Inhibition Mechanism—The

length and content of L5 are extremely well conserved in ver-
tebrate K5s (11, 20, 30) (Fig. 6A). Its conformation in humanK5
is constrained by Pro-121 and Pro-131.Mutating these residues
to alanine affects MT and ATP binding (12), and this provides
further support for the argument that the conformation of L5
plays a critical role in vertebrate K5 nucleotide exchange (30).
However, although L5 in the Drosophila K5 homologue,
KLP61F, is the same length as in vertebrate K5s, these con-
served prolines are missing. This may explain why, when com-
pared with our AMPPNP reconstruction of human K5, L5 in
MT-bound KLP61F-AMPPNP adopts a very different, flat-
tened conformation against helix-�3 (29) (Fig. 6B). The confor-

FIGURE 6. Comparison of K5s L5 sequence and conformation. A, alignment of helix-�2/L5 sequences from K5s (Homo sapiens P52732, 111–149; Mus
musculus Q6P9P6, 110 –148; Xenopus laevis P28025, 104 –142; D. melanogaster P46863, 109 –147; Saccharomyces cerevisiae P28742, 137–189; Schizosaccharo-
myces pombe P24339, 155–200) and K1 (H. sapiens P33176, 91–121) generated using T-coffee (63). Secondary structure elements and amino acid conservation
are indicated. Among these sequences, identical or similar residues are shown with the same color, whereas non-conserved residues are in black. B, cryo-EM
reconstruction of MT-bound Drosophila K5 MD (KLP61F)-AMPPNP (light green surface, 0.5 �, Electron Microscopy Data Bank entry 1604 (29)) superposed on the
human K5 MD-AMPPNP structure (mesh, 1.1 �). Our pseudoatomic AMPPNP MD model is fitted in the mesh map. The dashed outline delineates loop 5 density
in KLP61F reconstruction showing the very different conformations of L5 in these K5s.
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mation of L5 thatwe observe in our humanK5AMPPNP recon-
struction is extremely similar to that in the presence of
allosteric small molecule inhibitors (15) (supplemental Fig. S9).
This suggests that these allosteric inhibitors bind in an L5
pocket that forms in the course of the vertebrate K5 ATPase
cycle rather than through an induced fit mechanism (16, 59).
We propose that small molecule binding stabilizes this confor-
mation, thereby blocking motor function. Our structural com-
parison (Fig. 6B) explains why KLP61F is insensitive to drug
inhibition (22, 30). Drug sensitivity can be imposed on KLP61F
if the human L5 sequence is spliced into its MD, emphasizing
the unusual modularity of this loop (22).
Coupled Movement of NL and CS during Force Generation—

Our reconstructions show that themovement of L5 in response
to AMPPNP binding correlates with a ratchet-like reorienta-
tion of the K5 NL toward theMT plus-end. Although there is a
lack of consensus in the literature about the extent of K5 pro-
cessivity (3, 4, 51), our current results provide a structural
framework in which to consider different ideas concerning K5
mechanochemistry.
First, the observation of CNB formation when AMPPNP

binds and, thus, in K5 force generation helps to explain the
results of protein engineering experiments that showed that the
K1 and K5 CNB components are not functionally interchange-
able (i.e. the N terminus and NL of individual MDs have co-
evolved andmust be paired to generate wild-typemotility) (62).
CNB formation also has a significant regulatory effect on K5
nucleotide affinity and motor ATPase (32, 62), further high-
lighting the numerous allosteric effects transmitted across the
K5 MD (59). The disorder of the N terminus in the K5-AMP-
PNP crystal structure (20) further emphasizes the essential role
of the MT in full K5 function.
Our kinetic studies, using distance-sensitive spectroscopic

probes, support the argument that the CS and NL function in a

coordinated manner. Combined with our prior work (12), the
current study supports our proposal that ATP binding induces
coupled movement of the CS and NL together, followed by
separation of the CS from the NL with formation of a weakMT
binding state. One concern is that our results with TMR dimer
quenching could be influenced by the fact that in solution, TMR
fluorophores have a weak affinity for each other (Kd �600 �M

(52)). The presence of such a weak interaction might bias a
forward orientation for the NL and the CS in our labeled
preparations, and it could explain why, in the absence of
MTs, the TMR fluorescence of labeled V256C,V365C and
A2C,V256C is quenched (supplemental Fig. S4). However,
the kinetics of ATP and ADP-induced changes in NL orien-
tation, as measured by TMR quenching, are very similar to
those using AEDANS-DDPM, where such interprobe inter-
actions do not occur (supplemental Fig. S6). Furthermore,
binding of V256C,V365C to the MT unquenches the TMR
fluorescence (supplemental Fig. S5). Together, these find-
ings imply that any weak stabilizing effect of TMR dimer
formation in the unbound MD is overcome by the effect of
MT binding, which appears to enforce an orientation of the
NL consistent with our cryo-EM reconstructions.
Our current results shed new light on structural and kinetic

factors that impact on K5mechanochemistry and distinguish it
from that of K1s (Fig. 7). The K5 NL is ordered before and after
ATP binds to the MT-attached K5 MD, and K5 NL docks
toward the MT plus-end at the same rate as ATP binding. In
contrast, the N terminus is mobile in rigor but becomes more
ordered when ATP binds and the CS forms the CNB in associ-
ation with the NL. Our kinetic data show that whereas the K5
CS is released as ATP hydrolysis proceeds, the NL remains
docked, a significant difference compared with K1s and proba-
bly having an impact on K5 dimer stepping. This could corre-
late with L5 retaining its position above the nucleotide binding

FIGURE 7. Structural and kinetic schematic of K5 MD mechanochemistry. Left, when the K5 MD is bound to MTs in the rigor state, L5 is proximal to the
nucleotide binding pocket, the NL (red) is ordered and directed toward the MT minus end (a), and the N terminus is disordered and interacts flexibly with the
MD (I). Middle, ATP binds (�60 s�1 (12)) and induces closure of the nucleotide binding site and MD rotation; L5 is displaced from the nucleotide binding pocket.
The NL reorients and docks toward the MT plus-end (b) coupled with ordering of the N terminus (�40 –50 s�1), also toward the MT plus-end (II), enabling
formation of the CNB. Right, following ATP hydrolysis, the N terminus becomes disordered again (III), whereas the NL remains oriented toward the plus-end (c)
although slightly destabilized (�10 –14 s�1). MD outlines and docked secondary structure elements are based on EM reconstructions. The orientation of the NL
and N terminus after ATP hydrolysis revealed by the kinetics data (Figs. 4 and 5) are represented by the dotted lines. The unknown structure of the MD is
indicated by the dotted outline.
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site while nucleotide is bound (14), pointing again to a strong
regulatory role for L5 in overall K5 activity.
Finally, our results also provide additional data on the con-

troversial subject of K5 processivity (3, 4, 51); a model of a
hypothetical K5 dimer based on our reconstructions, with the
leading head in a rigor conformation and the trailing head in an
AMPPNP-like conformation, supports the idea that the 18-res-
idue K5 NL would be expected to reduce intradimer tension,
limit K5 processivity, and presumably define the mode of K5
force generation (Fig. 8). The added consideration of the NL
remaining structured in ADP will further perturb dimer step-
ping mechanisms. Understanding how these structural aspects
of K5 mechanochemistry manifest themselves in the function-
ing spindle will be an important challenge for future studies.
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