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In kinesin X-ray crystal structures, the N-terminal region of the a-1 helix is adjacent to the adenine ring
of the bound nucleotide, while the C-terminal region of the helix is near the neck-linker (NL). Here, we
monitor the displacement of the o-1 helix within a kinesin monomer bound to microtubules (MTs) in
the presence or absence of nucleotides using site-directed spin labeling EPR. Kinesin was doubly spin-

K?J’W‘?Tds-' labeled at the o-1 and o-2 helices, and the resulting EPR spectrum showed dipolar broadening. The
:flmelSllr'l_} inter-helix distance distribution showed that 20% of the spins have a peak characteristic of 1.4-1.7 nm
eck-linker

separation, which is similar to what is predicted from the X-ray crystal structure, albeit 80% were beyond
the sensitivity limit (>2.5 nm) of the method. Upon MT binding, the fraction of kinesin exhibiting an
inter-helix distance of 1.4-1.7 nm in the presence of AMPPNP (a non-hydrolysable ATP analog) and
ADP was 20% and 25%, respectively. In the absence of nucleotide, this fraction increased to 40-50%. These
nucleotide-induced changes in the fraction of kinesin undergoing displacement of the o-1 helix were
found to be related to the fraction in which the NL undocked from the motor core. It is therefore sug-
gested that a shift in the a-1 helix conformational equilibrium occurs upon nucleotide binding and
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release, and this shift controls NL docking onto the motor core.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

The motor protein kinesin moves along a microtubule (MT)
using the chemical energy of ATP. In neurons, kinesin powers
vesicular trafficking toward the synapse; in all cells, kinesin is in-
volved in the restructuring that occurs during cell division [1-3].
All kinesins have a homologous ~330 amino acid catalytic core
that binds ATP and microtubules (MTs). Immediately adjacent to
the catalytic core is the neck linker (NL) - a ~15-amino acid seg-
ment that has been shown to be critical in force generation and
directionality [4-8].

Site-directed spin labeling electron paramagnetic resonance
(SDSL-EPR) spectroscopy has been used to determine the second-
ary, tertiary, and quaternary structures of proteins and to monitor

Abbreviations: AMPPNP, adenosine 5'-(B,y-imido)triphosphate; BME, 2-mercap-
toethanol; CW, continuous wave; EGTA, ethylene glycol-bis(l-aminoethyl ether)-
N,N,N',N'-tetraacetic acid; EM, electron microscopy; MSL, 4-maleimido-2,2,6,6-
tetramethyl-1-piperidinoxy; NN, no nucleotide; MT, microtubule; PIPES, pipera-
zine-1,4-bis(2-ethanesulfonic acid); SDSL, site-directed spin labeling.
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associated conformational changes [9-11]. Depending on the
mobility of the attached spin label, we can detect both the steric
restrictions that are imposed on the label by its environment and
the motion of a polypeptide chain segment [12,13]. Moreover, if
two spin labels are close to each other, the resultant spectrum
includes effects from dipole interactions and is dependent on the
distance between the two spins [11]. We found that the transition
of the NL from an undocked to a docked conformation occurred in
the ATP-bound state but not in the ADP-bound state or no nucleo-
tide state, suggesting that the NL is an ATP- and strain-dependent
mechanical element [5-7,13,14]. Therefore, it is important to
understand how nucleotides (ATP or ADP) bound in the active site
can communicate with the NL to control NL docking on the kinesin
core domain. These SDSL-EPR studies [15] suggest that two helices,
switch I and switch II, undergo nucleotide-dependent conforma-
tional changes (analogous to conformational changes in G-proteins
[16]) that play an important role in communicating between the
catalytic site and the NL docking domain on the MT-binding inter-
face of kinesin. Recent cryoelectron microscopy (cryo-EM) studies
also revealed that these unique helices communicate between
the catalytic site and the NL docking region [17-20].
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In kinesin X-ray crystal structures, the N-terminal region of the
a-1 helix is adjacent to the adenine ring of the bound adenine
nucleotide, while the C-terminal region of the helix is near the
NL [21]. Here, we examine, using SDSL-EPR, the displacement of
the o-1 helix relative to the a-2 helix of a kinesin monomer bound
to MTs in the presence or absence of nucleotides. It is suggested
that a shift in the equilibrium between two a-1 helix conforma-
tions occurs upon nucleotide binding and release and that this shift
controls NL docking onto the motor core.

2. Materials and methods

Site-directed cysteine mutants of Cys-lite kinesin monomer
(1-349 residues) were spin labeled by MSL [12-14] and their
MT-activated ATPase activities were measured as described
previously [22,23]. For the EPR measurements, the MT-bound
kinesin (~50 pM) was incubated with either 2 mM adenosine 5’-
(B,y-imido)triphosphate (AMPPNP), 2 mM ADP, or 5 U/ml apyrase
[12-14].

We estimated the effective rotational correlation time of spin
label motion and the distance between spin labels from CW(con-
tinuous wave)-EPR measurements as described previously
[13,14,24,25]. The dipolar spectra taken at 173 K were fit by chang-
ing 3 parameters: the center and full-width at half maximum of
the distance distribution between the spin labels (modeled as sin-
gle Gaussian) and the fraction of non-interacting spins. Experimen-
tal details were provided in the supplementary data.

3. Results and discussion
3.1. Functional properties of labeled kinesin mutants

We spin-labeled 7 kinesin mutants (V62C, S66C, A67C, M68C,
170C, K72C, R114C) with mutations in the o-1 and o-2 helices with
MSL (Fig. 1). The labeling efficiency for kinesin, estimated from
double integration of the spectrum, was >0.9 mol/mol cysteine
residue.

We measured the MT-dependent ATPase activity of spin-la-
beled kinesin (Table 1). The MT-dependent ATPase activities (Vinax)
of the spin-labeled mutants were more than 50% of that of the WT
Cys-lite kinesin. Furthermore, the ATPase activity in the presence

Fig. 1. Location of site-directed mutagenesis in the crystal structure of the kinesin
motor domain (2KIN). The V62, S66, A67, M68, 170, K72 and R114 residues of mouse
conventional kinesin monomer (1-349 residues) were mutated to cysteine and spin
labeled. The mutated residues are represented by blue spheres. ADP is shown as a
space-filling model. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Table 1

Basal and MT-dependent V;,,,x ATPase activity of spin-labeled kinesin mutants.
Sample Basal ATPase (s™) Vinax (571)?
Cys-lite” 0.013 275
V62C 0.022 139
S66C 0.030 179
A67C 0.027 16.5
M68C 0.010 193
170C 0.011 189
K72C 0.010 25.1
R114C 0.020 24.6
K72C/R114C 0.012 18.0

2 Vmax Was determined by measuring the ATPase rate in the presence of at least
two saturating concentrations of MTs (10 uM and 20 pM).
b Not spin-labeled.

of MTs was at least 600 times higher than basal ATPase activity.
These results suggested that all the kinesin mutants retained near
wild-type MT-dependent ATPase activity.

3.2. Nucleotide-dependent changes in the mobility of spin-labeled o-1
helix and o-2 helix side chains

We investigated the effect of bound MTs on the EPR spectra
from monomeric kinesins mutated at the residues in the o-1 helix
and o-2 helix in the ADP-bound state (Fig. 2A). The spectrum of the
kinesin mutant spin-labeled at V62C on the a-1 helix in the ADP-
bound state in the absence of MTs showed a mixture of fast (F)
and slow (S) components. The effective rotational correlation time
of the fast and slow components were nearly 1.50 ns and 19.4 ns,
respectively. The peak height ratio of the fast to slow components
was 1.13. Assuming that the height of the slow mobility peak rep-
resents approximately twice as many labels as the same height for
fast mobility peak, then the fraction of the fast component was
estimated to be 36%. These results indicated that the side chain
of the V62C residue of the kinesin o-1 helix could have two confor-
mations. When the spin-labeled V62C mutant was mixed with
MTs, the EPR spectrum again showed a mixture of fast and slow
components. However, the peak height ratio decreased to 0.50,
and as a result, the fraction of fast components decreased to 20%.
Other kinesin mutants showed the same tendency (Table 2). These
results indicated that binding of MTs to the kinesin motor domain
caused a conformational change in the a-1 and o-2 helix region,
and these changes resulted in enhanced steric hindrance around
these residues and/or reduced flexibility of the backbone of these
helices.

We also examined the effect of nucleotide binding on spin label
mobility in the -1 helix side chains in the presence of MTs (Fig. 2B
and C). In these experiments, the absorption line shapes of all mu-
tants also had two components. The effective rotational correlation
times of the fast and slow components, nearly 1.5 ns and 10-40 ns,
respectively, were similar among all mutants in the presence of
various nucleotides. The fraction of the fast component in the kine-
sin mutants labeled at V62C, S66C, A67C, M68C, 170C, K72C, and
R114C with no nucleotide (NN) was 20%, 19%, 31%, 15%, 15%,
36%, and 14%, respectively (Table 2). For these mutants in the AMP-
PNP-bound state, the fraction of the fast component was estimated
to be 22%, 21%, 31%, 19%, 17%, 40%, and 21%, respectively. For these
residues in the ADP-bound state, the fraction of the fast component
was estimated to be 20%, 20%, 29%, 24%, 17%, 39%, and 17%, respec-
tively. Therefore, the fraction of the fast component in the NN state
obtained from the M68C, K72C, and R114C mutants was larger
than in the AMPPNP- or ADP-bound state. These results indicated
that the binding of AMPPNP or ADP caused a conformational
change of the o-1 and a-2 helix regions, eliminating steric hin-
drance around these residues.
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Fig. 2. Overlaid EPR spectra from spin labels attached to the V62C, S66C, A67C, M68C, 170C, K72C and R114C kinesin mutants. The spectra were taken at room temperature
under several nucleotide conditions, both in the absence and presence of MT. (A) The ADP-bound state in the absence (red line) or presence (black line) of MT. (B) The
AMPPNP-bound state (black line) and the apo or no nucleotide (NN) state (red line) in the presence of MT. (C) The ADP-bound state (black line) and the apo or NN state (red
line) in the presence of MT. The scan width is 100 G. For V62C, the peaks from fast and slow components are indicated by F and S at lower magnetic field, respectively. The
arrows show the peaks indicating significant spectral change. The insets show the magnified spectra at lower field, indicating significant change. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

3.3. Determination of interspin distances between M68C and R114C in
the absence and presence of MTs

We measured dipolar interactions between two spin labels lo-
cated at residues M68C and R114C using dipolar EPR spectros-
copy to detect the conformational change of the kinesin o-1
helix induced by nucleotide-binding in the presence or absence
of MTs. Fig. 3A shows the spectra of double-labeled kinesin
monomer in the ADP-bound state in the absence of MTs at
173 K. A comparison of the double-labeled EPR spectrum for the
MT-free kinesin with the spectrum of the single-labeled kinesin
revealed clear spectral line broadening. The amplitude of the dou-
ble-labeled spectrum appeared smaller (86%) than that of the
single-labeled spectrum. This observation indicated that the
spin-spin distances were less than 2.5 nm. Distance distributions
were obtained using a spectral fitting method by assuming a sin-
gle Gaussian distribution of distances and non-interacting spins
(>2.5 nm) (Fig. 3A, left). The result showed a narrow Gaussian dis-
tribution centered at 1.40 nm with a full-width at half maximum
of 0.07 nm (Fig. 3A, right). However, 79% of spins were beyond
the sensitivity limit of the dipolar CW-EPR method (>2.5 nm),
including a small amount of non-interacting spins (<10%) due to

substoichiometric spin-labeling efficiency. The single Gaussian fits
without assuming a population of >2.5 nm spins did not result in
well-defined narrow distributions, as evidenced by the residual
sum (2) becoming 10-20% worse (data not shown). Fitting with
two or three Gaussians did not result in a better fit (data not
shown). These results demonstrated that the distribution of dis-
tances between the two spin labels attached at M68C and
R114C has two different components. This result strongly sug-
gested that the relative positions, at least the relative residual
positions of the two helices, have two populations: one (21%)
having a narrow inter-helix distance distribution centered at
1.4nm and the remaining second population (79%) having an
inter-helix distance beyond the 2.5-nm limit of detection. The
narrow distance distribution (1.4 nm) is close to the 68Lys N{ -
114His Neg, distance (1.49 nm), the 68Lys CB - 114His Cp distance
(1.14 nm), and the 68Lys Co — 114His Ca distance (1.11 nm) from
the crystal structure (2KIN) reported by Sack et al. [21]. However,
the conformation with an inter-helix distance beyond sensitivity
(>2.5 nm) is unexpected. (A more detailed distance distribution
will be obtained using a pulsed EPR method in further studies.
This technique is sensitive over longer distances of 2-8 nm
[11,25].) Therefore, it is likely that either or both of the kinesin
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Table 2
Summary of the effective rotational correlation time (7) of the spin-labeled kinesin
residues.

7 (ns)
ADP ADP+MT AMPPNP +MT NN(+apyrase)+MT
V62C  Fast 1.50 1.52 1.45 (22%) 1.46 (20%)
(36%)* (20%)
Slow 194 35.3 28.1 (78%) 29.1 (80%)
(64%) (80%)
S66C Fast 1.48 1.47 1.46 (21%) 1.45(19%)
(38%) (20%)
Slow 16.6 421 38.5 (79%) 34.0 (81%)
(67%) (80%)
A67C  Fast 143 1.47 1.46 (31%) 1.47 (31%)
(49%) (29%)
Slow 18.1 19.1 21.2 (69%) 31.4 (69%)
(51%) (71%)
M68C  Fast 1.42 1.46(24%) 1.46 (19%) 1.48 (15%)
(44%)
Slow 10.9 12.3 15.0 (81%) 16.4 (85%)
(56%) (76%)
170C Fast 1.45 1.46 1.47 (17%) 1.48(15%)
(36%) (17%)
Slow 23.7 40.6 41.8 (83%) 36.8 (85%)
(64%) (83%)
K72C  Fast - 1.48 1.51 (40%) 1.49 (36%)
(39%)
Slow - 274 23.3 (60%) 39.3 (64%)
(61%)
R114C Fast 1.46 1.50 1.52 (21%) 1.52 (14%)
(34%) (17%)
Slow 6.41 8.89 10.8 (79%) 7.44 (86%)
(66%) (83%)

@ Values in parentheses are the proportions of the fast and slow components.

o-1 and a-2 helices fluctuate between long and short inter-helix
distance states.

To investigate the different ATP hydrolysis intermediates of the
double-labeled kinesin mutants in the presence of MTs, three
nucleotide conditions were used: (i) an ADP-bound state, (ii) an
AMPPNP-bound state, and (iii) an apo state in the absence of any
nucleotide [no-nucleotide (NN)]. These data are shown in
Fig. 3B-D, respectively. In all cases, the EPR spectra were again
broadened, implying that the spin-spin distances were less than
2.5 nm. The spectrum obtained in the presence of AMPPNP is very
similar to that obtained in the MT-free state. In fact, there was a
population (20%) with its distribution centered at 1.43 nm with a
full-width at half maximum of 0.13 nm; the remaining fraction of
spins (80%) was beyond the sensitivity limit of the method
(>2.5nm). In the no-nucleotide (NN) state, the spectrum was
different and much broader. There was a larger population (41%)
having a somewhat narrow distribution (full-width at half maxi-
mum = 0.41 nm) centered at 1.48 nm, and the remaining popula-
tion (59%) was beyond the sensitivity limit (>2.5 nm). These
results indicate that a population (21%) of helices transitioned from
a longer to a shorter inter-helix distance state when nucleotides
were removed. It is therefore suggested that a shift of the equilib-
rium between the positions of the a-1 and a-2 helices occurs upon
nucleotide binding and release. In the ADP-bound state, the spec-
trum was an intermediate between those observed in the AMP-
PNP-bound state and no-nucleotide (NN) state. Fitting showed a
fraction (25%) with a distance distribution centered at 1.40 nm
and a full-width at half maximum of 0.24 nm, and the remaining
spins (75%) were beyond the sensitivity limit (>2.5 nm).

3.4. Implications of the conformational dynamics of the «-1 helix in the
presence of MTs during the ATPase cycle

We have measured the mobility and distance of spin labels at-
tached to the o-1 and a-2 helices of kinesin monomer. Inter-helix

distance measurements in double-labeled, ADP-bound kinesin
indicated that upon MT binding, the fraction of spins exhibiting a
short inter-helix distance with a narrow distribution increased
from 20% to 25%. On the other hand, the results from the single-la-
beled kinesins revealed that binding MTs increased the fraction of
labels in the slow motional state by ~20% (thereby decreasing the
fraction in the fast motional state by ~20%). The fraction of mobil-
ity change was much larger than that of distance change. There-
fore, the effect of MT binding on mobility could be interpreted as
inducing both (i) a transition to a state having a shorter inter-helix
distance with a narrow distribution and (ii) a fast-to-slow shift in
the equilibrium between side chain motional states in the confor-
mations with longer inter-helix distances. Binding of nucleotide
(ADP or AMPPNP) to kinesin in the presence of MTs increased
the fraction of the fast mobility component by ~5% at the residues
M68C and R114C. Inter-helix distance measurements also showed
that a substantial fraction (15-20%) of the helices transition from
shorter to longer inter-helix distances upon nucleotide binding.
Closer examination of the effects of nucleotide binding on residue
mobility and inter-helix distance (i.e., AMPPNP and ADP effects on
R114C and AMPPNP effects on M68C) revealed that they are quan-
titatively consistent when the equilibrium constants between fast
and slow components are assumed to be 0.25 and O for the long
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Fig. 3. Distance analysis of the EPR spectra from the double-labeled K68C/R114C
kinesin mutant. The EPR spectra were obtained at 173 K under several nucleotide
conditions, with or without MTs. (A) The ADP-bound state in the absence of MTs. (B)
The ADP-bound state in the presence of MTs. (C) The AMPPNP-bound state in the
presence of MTs. (D) The apo or no nucleotide (NN) state in the presence of MTs.
The scan width is 200 G. For each state, the left panel compares the experimental
spectrum of the double-labeled kinesin mutant (black line) with the spectrum of
the single-labeled mutant (thick gray line) normalized to the same number of spins.
The experimental spectra are fitted satisfactorily by a single Gaussian distance
distribution (right panel) with some fraction of spins occurring beyond the
sensitivity limit (>2.5 nm). The percentages shown are the fraction of the total
spins with an inter-helix distance characterized by the single Gaussian distribution:
100 x (1 — fraction of spins >2.5 nm apart). Residuals from the best-fit spectra
(thin gray lines) are shown on the left panel.



S. Yasuda et al./Biochemical and Biophysical Research Communications 443 (2014) 911-916 915

and short distance states, respectively. However, the effect of ADP
on the fraction of the fast mobility component at residue M68C ap-
peared unexpectedly larger compared with the other residues, in
which the effects of nucleotides were small or absent. It is further
assumed that the equilibrium constant between the fast and slow
components in the long distance state increased from 0.25 to 0.32
upon ADP binding at residue M68C, while it decreased from 0.25 to
~0.2 upon the binding of either AMPPNP or ADP at residues V62C,
S66C, A67C, and 170C and from 0.6 to ~0.5 at residue K72C. Such
small changes in the equilibrium constant might be produced by
small changes in steric hindrance around the side-chains associ-
ated with nucleotide-induced changes in orientation, rotation, or
bending of the a-1 helix in the long distance state.

In conclusion, upon nucleotide binding in the presence of MTs,
the two helices move apart in a substantial fraction of kinesins as a
result of a shift in the positional equilibrium. The schematic repre-
sentation of MT-dependent and nucleotide-dependent conforma-
tional changes of the ao-1 helix are illustrated in Fig. 4. It is an
attractive possibility that upon binding of the N-terminal region
of the o-1 helix to the adenine ring of ATP, the C-terminal region
of the a-1 helix approaches the neck-linker (NL) and enhances
the docking probability of the NL to the motor domain. It should
be noted that the position of the o-1 helix in the ADP-bound state
is an intermediate between those in the AMPPNP-bound state and
the NN state, but it is much closer to the former than the latter. NL
docking might be controlled by some other element, i.e., the struc-
tural linkage of switch II helix, switch I and P-loop to the y-phos-
phate of ATP [16-20] as well as binding of the a-1 helix to the
adenine ring. The present study also predict that upon MT binding
in the ADP state the a-1 helix is immobilized and undergoes a
small shift of its positional equilibrium away from the adenine ring

" Switch Il Helix Switch Il Helix Switch Il Helix

(Semi-blocking) ; >(Sem| blocking) ; MT > (Unblocking)

Switch Il Helix
(Blocking)

Fig. 4. Proposed conformations of the a-1 helix in the ATPase intermediate states of
kinesin in the presence of MT. Protein-protein and protein-nucleotide interactions
are shown as blue arrows. The equilibrium shift of the neck linker (NL) binding and
o-1 helix position are represented in the red and purple arrows, respectively. Step 1:
The binding of a MT to the motor domain, causing reduced flexibility of the
backbone of the a-1 helix and partial binding of NL. Step 2: The unbinding of a MT
from the motor domain. Step 3: The dissociation of adenine ring of ADP from the N-
terminal end of the a-1 helix, causing a shift in the positional equilibrium of the -1
helix such that it is closer to the o-2 helix. This shift buries the C-terminal region of
the a-1 helix, resulting in unbinding of NL from the C-terminal region. Step 4: The
binding of the adenine ring of ATP to the N-terminal end of the a-1 helix, causing a
shift in the positional equilibrium of the o-1 helix away from the o-2 helix. This
shift exposes the C-terminal region of the a-1 helix, resulting in rebinding of NL to
the C-terminal region. Step 5: ATP hydrolyzes. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

of ADP to lower the affinity and promote ADP release from a cata-
lytic site. In the apo (NN) state, the a-1 helix moves further away
and the catalytic site opens fully, while in the AMPPNP or ATP state
the o~1 helix again approaches the adenine ring to close the cata-
lytic site.

3.5. Relation to other works

From chemical crosslinking experiments, Hahlen et al. [26]
suggested that flexibility or structural changes in the o-1 helix is
required for the ATPase activity of kinesin. High-resolution cryo-
EM studies of human conventional kinesin bound to MT in the ab-
sence or presence of nucleotide were reported by Sindelar et al.
[20]. This report showed that the electron density of the a-1 helix
bound to AMPPNP in the presence of MTs was lower than that in
the apo (NN) or ADP-bound state. This result suggests that the o-
1 helix fluctuates in the AMPPNP state. This suggestion is consis-
tent with our model, where the conformational state with a longer
inter-helix distance exhibits high spin label mobility and high
flexibility of the peptide side-chain and backbone. The fraction of
kinesins with the longer inter-helix distance was larger in the
AMPPNP-bound state than those in either the ADP-bound state
or in the apo (NN) state in the presence of MTs. The spin label
mobility in the AMPPNP state was also higher than that in the
apo state, although it was almost indistinguishable (within error)
from the ADP-bound state.

Cryo-EM study [20] also showed that the nucleotide binding
pocket opens in the ADP state on MTs and fully in the apo state
by displacement of the o-1 helix as well as switch I loop, as com-
pared with that in the AMPPNP state on MTs. This view is consis-
tent with our finding of the o-1 helix movement at the active
catalytic site, displacing away from the adenine ring upon MT
binding in the ADP state, further away in the apo state on MTs
and approaching the ring in the AMPPNP state (See Fig. 4). More
information from spin labels attached at the other residues will
be required to establish detailed structural changes within the
kinesin motor domain at high resolution for comparison with the
other structural studies.

3.6. Conclusions

In this study, we used site-directed spin labeling EPR to directly
detect the key structural change within the kinesin catalytic
domain that defines the NL power stroke as well as the nucleo-
tide-induced displacement and dynamics of the o-1 helix. Our re-
sults show that the -1 helix changes its positional state upon ADP
release and ATP binding. These results provide direct insight into
one of the most important aspects of kinesin enzymology, the coor-
dination of MT-activated ADP release and ATP binding and the
power stroke of the kinesin NL.
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