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Single-molecule microscopy and stopped-flow kinetics assays
were carried out to understand the microtubule polymerase
activity of kinesin-5 (Eg5). Four lines of evidence argue that the
motor primarily resides in a two-heads-bound (2HB) state. First,
upon microtubule binding, dimeric Eg5 releases both bound
ADPs. Second, microtubule dissociation in saturating ADP is
20-fold slower for the dimer than for the monomer. Third, ATP-
triggered mant-ADP release is 5-fold faster than the stepping
rate. Fourth, ATP binding is relatively fast when the motor is
locked in a 2HB state. Shortening the neck-linker does not facil-
itate rear-head detachment, suggesting a minimal role for rear-
head-gating. This 2HB state may enable Eg5 to stabilize incom-
ing tubulin at the growing microtubule plus-end. The finding
that slowly hydrolyzable ATP analogs trigger slower nucleotide
release than ATP suggests that ATP hydrolysis in the bound
head precedes stepping by the tethered head, leading to a mech-
anochemical cycle in which processivity is determined by the
race between unbinding of the bound head and attachment of
the tethered head.

In dividing cells, tetrameric kinesin-5 (Eg5)> motors slide
apart antiparallel microtubules and thereby generate outward
pushing forces to stabilize the mitotic spindle (1-3). Due to its
crucial mitotic function, Eg5 has been a target for development
of anti-cancer drugs, and there are a number of established Eg5
inhibitors (1). In addition to its ability to generate outward
pushing forces, Eg5 has been shown to pause at microtubule
plus-ends and enhance microtubule polymerization by acceler-
ating growth and slowing catastrophe (3-5). By allowing sus-
tained force generation at the end of microtubule tracks, this
end binding property may maximize the ability of tetrameric
Eg5 to push apart antiparallel microtubules. The polymerase
activity potentially enhances the antiparallel sliding activity by
generating more track for the motor to walk along, and it may
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be important for balancing microtubule depolymerase activi-
ties at poles that lead to poleward microtubule flux (6, 7).
Despite considerable study, the specific features of the kine-
sin-5 chemomechanical cycle that underlie the end binding and
polymerase activity of this motor are not understood.

Eg5 is minimally processive in vitro, a feature that has been
accounted for by the fact that these motors normally operate in
large teams (2, 3). Shortening the 18-residue Eg5 neck linker
domain to the 14-residue length of kinesin-1 resulted in Eg5
having similar run lengths to kinesin-1 (8), suggesting that the
shorter wild-type run lengths result from lack of interhead
coordination rather than the specific biochemistry inherent to
the Eg5 core catalytic domain. However, beyond the neck linker
there are important differences between Eg5 and transport
motors such as kinesin-1. Eg5 is roughly 10-fold slower than
kinesin-1, although how this speed relates to the motor’s pro-
cessivity and force-generating ability is unclear. From CryoEM
reconstructions, the Eg5 neck linker domain adopts a rearward-
facing orientation in the ADP state, in contrast to the more
disordered kinesin-1 (9, 10), although recent structural kinetics
data identifies discrete neck linker positions in both motor
classes (11). Eg5 has an extended Loop 5, which has been shown
to affect nucleotide binding and serve as a latch for structural
coupling within the Switch I domain (12, 13) and as a binding
target of several potential drugs (14—16). Finally, it has been
proposed that upon initial collision with a microtubule there is
an ~1-s structural transition before the motor begins walking
(17); however, the relationship of this possible initial pause to
the observed plus-end pausing (5) is unclear.

Interestingly, despite its apparent lack of processivity, Eg5 is
able to generate and withstand relatively large mechanical
loads. For instance, a 4-piconewton assisting load that reduced
kinesin-1 run lengths by roughly 10-fold only reduced kinesin-5
run length by a factor of 2 (18, 19), and in mixed motor gliding
assays kinesin-5 motors were able to efficiently slow the trans-
port of microtubules driven by faster transport motors (20).
This ability to resist loads is consistent with the proposed role of
kinesin-5 as a “brake” that stabilizes microtubule bundles in
axons; motor inhibition leads to faster axonal outgrowth and
longer branches in culture (7). Maintaining spindle integrity
also requires sustained force generation, so this property also
aligns with the motor’s mitotic function.

By observing dynamic microtubules in the presence of an
engineered Eg5 dimer, we recently showed that Eg5 doubles the
microtubule growth rate and reduces catastrophe by a factor of
three in vitro (5). The motor also pauses for ~7 s at the plus-end
of both taxol-stabilized and dynamic microtubules, a property
that is assumed to relate to its polymerase activity.
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Kinesin-5 Mechanochemistry

The goal of the present study was to identify features of the
Eg5 chemomechanical cycle that underlie its end binding and
polymerase activity. Our approach was to measure the micro-
tubule and nucleotide binding kinetics of dimeric and mono-
meric Eg5 on the microtubule lattice and to integrate these
rates into a model for the dimeric Eg5 hydrolysis cycle. The
results support a model in which the motor resides primarily in
a 2HB state. The kinesin-5 chemomechanical cycle developed
here highlights unique features of kinesin-5 mechanochemistry
that may underlie its polymerase activity.

Results

The goal of this study was to uncover specific features of the
kinesin-5 chemomechanical cycle that underlie its ability to
pause at microtubule plus-ends and enhance microtubule poly-
merization (5). Achieving this goal requires first characterizing
the chemomechanical cycle of kinesin-5 as it steps along the
microtubule lattice, and this characterization in turn requires
understanding family-specific properties of the individual
heads. Therefore, we began our study by investigating the
ATPase and microtubule binding properties of a monomeric
kinesin-5 construct, Eg5,,, which consists of the first 367 amino
acids of Xenopus Eg5 and contains the head and entire 18-res-
idue neck linker domain. This construct is similar to the human
Eg5., used by other groups, except Eg5,, contains seven more
amino acids in the neck linker (21, 22) that are not present in
human Eg5,,,. Work was then extended to an Eg5 dimer con-
struct, consisting of the Xenopus Eg5 head and neck linker up to
residue 367, dimerized through the coiled-coil (residues 345—
405) of Drosophila kinesin-1. This dimeric construct was
described previously (8) and was shown to be a good model for
a dimeric form of tetrameric kinesin-5. Throughout the text
Eg5,, refers specifically to the monomeric species, and Eg5
refers to this dimeric species. All experiments were carried out
in BRB80 buffer at 23 °C.

To interpret our Eg5,, experiments, we used the monomer
hydrolysis cycle shown in Fig. 1a (21-23). The cycle starts from
free motors in solution with a bound ADP (state 1) that encoun-
ter the microtubule in the ADP state (state 2) and then release
ADP to generate a strongly bound apo state (state 3) (24). ATP
then binds, generating another strongly bound state (state 4)
and is hydrolyzed to ADP-P; (state 5) (25). If the motor detaches
in the ADP-P,; state, then each Mt encounter the motor will
hydrolyze only 1 ATP molecule. Alternatively, if the motor
releases its phosphate and returns to the weak binding ADP-
state (state 2), this is defined as a “futile cycle”; the number of
futile ATP hydrolysis cycles per Mt encounter is determined by
the race between the Mt-unbinding rate (state 2 to state 1) and
the ADP off-rate (state 2 to state 3).

Kinesin-5 Monomer Does Not Display Chemical Processivity—
To quantify the Mt unbinding and nucleotide exchange rates of
the monomer, the first question we addressed is whether the
ATPase cycle is tightly coupled to detachment from the micro-
tubule. In tightly coupled kinesin dimers like kinesin-1, each
head hydrolyzes one ATP per attachment/detachment cycle
(26); however, in some monomer species the hydrolysis and
detachment cycles are uncoupled, resulting in futile hydrolysis
cycles and multiple ATP hydrolyzed per encounter with the
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microtubule (27). The “chemical processivity,” defined as the
number ATP molecules hydrolyzed per Mt encounter, is
described by the parameter k{3, which is a ratio of the calcu-
lated bimolecular collision rate from the ATPase (k{2
divided by the measured bimolecular collision rate from mADP
off-rate experiments (ki;""). To determine kiy"*, motors with
bound mADP were flushed against varying Mt concentrations
(Fig. 1b). Microtubule binding triggers mADP release, which
results in a drop in fluorescence, and excess unlabeled ADP
included with the Mt prevents mADP rebinding. At high Mt
concentrations, mADP release (state 2 to state 3) is rate-limit-
ing, and the plateau denotes the mADP off-rate of the bound
head (k%*PF = 37.8 + 5.3 s~ 1). At limiting Mt concentrations
(Fig. 1b, inset), Mt binding by the motor is rate-limiting, and the
linear dependence reveals a bimolecular on-rate, kiy-F = 9.7 +
0.2 um s~ !, which is consistent with previous monomer stud-
ies (21-23).

To calculate ki "¢, the Eg5,, ATPase activity was quanti-
fied to determine the maximal hydrolysis rate and apparent
microtubule affinity. The maximal hydrolysis rate of the mono-
mer, k_,, = 12.9 = 1.9 s~ !, was similar to the dimeric stepping
rate (8.5 = 1.6 s~ '; Fig. 2c), suggesting that the monomer is a
good model for the processive dimer. The apparent Mt affinity
in the ATPase, K} = 0.93 = 0.25 uM Mt, yielded an apparent
bimolecular Mt binding rate kpy *** = k_,/Kys = 13.9 = 4.3
pum s~ for Eg5,,. The final k{39 = k"o /kihPP = 1.4 + 0.4
indicates that only 1 ATP molecule is hydrolyzed per Mt
encounter, consistent with previous kinesin-5 monomer stud-
ies (21).

Kinesin-5 Monomer Likely Detaches in the ADP-P, State—To
characterize the microtubule unbinding properties of the
monomer, single-molecule dwell times were measured by total
internal reflection fluorescence microscopy using a C-terminal
biotinylated Eg5 monomer conjugated with a quantum dot
(QDgss; Molecular Probes) (Fig. 1d). If the monomeric motor
carries out 2 or more hydrolysis cycles during each Mt encoun-
ter, then its Mt unbinding rate in saturating ATP should be at
least 2-fold slower than ATP hydrolysis rate. Instead, the Mt
unbinding rate of Eg5,, in ATP (kAXF . = 15.6 = 1.5s5 '; Fig.
1d) matched the k_,, from the ATPase assay (12.9 = 1.9 s *; Fig.
1¢), providing independent evidence that the monomer hydro-
lyzes one ATP per attachment/detachment cycle.

The next question was whether the monomer detaches from
the microtubule in the ADP-P; state or the ADP state. In 5 mm
ADP, the unbinding rate was similar to that in ATP, ko0r | =
17.0 = 2.0 s (Fig. 1d). Although the most obvious conclusion
is that the motor normally detaches in the ADP state, a closer
analysis argues against this. If P, release is fast and the motor
returns to state 2 (Fig. 1a), then the motor could either unbind
from this state or release its ADP and initiate another hydrolysis
cycle. Because k2" (37.8 s~ '; Fig. 1b) is twice as fast as k. ;g
(17.0s7 4, Fig. 1d), the motor would most frequently release its
ADP and ATP binding would follow, resulting in multiple ATP
hydrolyzed per encounter. Hence, based on the chemical pro-
cessivity near 1, we conclude that monomeric Eg5,, normally
detaches from the ADP-P; state. If the Mt unbinding rate in the
ADP-P, state k5, ., is not faster than the unbinding rate in the
ADP state, which is supported by a body of work (9, 21, 22), then
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(a) Monomer hydrolysis model (saturating ATP, negligible ADP)
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FIGURE 1. Eg5 monomer kinetics. a, monomer hydrolysis model. Monomeric motors in solution (state 1) bind reversibly to the Mt (state 2), and release their
bound ADP to generate a strongly bound state (state 3). In sufficient ATP and negligible ADP, ATP binds (state 4) and is hydrolyzed (state 5). If the motor detaches
in the ADP-P; state, 1 ATP is hydrolyzed per Mt encounter. Alternatively, if the ADP-P, state is strongly bound and/or P, release is fast, then hydrolysis and
detachment are not tightly coupled and futile hydrolysis cycles may occur (return to state 2). The number of futile cycle is determined in state 2 by the race
between the ADP off-rate, ki7", and the Mt-unbinding rate, k57, . b, microtubule-stimulated mADP release. Eg5,, incubated in mADP was flushed against
varying Mt concentrations with 2 mm ATP added to prevent mADP rebinding. Transients (average of n = 5-7) were fit with a single exponential, and observed
rates were plotted as a function of Mt concentration. Fitting to a hyperbola generated a maximal mADP off-rate of kT#P" = 37.8 + 5.3 s " and half-max Mt
concentration of K}t = 3.9 + 0.7 um Mt. Inset, blow up of the linear range of the curve with fit of effective bimolecular on-rate, kp?” = 9.7 + 02 um ™ 's . ¢,
Mt-stimulated ATPase activity of Eg5,,. From the hyperbolic fit (n = 4-5 determinations per point), k., = 12.9 = 1.9s™ ' and Kg% = 0.93 = 0.25 um Mt. The
calculated kTP = k_, /KNE = 13.9 = 43 um ™" s, results in k[2%° = kATPase/kAPP = 1.4 = 0.4 ATP molecules hydrolyzed per Mt encounter. d, Mt-unbinding
rates of QDgs5-conjugated Eg5,, in saturating ATP (open circle and dashed curve) or ADP (solid circle and curve). Single-molecule dwell-time distributions were
measured from movies taken at 40 frames/s, and binned data (excluding first 25-ms wide bin) were fit by single exponentials. Calculated monomer unbinding
rateswerekrh =156 = 1.5s 'and kAo o = 17.0 = 2.0 '.e, mATP exchange rate of the Eg5,,-Mt complex. Fluorescence transients (average of n = 16-18)
were fit with a bi-exponential and two rate constants plotted at varying mATP concentrations. Fitting the fast phase by linear regression yielded a slope
corresponding to the on-rate of mATP to the motor-Mt complex, k22 = 1.5 = 0.2 um~ " s~ ". The slow phase had a rate in the range of 15-20s~ ', which is
similar to the ATP turnover rate and was interpreted as hydrolysis after mATP binding rather than rapid unbinding. Both phases had similar amplitudes, and the
amplitudes did not vary with mATP concentration.

it follows that the rate-limiting step for the monomer is unbind-
ing in the ADP-P; state (state 5 in Fig. 1a).

To complete the analysis of the monomer hydrolysis cycle,
we measured the mATP exchange rate when the motor is
bound to the Mt. By mixing motor-Mt complexes with varying
mATP, we observed a nucleotide on-rate (k™" = 1.5 + 0.2
uM~'s7'; Fig. 1e), in agreement with previous reports (22, 23,
28).

SASBMB

SEPTEMBER 23, 2016+ VOLUME 291 -NUMBER 39

Kinesin-5 Dimer Does Not Pause at the Start of a Processive
Run—Previous work using a dimeric human kinesin-5 con-
struct, Eg5-,5, dimerized through the proximal coiled-coil of
the native motor rather than the kinesin-1 dimerization
domain used here, concluded that upon its first interaction with
the microtubule there is a slow (~1s~") conformational change
before the motor begins stepping (17). Because of the compli-
cations that this lag phase introduces into data interpretation,
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(a) Eg5 stepping in ATP
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FIGURE 2. Single-molecule motility of dimeric Eg5 in 5 mm ATP (a-d) and
5 mm ADP (e-f). a, high resolution tracking of QDg¢ss-labeled Eg5 stepping at
5 mm ATP. Kymographs with open and closed triangles indicate the two traces
analyzed in initial velocity determination (b). Each trace was separated into
two segments, including the initial 1-s velocity (60 = 9 nm/s, 65 = 7 nm/s,
mean = S.D.) and the steady-state velocity (56 = 3 nm/s, 81.5 = 1 nm/s,
mean * S.D.). No initial pausing was observed. Run length of 177 = 13 nm (c)
and velocity of 68 = 13 nm/sec (mean = S.D.) (d) were determined by fitting
cumulative density function to run lengths above 100 nm (n = 96). e, kymo-
graph of Eg5 binding at 5 mm ADP. f, dwell time of 1.3 = 0.1 s (Mt-unbinding
rate: 0.77 * 0.06 s~ ') was measured (n = 97), which is significantly slower
than monomer Mt-unbinding rate in Fig. 1d.

we directly tested whether such a pause occurs in the hydrolysis
cycle of our Eg5 dimer. Single molecule fluorescence measure-
ments were carried out by total internal reflection fluorescence
using QD,55-conjugated dimeric Egs motors (representative
kymographs are shown in Fig. 2a). To test for initial pausing,
point-spread function fitting (29) was used to determine motor
position over time, and velocities during the first second were
compared with velocity at later times. As seen in Fig. 2b, the
initial phase velocities (60 = 9 nm/s and 65 = 7 nm/s, mean *
S.D.) were similar to the later velocities (56 = 3 nm/sand 81.5 *
1 nm/s, mean = S.D.), and no visible pauses were apparent.
Therefore, we conclude that in our Eg5 dimeric motors there is
no ~1 s~ ! conformational change, and the motors begin step-
ping immediately upon first collision with the microtubule.
To quantify mean velocity and run length, we analyzed 96
traces using point-spread function fitting (29) with 100-ms
temporal resolution and 20-nm spatial precision. These QD-
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labeled motors had a similar run length (177 = 13 nm, n = 96;
Fig. 2¢) and velocity (68 * 13 nm/s, mean * S.D,; Fig. 2d) to
GFP-labeled constructs analyzed previously (5, 8).

Kinesin-5 Dimer Has a Slow Mt Unbinding Rate in ADP—
Having measured a 59-ms mean Mt binding duration for mono-
meric Eg5,, in ADP (17 s~ ' unbinding rate; Fig. 1d), we next
measured the Mt unbinding rate of Eg5 dimer in ADP. If both
heads of kinesin-5 interact with the microtubule, then the off-
rate of kinesin-5 dimer in ADP might be expected to be slower
than for the monomer. Using QD.-conjugated dimeric Eg5 in
1 mMm ADP (Fig. 2e), we found that the motor binds to the lattice
with a mean dwell time of 1.3 + 0.1 s (off-rate of 0.77 = 0.06 s %;
Fig. 2f), nearly 20-fold longer than the monomer. This result
suggests that when one head is bound to the Mt in the ADP
state, the second (tethered) head is able to interact with the
microtubule and enhance the microtubule affinity of the motor.

Kinesin-5 Resides in a 2HB State in the Absence of ATP—To
further investigate coordination between the two heads of Eg5,
we measured Mt-stimulated mADDP release in the presence and
absence of excess ATP. In kinesin-1, Mt binding triggers ADP
release by one (bound) head, whereas the second (tethered)
retains its bound ADP until ATP binding triggers a step (30). At
low Eg5 concentrations, where the free mADP remains low,
flushing motors against microtubules resulted in identical fluo-
rescence amplitudes in the presence and absence of ATP, indi-
cating that microtubule binding by Eg5 triggers release of both
mADP (Fig. 3a4). At higher mADP concentrations, Mt binding
resulted in a smaller fluorescence fall in the absence of added
ATP, indicating that the motor retained a portion of bound
mADP (Fig. 3b). The difference in amplitudes is consistent with
the second (tethered) head retaining 33% of its bound mADP,
corresponding to a K3 of 1.8 um mADP. This tethered-head
mADP affinity is an order-of-magnitude stronger than that of
the bound head (estimated 20~40 um mADP; Fig. 1b). Based on
previous work on kinesin-1 (18), we interpret these data to rep-
resent a motor with both heads bound to the microtubule with
the leading head having an undocked neck linker and low
mADP affinity and the trailing head having a forward-facing
neck linker and higher mADDP affinity. The higher mADP affin-
ity of the trailing head could be a result of the trailing head
transiently unbinding and rebinding to the microtubule or it
could represent a microtubule-bound state with a forward-fac-
ing neck linker that traps the nucleotide in the binding pocket
(“lockdown model”) (31).

Notably, when motors bound to microtubules in the pres-
ence of ATP (Fig. 3b, +ATP trace), there was no evidence for
slow (~1 s) isomerization preceding release of the second
nucleotide. This is consistent with the motility data in Fig. 2, a
and b, but differs from results of others (17).

Hydprolysis Accelerates Tether-head Attachment—To deter-
mine the sequence of nucleotide hydrolysis and neck linker
docking during the forward step, we carried out nucleotide-
stimulated half-site mADP release assays with different nucle-
otide analogs. Motors were preincubated with microtubules in
2 uM mADP, which is sufficiently high to occupy the tethered
head but not sufficient to occupy the bound head. Flushing
against saturating ATP-triggered mADP release at 53 = 25~ '
(Fig. 3¢, Eg5 + ATP). Shortening the neck linker domain from
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FIGURE 3. Eg5 resides in a 2HB state during processive stepping. a, microtubule stimulated mADP release in the presence (red) or absence (blue) of ATP. In
contrast to kinesin-1 half-site mADP release (30), Eg5 releases both bound mADP at limiting mADP concentrations. b, half-site mADP release is partially rescued
by adding 0.9 um free mADP. The fall in fluorescence in the absence of ATP was 83% that of the total, corresponding to 66% mADP release in the tethered head,
consistent with a tethered head KZ"" of 1.8 um. ¢, nucleotide-stimulated half-site mADP release. Complexes consisting of 0.35 um Eg5, 8 um Mt, and 2 um free
mADP were flushed against 2 mm ATP (black), 2 mm ATP+S (red), 2 mm AMPPNP (blue), and 20 um ADP (magenta). All solutions contained 2 um free mADP to
maintain free concentration. The averaged transients (n = 17-18, inset) were fit by bi-exponentials (mono—exponential for ADP), yielding rate constants
KATP/HS — 53 + 2 g1, KATPYS/HS — 97 + 1 71, KAMPPNP/HS — 193 + , 9 s, and kihg = 1.29 = 0.07 s, respectively. ATP-stimulated half-site release rate of
shorter neck linker construct Eg5,, (n = 11) was kﬁg’”s =50%3s" (green) HSs, half-site experiment.

18 to 14 residues, which increases motor processivity (8), had  slows nucleotide binding to the front head (front-head gating;
no effect on this rate (Fig. 3¢, Eg5,, + ATP). Flushing against Ref. 35). However, at physiological ATP concentrations the
slow or non-hydrolyzing ATP analogs led to 2-fold slower time taken for ATP binding (4 ms at 1 mm ATP) should be
mADDP release (Eg5 + ATPyS: 27 = 1 s~ '; Eg5 + AMPPNP: negligible with respect to the total cycle time (118 ms based on
19.3 £ 0.9 s~ '; Fig. 3¢). These slower rates suggest that tethered  the 8.5 s ' stepping rate in Fig. 2c). Finally, we measured an
head attachment can occur either before or after ATP hydroly-  on-rate for Mt binding of k;,q = 4.2 * 0.2 um™ ‘s~ (Fig. 4¢),
sis, but the kinetically favored pathway is hydrolysis preceding  which is roughly half that of the monomer (Fig. 15).
tethered head attachment, as described for kinesin-1 and kine- The results were integrated into a kinetic model for the kine-
sin-2 (32-34). Importantly, the ATP-stimulated half-site sin-5chemomechanical cycle at saturating ATP concentrations
release rate is 6 times faster than the motor stepping rate (8.5 =  (Fig. 5, a and b). Measured and calculated rate constants are
1.6 s™'; Fig. 2¢), meaning that ATP binding, ATP hydrolysis, provided in Table 1.
tethered head attachment, and ADP release are all too fast to be EgS Stepping Cycle Has One Rate-limiting Step—To provide
rate-limiting. Therefore, the data support a model in which an independent estimate for the number of rate-limiting steps
trailing-head detachment is the rate-limiting step. in the Eg5 stepping cycle, we carried out high resolution track-
Flushing against ADP triggered mADDP release at 1.29 = 0.07 ing of gold nanoparticle-labeled Eg5 motors stepping along
s~ ' (Fig. 3¢, Eg5 + ADP), which is faster than dimer unbinding immobilized microtubules. Single motors with a 40-nm gold
rate of 0.77 s~ ' in 1 mm ADP (Fig. 2f). Because K2*PP of the nanoparticle attached to the C terminus were tracked with
tethered head was estimated to be 1.8 um (Fig. 3b), we interpret  2-ms temporal resolution and 1-2 nm localization precision,
this 1.29 s ! as the mADP off-rate of the tethered head, which  which was sufficient to detect 8.2-nm steps (Fig. 6a), and to
leads to an estimate of 0.7 um ' s~ * for the tethered head quantify the duration between successive steps. The resulting
mADP on-rate. distribution of step durations was well estimated by an expo-
ATP Binds to the Front Head in the 2HB State—To determine  nential distribution with the time constant fixed to the popula-
the sequence of ATP binding and trailing head detachment, we  tion mean of 101.1 ms (Fig. 6b), consistent with Eg5 having one
investigated nucleotide exchange in the 2HB state. We gener- rate-limiting step under no load.
ated a 2HB species by mixing motors with microtubules and It was shown previously that at minimal loads, the random-
AMPPNP, as described previously (33), and flushed this com- ness parameter (see “Experimental Procedures”) for kinesin-1
plex against varying concentrations of mADP (Fig. 4a) or was 0.5, consistent with the hydrolysis cycle having two rate-
mATP (Fig. 4b). The observed rate constants from the fast limiting steps (36). In agreement with this previous work, we
phase represent reversible binding of mant nucleotide and thus  found a randomness of 0.56 for kinesin-1 (Fig. 6¢). In contrast,
were fit to the function, k ., = k,,[mAxP] + Kk 4 The fits we found a randomness of 0.91 for Eg5 (Fig. 6¢). Previous work
yielded front-head ADP exchange rates of kpi;o, = 2.1 = 0.25 measured a randomness near 0.5 for Eg5 under external load
pM~'s7' and kffhg = 75 * 8 s7' and front- head ATP (37), but this is the first measurement of Eg5 randomness under
exchange rates of kAEI;n =028 =008 um 's 'and kfyi g =  zero load, matching the conditions of our biochemical experi-
92 *+ 25~ '. The on-rate for mATP binding to the fronthead in  ments. Simulations of our Eg5 kinetic model, in which rear-
the 2HB species is 5-fold slower than the corresponding on-rate  head detachment is the sole rate-limiting step, generated a
to the microtubule-bound monomer (Fig. 1e), providing evi- value of 0.80-0.90 for the randomness parameter, in good
dence that rearward strain and/or orientation of the necklinker ~ agreement with the experimental determination. The match
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(a) Front-head mADP exchange (b) Front-head mATP exchange (c) Eg5 Mt-binding
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FIGURE 4. Eg5 displays front-head-gating but not rear-head-gating. g, front-head mADP exchange. 0.4 um motor was incubated with 8 um Mt and
100 um AMPPNP for 10 min to generate a 2HB species. The complexes were then flushed against varying mADP concentrations, and the rise in

fluorescence due to mADP binding averaged for n = 16-18 traces for each mADP concentration (see the inset for averaged fluorescence traces). For

each condition n = 16-18 transients were averaged and fit with a bi-exponential, and the fast phases were fit to the equation ko, = kit [MADP] +

kTiee:. The mADP exchange rates were kgt = 2.1 £ 0.8 um™ ' s~ ' and kJieRy; = 75 = 85~ 1. b, front-head mATP exchange. Identical procedures were

used, and the final rates were k15 = 0.28 + 0.08 um ™' s " and kTifh = 92 = 25~ . Inset, the averaged transients (n = 16-18). ¢, bimolecular on-rate
for Mt binding. 0.2 um motor with 0.5 um mADP were flushed against varying Mt concentrations containing 2 mm ADP, yielding a Mt binding on-rate
constant for dimeric kinesin-5 of ky;,q =42 £ 02 um™ 's™ .

between the experimental data and simulations provides fur-  isno unique feature of Eg5 monomers that explains end binding
ther evidence that the Eg5 stepping cycle has only 1 rate-limit- by the dimer. Specifically, both monomers and dimers in ADP
ing step, in support of the biochemical data. dissociate much more rapidly than end-bound dimers. This
result rules out the first hypothesis that motors dissociate
slowly from the microtubule in the ADP state when unable to
In contrast to transport kinesins that rapidly dissociate upon  take a forward step.

reaching the microtubule plus-end (38), kinesin-5 remain The second hypothesis, that tethered head attachment is a
bound to microtubule plus-ends for more than 7 s before dis-  prerequisite for ATP hydrolysis, is also ruled out by the exper-
sociating (5). More importantly, these end-bound motors jments. The 155~ monomer hydrolysis rate demonstrates that
increase the microtubule growth rate and suppress the catas- hydrolysis does not need a second head. Also, in the dimer, ATP
trophe frequency, meaning that in addition to generating out-  io0ers half-site mADP release at a faster rate than does
ward-directed forces to maintain spindle integrity, kinesin-5 s MippPNP or ATP+S, consistent with hydrolysis accelerating
motors help to build the mitotic spindle. The goal of the present  y}ored head attachment rather than tethered head attach-
study was to uncover aspects Of s l(ingsip—S chemomechani- .\, triggering hydrolysis (32, 36). Instead, the results support
cal cycle that contribute to this end binding and polymerase our third hypothesis, namely that kinesin-5 motors spend a
activity. We previously put forward three potential mecha- large fraction of their hydrolysis cycle in a 2HB state.

nisms that could explain the plus-end binding activity of kine- Our results are consistent with a kinesin-5 mechanochemical

sin-5 .(5)' First, motors may dissociate slowly from the microtu- cycle (Fig. 5), that has a number of specific features that diverge
bule in the ADP state when unable to take a forward step. . . . . °
from previous kinesin-5 work. For clarity, we separate the ini-

S d, ATP hydrolysi ire stepping by the tethered
econ YAroyS1s May require Steppiig by e tethere tial microtubule interaction (states 1—2) from the subsequent
head, such that end-bound motors wait in an ATP-bound state. )
states (3—8) that make up the normal hydrolysis cycle. The

Third, due to specific features of its hydrolysis cycle, kinesin-5 e -
measured Mt binding and ADP release rates are similar to rates

motors may spend a large fraction of their hydrolysis cycle in a s ;
2HB state, which results in long-lived plus-end binding and measured previously (21), but the tethered head in State 3 had a
relatively low ADP affinity of 1.8 um. We found previously for

stabilization of incoming tubulin. Below, we describe data that ™" X . X )
rule out the first two hypotheses and support the third hypoth- kinesin-1 that extending the neck linker domain from wild-type
14 residues to 18 residues (which matches the native neck linker

esis. We then present a model for the kinesin-5 hydrolysis cycle
that diverges in some aspects from previous models and of kinesin-5; Ref. 40) results in the rate of tethered head ADP

explains unique features of kinesin-5 mechanochemistry that exchange increasing from 0.4s™ ' to 1.3s™ ' (18). The measured
may underlie its polymerase activity. kinesin-5 tethered head ADP off-rate of 1.3 s™' (based on

We found that monomeric Eg5,, hydrolyzes one ATP per MADP exchange with ADP in Fig. 3¢) matches this rate and
microtubule encounter and that the monomer turnover rate suggests that the faster exchange relative to wild-type kinesin-1
matches the stepping rate of the dimer, consistent with previ-  results from the longer 18-residue neck linker of kinesin-5. We
ous work (39). Furthermore, in single-molecule assays, mono- propose that the trailing head in State 2 and 3 is actually bound
meric motors dissociated at similar rates of ~15 s~ ! in both  to the microtubule with its neck linker in a forward orientation
ATP and ADP, consistent with previous work (22). Thus, to the ~ due to tension from the second head. For kinesin-1, evidence
extent that a monomer is equivalent to an end-bound dimer in  that the tethered head interacts with the microtubule comes
which the tethered head is unable to take a forward step, there  from the faster rate of reversal of ATP hydrolysis in the tethered

Discussion
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FIGURE 5. Conceptual model of the kinesin-5 chemomechanical cycle. g, detailed model for dimeric kinesin-5 stepping. Free motors in solution (state 7) bind
to the Mt (state 2), which triggers ADP release (state 3). ATP binding (state 4) is followed by ATP hydrolysis (state 5) and tethered-head attachment (state 6). In
this 2HB state, the motor releases the ADP inits front-head (state 7) and allows ATP binding (state 8). The 2HB motor detaches its trailing head to complete a step
(states 6 -8 returns to states 3—4). In this model the processivity is determined by the race between tethered-head attachment (state 5 to state 6) and Mt
unbinding (state 5 to state 2). b, simplified model that lumps the cycle into a strong binding one-head-bound state (dark gray), a weakly bound one-head-bound
state (light gray), and a strongly bound two-head bound state (white). Processivity is determined by the race occurring at the weak binding state between
tethered head attachment and bound head dissociation. The results presented here indicate that the motor spends most of its time in the 2HB strong binding
state. Measured and calculated rate constants are given in Table 1, and details are described in Table 1 footnotes.

TABLE 1

Rate constants for the kinesin-5 chemomechanical cycle
State Rate constant Description Source Experiment Units
1-2 Kpina Bound-head Mt on-rate Fig. 4c 42+02 pM s
2-1 Kunbind Bound-head Mt off-rate Fig. 2f 0.77 * 0.06 st
2-3 o Bound-head ADP off-rate Fig. 16 37853 st
3-4 kTP Bound-head ATP on-rate Fig. le 1.5+0.2 M s
4-5 Kiya Hydrolysis rate Derived” 250 (79, 414)° st
5-1 KOE ind Mt off-rate at ADP-Pi state Derived” 213+ 4.5 st
5-6 Kactach Front-head attachment rate Derived” 476 (79, 1073)” st
6-7 Koern Front-head ADP off-rate Fig. 4a 75+ 8 st
7-6 Koohy Front-head ADP on-rate Fig. 4a 2.1+0.8 M st
6-2 Kaetach Trailing-head detachment rate Derived® 10.1 £ 0.3 st
7-3 kdctach
8-4 kdetach
7-8 Kot Front-head ATP on-rate Fig. 4b 0.28 = 0.08 M st
8-7 Kot Front-head ATP off-rate Fig. 4b 92 =2 st

“InFig. 1, cand d, 1/key — 1/ kg = 1/kiyq + 1/ knyina = 51 = 10 ms. In Figs. 3¢ and 4a, 1/kjie’™ — 1/kfReg = 1/knya + 1/kyeacn = 5.6 = 1.6 ms. In Fig. 2¢, processivity
was constrained by Kyaen/Knpina = 22. These three equations give the solution set of the three unknowns. HS, half-site experiment.

2 95% confidence interval with truncated gaussian model. Lower bound: experimental constraints in % upper bound: one-tailed, & = 5%.

“In Figs. 2d and 3¢, 1/ kioy = 1VKNIE™S + 1/Kgeraen + 1R an[ATP], where 1/ k5, [ATP] is negligible at high [ATP].
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FIGURE 6. Stepping kinetics of kinesin-5 is consistent with one rate-limiting step per ATPase cycle. a, example raw trace for kinesin-5 stepping at
saturating ATP concentrations (2 mm). A 40-nm gold nanoparticle was attached to the C terminus using biotin-streptavidin and imaged under total internal
reflection dark field microscopy at 500 frames per second (see “Experimental Procedures”). Output of a model-free step-finding algorithm is overlaid in red,
showing clear measurement of 8.2-nm steps. b, distribution of step durations (n = 2478 steps from 59 traces) as called by the step-finding algorithm. The data
are well described by an exponential distribution, P(f) = Ae™ . Fixing A at the measured population mean (101.1 ms) and performing regression (red line)
returned R? = 0.96. ¢, distribution of measured randomness values for kinesin-1 (blue, n = 47 traces) and kinesin-5 (red, n = 59 traces). Gaussian fits to the
distributions returned a center value of 0.56 for kinesin-1 and 0.91 for kinesin-5.

head compared with a free motor in solution (31). Evidence that
aforward-facing neck-linker domain traps the nucleotide come
from the finding that “lock-down” of the neck linker by binding
of the tail domain or by cross-linking traps ADP in the binding
pocket even in the presence of microtubules (41).

Further evidence that the tethered head is bound to the
microtubule comes from the difference in monomer and dimer
unbinding rates. In saturating ADP, which induces a weak bind-
ing state, the monomer dissociates at 17 s ! (Fig. 1d), whereas
the dimer dissociates nearly 20-fold slower at 0.77 s~ * (Fig. 2f),
suggesting that both heads must unbind for the dimer to disso-
ciate from the microtubule.

The second feature of the hydrolysis cycle is that in States
4—6, ATP hydrolysis precedes attachment of the tethered head
to the next binding site. Evidence for this sequence in kinesin-1
came from the finding that slowing hydrolysis using ATP~yS
does not enhance motor run length and that under assisting
loads added P; enhances the run length (32, 36). For kinesin-5,
we found that nucleotide-triggered mADP release from the
tethered head is faster in ATP than in ATPyS or AMPPNP (Fig.
3¢), consistent with hydrolysis triggering complete neck linker
docking and tethered head binding. Previous work suggested
that ATP hydrolysis is the rate-limiting step in the kinesin-5
hydrolysis cycle (42), but the fast rate of ATP-triggered mADP
release (53 + 2 s~ '; Fig. 3¢) argues against this. The finding that
the monomer dissociation rate is similar in ATP and ADP (Fig.
1d) also argues against ATP hydrolysis being rate-limiting, as
follows. If the monomer unbinding rate in the ADP-P; state is
equal to or slower than the unbinding rate in ADP, then the
similar unbinding rates in ADP and ATP mean that hydrolysis
must be significantly faster than the 17 s™' unbinding rate.
Thus, an important feature in the chemomechanical cycle in
Fig. 4c is that termination of a run occurs from the ADP-P;-
bound state 5 and that run length is determined by a race
between kiory..q and k.o at state 5.

The third important feature of the hydrolysis cycle is that
ATP binds in a 2HB state (state 6—8). The key piece of evidence
is the nucleotide exchange kinetics when motors are locked in a

20290 JOURNAL OF BIOLOGICAL CHEMISTRY

2HB state with AMPPNP (Fig. 4, 4 and b). This analog is
thought to generate a 2HB state with AMPPNP trapped in the
trailing head and an empty front head (33, 35, 43), and the rapid
binding kinetics demonstrate that nucleotide readily binds to
the front head. The front-head mATP on-rate in Fig. 45 was
5-fold slower than the corresponding on-rate for monomeric
Eg5,, (Fig. le), providing evidence for front-head gating (44).
However, the front-head on-rate of 0.3 um ™~ 's~ ! means that at
a concentration of 1 mM, ATP binding will only take 3 ms,
which is very fast relative to the roughly 100-ms cycle time.
Thus, under physiological conditions ATP binds when the
motor is in a 2HB state.

The final defining feature of the chemomechanical cycle in
Fig. 5 is that trailing head detachment (state 8—4) is the rate-
limiting step in the cycle at saturating ATP. Evidence comes
from comparing the rate ATP-triggered half-site release (53 s~*
in Fig. 3¢) to the overall stepping rate (9.5 s~ " in Fig. 2d). In the
hydrolysis cycle of Fig. 5, the half-site release experiment begins
in state 3 and terminates in state 7 when ADP is released. The
remaining steps in the cycle are the ATP binding transition
7—8, which we show to be fast as described above, and the
trailing head detachment rate (state 8—4). Thus, it follows that
trailing head detachment (estimated at 10 s~ * by comparison of
half-site and stepping rates) is the slowest transition in the cycle
and the motor will remain in a 2HB state for most of the cycle.
As trailing head detachment at 10 s~ is near the monomer
unbinding rate of 15 s~ * (Fig. 1d), there is no evidence of rear-
head gating, meaning that interhead strain does not appear to
accelerate trailing head detachment. A recent optical trapping
study using kinesin-1 with extended neck linkers suggested that
the interhead tension present in wild-type kinesin is relieved
when the neck linker is extended from 14 to 15 or more residues
(18), in agreement with this lack of rear-head gating of kine-
sin-5 (which has an 18 residues neck linker). Based on the teth-
ered head exchange results (ADP in Fig. 3¢), nucleotide release
from the trailing head in this 2HB state 8 is expected to be slow
(1.3 s71) due to the forward neck linker orientation that traps
nucleotide in the pocket. One possibility is that P, release is the
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rate-limiting transition that determines detachment; alterna-
tively, P, release could be coupled with or immediately follow
detachment (11).

One hallmark of kinesin-5 motility is its minimal pro-
cessivity, which has been functionally accounted for by the fact
that the motors work intracellularly in teams (19, 37, 39, 45).
We previously showed that shortening the Eg5 neck linker to
match the 14 residues of kinesin-1 results in ~1-um run
lengths similar to wild-type kinesin-1 (8). The present work is
consistent with that result; in the framework developed in Fig.
5, run length is determined simply by the race between k%5 . 4
and k,,,, ., at state 5. Based on the 15 s~' monomer unbinding
rate (Fig. 1d), we estimate k=5 . | (5—1 transition in Fig. 5) at 15
s~ !, putting k_,,...;, at ~300s~ ' to match the observed unloaded
run lengths measured here. Shortening the neck linker to 14
residues, which increases the run length by roughly a factor of
four (8), is hypothesized in our model to enhance k.. to
>1000s~". The finding that the ATP-stimulated mADP release
for Eg5,, matches the rate of Eg5 (half-site data in Fig. 3¢) is
consistent with this prediction, although it does not provide
stringent constraints.

Another distinctive feature of kinesin-5 processivity is its rel-
ative insensitivity to load. Whereas a 4-piconewton-assisting
load decreases the kinesin-1 run length by roughly 10-fold (18),
a similar assisting load diminishes the kinesin-5 run length by
only a factor of 2 (19). This property was also observed in mixed
motor gliding assays; kinesin-5 motors were able to efficiently
slow the transport of microtubules driven by faster transport
motors (20). This ability to resist loads is consistent with the
proposed role of kinesin-5 as a brake that stabilizes microtubule
bundles in axons; motor inhibition leads to faster axonal out-
growth and longer branches in culture (7). Maintaining spindle
integrity requires sustained force generation, so this property
also aligns with the motor’s mitotic function. The finding that
kinesin-5 spends the majority of its hydrolysis cycle in a 2HB
state provides a mechanism to explain its ability to resist loads.

Recent work using time-resolved kinetics suggested that in
monomeric Eg5 there is a weak conformational coordination
between switch-1 closure and neck linker docking (11). Inter-
estingly, we found that monomeric Eg5 has a tightly coupled
chemomechanical cycle (k3" = 1), whereas monomeric kine-
sin-1 does not (k28 = 3-7; Ref. 27). The Eg5 k2% could be
explained by the race between the opening of the switch-1 cleft
and motor unbinding as follows. After ATP hydrolysis, Eg5
opens its switch-1 cleft on a time scale of 100 ms (10 s~ ') to
allow nucleotide release (11). We measured a detachment rate
of 15 s~ for monomeric Eg5, which makes a second ATP turn-
over event unlikely to occur.

The finding that kinesin-5 is predominantly in a 2HB state
provides a general mechanism to account for the motors’
observed microtubule polymerase activity; the 2HB state
bridges adjacent tubulin subunits on a single protofilament and
thereby enhances microtubule stability. Family-specific fea-
tures of kinesin-5 that may contribute to this behavior include a
rearward-facing orientation of the neck linker in the apo or
ADP states (9) and the 18-residue neck linker domain, which
could provide added interhead flexibility.
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A full accounting of the cellular function of kinesin-5
requires accounting for all of the structural and regulatory ele-
ments present in the wild-type motor. The construct employed
here, a dimer in which the heads are connected through a stable
kinesin-1 coiled-coil domain, provides an excellent model sys-
tem for identifying features of interhead coordination. How-
ever, the wild-type motor is a tetramer; the tail domains reside
near the opposite head domains and may bind microtubules
and regulate the motor activity (3). There is also evidence of
communication through the tetrameric coiled-coil domain
meaning that mechanical activity of one pair of heads may reg-
ulate the behavior of the motors at the opposite end of the
molecule (46). Additionally, this model provides open ques-
tions on the ionic strength-dependent directional switching of
yeast kinesin Cin8 (47, 48) and the microtubule depolymerizing
properties of yeast kinesin-5 Kip1p (49, 50). Finally, phosphor-
ylation may regulate motor activity (51). Hence, with the cur-
rent core hydrolysis cycle, a framework is in place to under-
stand these other modulating factors that determine behavior
of the wild-type tetramer in cells.

Experimental Procedures

Protein Constructs, Purification, and Quantification—All
kinesin-5 dimeric constructs consisted of the head and neck
linker domain of Xenopus laevis Eg5 (residues 1-367) fused to
the coiled-coil (residues 345-559) of Drosophila KHC, as pre-
viously described (8). The dimeric motor Eg5 and Eg5, , denote
the neck linker lengths of wild-type 18 residues and truncated
14 residues, respectively. Monomeric Eg5 (Eg5,,) includes the
entire catalytic core and entire 18 residue neck linker (residues
1-367) fused to a hexa-His tag or to an AviTag (GGGLN-
DIFEAQKIEWHE) followed by a hexa-His tag. Details of the
GEFP fusion, biotinylation procedures, bacterial expression, and
protein purification and storage were described previously
(33, 36, 52). Active motor concentration was quantified by
mADP chase-off assays (33), and all motor concentrations
described correspond to the active motor concentration. Active
motor concentrations were typically 30—40% that of total
motor concentrations quantified by SDS-PAGE using Coomassie
Blue staining. Stock concentrations of dimeric motors were
1-30 uM, and monomeric motors were 30—100 um. Experi-
ments were carried out in BRB80 buffer (80 mm PIPES, 1 mMm
EGTA, 1 mm MgCl,, pH 6.8) at 23 °C.

ATPase Assays—ATPase was carried out by enzyme-coupled
assay with 50 nm active monomeric motor, and hydrolysis rates
were estimated by steady-state absorbance decrease at 340 nm
as previously described (33). The parameter k7" was calcu-
lated by dividing the maximal ATP hydrolysis rate by the Mt
concentrations at half-maximal ATPase, as carried out previ-
ously for kinesin-1 dimer (26) and monomer (27).

Single-molecule Fluorescence—Single-molecule fluorescence
of GFP-labeled or QD.;-labeled (Thermo-Fisher Q10121 MP)
motors was carried out using a Nikon TE-2000 total internal
reflection fluorescence microscope, as previously described
(33). Microtubules were polymerized by mixing a 1:20 ratio of
Cyb5-labeled and unlabeled calf brain tubulin. A monoclonal
anti-B-tubulin antibody (Sigma T7816) or kinesin-1 rigor
mutant (36) was used to immobilize microtubules followed by
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blocking with 0.5 mg/ml casein. To image vivid QD55-labeled
motor, B-mercaptoethanol was not used in an oxygen scav-
enger system due to quenching, and the imaging time was
kept below 60 s to prevent photo-damage. Dwell time data
were analyzed with the MultipleKymograph plug-in in
Image] (imagej.nih.gov) using specific macros to ensure the
fluorescence events were aligned with the microtubule
tracks.

To quantify initial pausing events, run lengths, and velocities,
single-molecule measurements on QD¢4;-labeled motors were
analyzed by point-spread fitting using FIESTA software (29).
The initial velocity was determined by linear fit of displacement
during the first second, and the remainder of the trace was fit to
obtain the steady-state velocity. Student’s ¢ tests were used to
determine the occurrence of the “initial pause” and the differ-
ence between the initial velocity and the steady-state velocity.
For run length and velocity measurements, analyses included
only run lengths >100 nm and velocities between 40 and 120
nm/s to rule out pausing and diffusive events.

High Speed Single-molecule Tracking by Total Internal Reflec-
tion Dark Field Microscopy—High speed single-molecule track-
ing experiments were carried out using a custom-built total
internal reflection dark field microscope utilizing micro-mir-
rors (53). The microscope was built around a Mad City Labs
RM21 base (54) using micromirrors both to provide illumina-
tion and to pick off the totally internally reflected beam. Objec-
tive-type total-internal reflection was achieved using an Olym-
pus 1.49 NA objective, and illumination was provided by a
Coherent Sapphire-LP 532-nm laser. Images were recorded
using a Basler Ace acA2000-165 um CMOS camera. Kinesin-1
and -5 motors were prepared with a biotinylated C-terminal
Avitag as previously (36) and mixed with 40-nm neutravidin-
coated gold nanoparticles (Nanopartz) at the lowest molar ratio
of total motor concentration (including non-biotinylated and
inactive) to gold that produced landing events (16:1 for kine-
sin-1 and 4:1 for kinesin-5). Microtubules were attached to the
glass substrate using full-length rigor kinesin-1 mutant, as pre-
viously described (36).

High resolution position versus time traces were obtained
from 500 frame/s movies by fitting the point spread function
with a two-dimensional Gaussian using FIESTA software
(29). x-y trajectories were rotated to minimize the standard
deviation in the x direction, resulting in alignment of the y
axis with the microtubule axis. Step finding was performed
on the y-displacement versus time traces using the tDetector
algorithm (55), which returned step sizes and durations.
Randomness measurements were calculated using the for-
mula (56, 57),

0 () — 2
dx(0))

All data analysis was done in MATLAB.

Stopped-flow Setup—Stopped-flow measurements using mant-
nucleotides were carried out on an Applied Physics SX20 spec-
trofluorometer using 356-nm excitation with a HQ480SP emis-
sion filter. Note that the mant moiety does not change
nucleotide affinity for kinesin-5, unlike the 20-fold difference

(Eq. 1)
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measured for kinesin-2 (33) and 2-fold difference for kinesin-1
(36). All nucleotides contained equimolar Mg>"".

KM and k;\P¥ Experiments—Experiments were carried out by
mixing 0.2 uM mADP-incubated motors against solutions con-
taining 2 mm ADP and varying Mt concentrations. Data were fit
to a bi-exponential, and the observed rate of the fast phase, &k,
was fit to,

kgt [Mt]

Koos = M) + KO

(Eq.2)

where k% PP and K3t correspond to the mADP off-rate and
the apparent Mt affinity, respectively. At low Mt concentra-
tion, the rates can be fit by linear regression, where the slope
corresponds to ki°F, the apparent bimolecular Mt on-rate
(26).

Nucleotide-stimulated Half-site Release Assays—Motors
(0.3-0.4 uM) were incubated with microtubules and 2 um
mADDP to generate a species with no nucleotide in the bound
head and mADP in the tethered head (30). To quantify the
nucleotide-induced tethered-head stepping rate, this com-
plex was flushed against a solution containing 2 mm ATP, 2
mMm ATP+S, or 2 mm AMPPNP with additional 2 um mADP
to maintain a constant mADP concentration. To measure
the intrinsic tethered-head mADP release rate, the complex
was flushed against a solution containing 20 um ADP to pre-
vent mADP rebinding to the tethered head; this lower con-
centration ensures that the bound head has minimal disso-
ciation events. Signals were fit by a bi-exponential for ATP,
ATPvS, and AMPPNP and a single exponential for ADP.
Control experiments confirmed that 1 mm nucleotide was
sufficient to achieve maximal half-site mADP release rate.

Front-head Nucleotide Exchange Kinetics—Motors at 1-2
uM were mixed with 40 um Mt and 500 um AMPPNP to gen-
erate a 2HB motor. After 10 min of incubation, complexes were
diluted 5-fold with BRB8O buffer to maximize the species with
AMPPNP in the bound head and no nucleotide in the front
head. These complexes were then flushed against varying
mant-nucleotide concentrations to estimate the nucleotide on-
and off-rates, as determined previously (33).

Kops = KD [mAXP] + k3 (Eq.3)

Simulation of Single-molecule Traces—Stochastic simula-
tions were carried out using the parameter set obtained from
single-molecule and ensemble measurements, as previously
described (33). After recapitulating the stepping traces, the
randomness was quantified using both temporal duration
(58) and spatial fluctuation (56) to check its robustness. The
code can be found in the supplemental Randomness.txt file.

Data Analysis—All curve fitting for stopped-flow data were
carried out using regression with instrumental weighting
function in OriginPro 9.1 software. Data are presented as the
means * S.E. of fit (S.E.) unless otherwise noted.

Author Contributions—G.-Y. C. and W. O. H. designed the study
and wrote the paper. K. J. M. acquired and analyzed the high resolu-
tion tracking data. All authors reviewed the results and approved the
final version of the manuscript.
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