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A kinetic dissection of the fast and superprocessive
kinesin-3 KIF1A reveals a predominant one-head-bound
state during its chemomechanical cycle
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The kinesin-3 family contains the fastest and most processive
motors of the three neuronal transport kinesin families, yet the
sequence of states and rates of kinetic transitions that comprise
the chemomechanical cycle and give rise to their unique proper-
ties are poorly understood. We used stopped-flow fluorescence
spectroscopy and single-molecule motility assays to delineate
the chemomechanical cycle of the kinesin-3, KIF1A. Our bacte-
rially expressed KIF1A construct, dimerized via a kinesin-1
coiled-coil, exhibits fast velocity and superprocessivity behavior
similar to WT KIF1A. We established that the KIF1A forward
step is triggered by hydrolysis of ATP and not by ATP binding,
meaning that KIF1A follows the same chemomechanical cycle
as established for kinesin-1 and -2. The ATP-triggered half-site
release rate of KIF1A was similar to the stepping rate, indicating
that during stepping, rear-head detachment is an order of mag-
nitude faster than in kinesin-1 and kinesin-2. Thus, KIF1A
spends the majority of its hydrolysis cycle in a one-head-bound
state. Both the ADP off-rate and the ATP on-rate at physiologi-
cal ATP concentration were fast, eliminating these steps as pos-
sible rate-limiting transitions. Based on the measured run
length and the relatively slow off-rate in ADP, we conclude that
attachment of the tethered head is the rate-limiting transition
in the KIF1A stepping cycle. Thus, KIF1A’s activity can be
explained by a fast rear-head detachment rate, a rate-limiting
step of tethered-head attachment that follows ATP hydrolysis,
and a relatively strong electrostatic interaction with the micro-
tubule in the weakly bound post-hydrolysis state.

The kinesin-3 motor protein KIF1A is a neuronal transport
motor responsible for the anterograde transport of synaptic
vesicle precursors and other vesicular cargo along microtubules
(Mt) (1-4). Mutations of KIF1A in humans can cause a range of
afflictions known as KIF1A-associated neurological disorders
that include sensory and motor disabilities (5-7). In some
cases, these disorders are caused by neuronal cell death and
axon degeneration or specific mutations leading to the hyper-
activation of KIF1A and an abundance of the correlative cargo
at the synapse (8). However, in most cases, the links between
the motor dysfunction and the resulting disease are not clear.
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The kinesin-3 family is one of the largest of the 14 subfamilies
in the kinesin superfamily (1, 2, 5, 9-12), and KIF1A is of partic-
ular interest due to a unique set of properties, including fast ve-
locity (13), superprocessivity (13—16), low force resistance (17),
and the ability to move processively as both a monomer and
dimer (18-21). In addition to the conserved microtubule-bind-
ing interface, binding is mediated by an electrostatic interaction
between the positively charged loop-12 (called the “K-loop”)
and the negatively charged C-terminal tail of tubulin. The K-
loop is required for processive movement of monomers but is
not required for superprocessive movement of dimers at low
ionic strength, indicating that there are also family-specific dif-
ferences in the conserved microtubule-binding interface that
enhance microtubule affinity (15, 17, 18, 22-26). Adaptations
that increase microtubule affinity would generally be expected
to slow the motor velocity rather than speed it up (27, 28), yet
KIF1A steps 2.5-fold faster than kinesin-1. Furthermore, optical
trapping studies and mixed motor assays have revealed that, de-
spite the enhanced electrostatic association to the microtubule,
kinesin-3 has a surprisingly low resistance to force and detaches
under load (8, 15, 17, 29-31). How these opposing traits are rec-
onciled in the same motor have yet to be fully understood.

Interpreting the chemomechanical properties of KIF1A and
how the motor is tuned for its specific cellular functions
requires a more complete understanding of the KIF1A chemo-
mechanical cycle. Specifically, it remains to be determined
whether the fast speed and superprocessivity of KIF1A result
simply from differences in specific rate constants in the hydro-
lysis cycle or whether they result from the KIF1A cycle having a
different sequence of chemomechanical states than kinesin-1.
In the kinesin-1 chemomechanical cycle (Fig. 1), it has been
established that, following initial binding and release of ADP
(state 3), kinesin-1 waits for ATP binding with the tethered
head in a rearward position (27, 32, 33). ATP binding to the
bound head then repositions the tethered head forward, and
ATP hydrolysis triggers full neck linker docking, which posi-
tions the tethered head near its next binding site. The forward
step is completed by the tethered head binding the microtubule
and releasing its bound ADP to generate a tight-binding state 7
(27, 28, 34—37). The key transition that determines processivity
in this model is the kinetic race out of state 5—the race is won
if the tethered head binds the next tubulin before the bound
head detaches from the vulnerable ADP-P; state. Therefore,
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Figure 1. Canonical kinesin chemomechanical cycle. The cycle begins with ADP bound to both motor domains in solution (state 1). Upon binding to the
microtubule (state 2), one ADP is released, locking the motor in a strongly bound state, while the other ADP remains bound to the tethered head (state 3). ATP
then binds to the bound head (state 4) and is hydrolyzed to ADP-P; (state 5), triggering full neck linker docking, which positions the tethered head forward
and puts the motor in a weakly bound state (27). From this vulnerable state 5, the bound head can detach from the microtubule and terminate the processive
run (state 1). More often, the tethered head binds to its next binding site (state 6), which is reversible until ADP is released to generate a tightly bound state 7
that completes the forward step. In the transition from state 7 to state 3, both detachment and P; release by the rear head occur to return the motor to the
one-head-bound ATP-binding state (state 3) (27, 28, 34-37). The model presented here is a minimal representation of the cycle to emphasize the states that

are the focus of this study. D, ADP; T, ATP; DP, ADP-P;; ¢, apo.

processivity requires that the rate of tethered-head attachment
be considerably faster than the rate of bound head dissociation
from the microtubule.

Mapping this canonical kinesin-1 hydrolysis cycle to the
characteristics of KIF1A, one or more transitions must be ~2.5
times faster than kinesin-1 to account for the faster stepping
rate, and the probability of dissociating per cycle must be ~7-
fold lower to account for its superprocessivity (27, 28).
Although there are several ways this may be achieved, one in-
triguing possibility is KIF1A bypassing specific transition states
in the cycle. By removing the need for the forward step to be
triggered by either ATP hydrolysis (removing state 5) or ATP
binding (removing both states 4 and 5), KIF1A could theoreti-
cally both reduce the total number of sequential forward transi-
tions in the cycle (gaining speed) and avoid the vulnerable one-
head-bound ADP-P; state 5 (enhancing processivity). The goal
of the present work is to use single-molecule tracking and pre-
steady-state kinetic analysis of dimeric KIF1A to define the
sequence of states that make up the KIF1A chemomechanical
cycle and quantify the transition rates between these states. By
delineating the chemomechanical cycle of KIF1A, we provide a
mechanistic explanation of the motor’s superprocessivity, high
velocity, and sensitivity to load.

Results

To form a stable dimer and allow for direct comparison of
the properties of KIF1A with kinesin-1 and kinesin-2 con-
structs characterized previously (27, 28, 34), we bacterially
expressed a Rattus norvegicus KIF1A construct dimerized via
the Drosophila melanogaster KHC neck coil (Fig. 2, A and B).
Two different lengths of the kinesin-1 neck coil were used in
these KIF1A constructs for distinct purposes. For biochemical
assays, we used KIF1A-406, which includes 61 residues from
the kinesin-1 (DmIKHC) neck coil added after the native KIF1A
head and neck linker. For microscopy, we used KIF1A-560-
GFP, which includes 216 residues from kinesin-1 that include
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the neck coil and coil-1, followed by a C-terminal GFP. All
experiments were carried out in 80 mMm PIPES buffer (BRB80)
to ensure physiologically relevant ionic strength of the solution.

KIF1A is fast and superprocessive

Using single-molecule TIRF microscopy at 2 mm ATP, we
measured the velocity of KIF1A-560-GFP from kymograph
evaluation by the following two methods: 1) linear segments of
uninterrupted stepping (excluding pauses) and 2) total runs
(including pauses) (Fig. 2C). We determined a velocity of
1.77 £ 0.4 pm/s (mean *= S.D., n = 285), when pauses are
excluded, and 1.56 * 0.5 um/s (mean * S.D., n = 534) for entire
runs (Fig. 2D). Assuming an 8-nm step size, these velocities
translate to stepping rates of 220 + 50 and 195 = 63 s/,
respectively. In addition to velocity, we also determined a run
length of 3.6 = 0.04 wm (mean * 95% confidence interval (CI))
(Fig. 2E). This run length is an underestimate due to the finite
microtubule lengths in the assay, a common limitation seen in
KIF1A studies (13-15). Therefore, we developed a statistical
model that accounts for runs that terminate prematurely due
to motors reaching the end of the microtubule (see “Materials
and methods”). Using this correction, we estimate a true aver-
age run length of 5.6 * 0.4 um (mean * S.D.). These run
lengths are shorter than those reported for other dimeric
KIF1A constructs in vitro (14, 15), but these differences can be
attributed to the low-ionic strength 12 mm PIPES buffer used in
those studies, compared with the 80 mm PIPES used here (16,
24). Considering the estimated run length and the velocity over
the total trace, we determined a mean run time of 3.6 = 1.2 s,
corresponding to a motor off-rate of 0.28 = 0.09s~*

ATP binding and hydrolysis are both required for fast forward
stepping of KIF1A

The features of the KIF1IA chemomechanical cycle that
underlie the fast velocity and superprocessivity are not known.
Based on the similarities in structure and cellular function to
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Figure 2. Bacterially expressed KIF1A dimer is fast and superprocessive. A, diagram of the KIF1A-560-GFP construct used in single-molecule assays. B, dia-
gram of the KIF1A-406 construct used in biochemical assays. (Diagrams in A and B are not to scale). C, kymograph of KIF1A-560-GFP motility in 2 mm ATP at 10
fps. D, histogram of velocities determined from measuring the total trace (including pauses) and the linear regions of traces (excluding pauses). Mean veloc-
ities were 1.56 = 0.5 wm/s (mean = S.D., n = 534) for total traces and 1.77 = 0.4 um/s (mean = S.D., n = 285) for linear regions. E, single-molecule run length of
3.6 = 0.04 um (mean = 95% Cl, n = 534) was determined by cumulative density fit to the run lengths above 0.4 wm. Statistical analysis of the traces terminated
by microtubule length gives an estimated total run length of 5.6 = 0.4 um (see “Materials and methods”). 1A, KIF1A; MD, motor domain; NL, neck linker; KHC,

kinesin heavy chain; NC, neck coil; C1, coil-1.

kinesin-1, a logical hypothesis is that kinesin-3 follows the same
chemomechanical model that has been delineated for kinesin-
1. However, this has never been experimentally confirmed (27,
28, 36, 38, 39). Furthermore, it is possible that, rather than
resulting from quantitative differences in rate constants
between the kinesin families, the faster speed and enhanced
processivity of KIF1A results from qualitative differences in the
sequence of states that make up the chemomechanical cycle.
Of particular interest is the sequence of states that trigger the
forward step. Recent experiments demonstrated that, rather
than ATP binding alone, it is ATP hydrolysis that triggers the
forward step in kinesin-1 (Fig. 1) (36, 38). The first consequence
of this sequence is that two events, ATP binding and ATP hy-
drolysis, are required to trigger the step, which takes time. The
second consequence is that the motor resides in a vulnerable
post-hydrolysis ADP-P; state until the step is completed, which
limits processivity. In theory, the fast speed and superprocessiv-
ity of KIF1A could be explained if no trigger or if only ATP
binding was needed for the tethered head to complete a for-
ward step. Both of these models could speed up the cycle rate
by eliminating a waiting state and increase processivity by
avoiding the vulnerable ADP-P; state. ATP binding as a trigger
is plausible based on cryo-EM structures that show the neck
linker docked in the presence of AMPPNP (40). A no-trigger
model is plausible based on a kinesin-1 with an artificially
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extended neck linker (20 residues) that both stepped faster than
WT and released both nucleotides upon microtubule binding,
indicating that no trigger was required for forward stepping
(41). KIF1A has a 17-residue neck linker, and the tethered head
has a strong electrostatic attraction to the microtubule (14, 15,
41, 42), raising the possibility that, following trailing head
detachment, no trigger is required for the forward step.

In Fig. 3A, we propose three potential events that could trig-
ger the KIF1A forward step: 1) the forward step could occur
spontaneously while the bound head is in the apo state; 2) ATP
binding to the bound head could trigger the forward step; or 3)
ATP hydrolysis by the bound head could trigger the forward
step. To test whether the forward step can occur spontane-
ously, we asked whether, upon binding to the microtubule in
the absence of free nucleotide, the motor releases one or both
bound ADPs (see “Materials and methods” for details) (43). If
no trigger is required for the forward step, then the motor
should release both ADPs upon microtubule binding, whereas
if a trigger is required for the forward step, then only one ADP
will be released. To measure the release of the nucleotide from
the motor head domain, we used 2'-(or-3’)-O-(N-methylan-
thraniloyl) adenosine 5'-diphosphate (mADP), whose fluores-
cence is enhanced upon motor binding, allowing mADP disso-
ciation from the motor to be monitored by a decrease in
fluorescence. In the control experiment, KIF1A in mADP was

J. Biol. Chem. (2020) 295(52) 17889-17903 17891
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Figure 3. The forward step of KIF1A is triggered by ATP hydrolysis. A, diagram of three proposed models for the stepping trigger in the KIF1A chemome-
chanical cycle. In the No Trigger model, the tethered head steps independent of the nucleotide state of the bound head. In the ATP Binding model, ATP binding
to the bound head triggers the forward step by the tethered head. In the ATP Hydrolysis-triggered model (highlighted by light blue shading), ATP hydrolysis is
required for forward stepping by the tethered head. D, ADP; T, ATP; DP, ADP-P;; ¢, apo. B, KIF1A half-site reactivity experiment. 150 nm mADP-labeled KIF1A
was flushed against a solution of 1 um microtubules and T mm ATP, 1 mm AMPPNP, 1 mm ATPyS, or no nucleotide (all final chamber concentrations). Ampli-
tudes of the traces were 0.2 in no nucleotide, 0.29 in AMPPNP, 0.36 in ATP%S, and 0.36 in ATP. C, nucleotide-triggered half-site release assay. 150 nm mADP-
exchanged KIF1A and 3 um microtubules were flushed against varying concentrations of the ATP, ATP+S, or AMPPNP (all final chamber concentrations). Fitting
with hyperbolae gave maximal rates, relative amplitudes, and Ky s values of 172 = 10s~',1.0,and 119 + 21 um for ATP; 25 = 6 s~ ',0.78,and 215 = 110 um

for ATPyS;and 2.3 + 0.6 5~ ',0.37, and 286 = 162 um for AMPPNP (all fit == 95% Cl). Error bars, S.E.M.

flushed against microtubules and 1 mm ATP, which triggers
stepping and rapid release of both bound mADPs (Fig. 3B, blue
trace). The ATP nucleotide analogs ATPyS and AMPPNP trig-
gered mADP release to a similar and slightly lesser degree,
respectively. However, in the absence of ATP, the fluorescence
decreased by half, indicating that only one nucleotide is
released per KIF1A dimer upon microtubule binding (Fig. 3B,
purple trace). Thus, a trigger in the form of ATP binding or
ATP hydrolysis by the bound head is necessary to catalyze the
forward step of KIF1A. This result nullifies the first potential
pathway in Fig. 3A.

To further evaluate whether ATP binding alone is sufficient
to trigger the forward step or if hydrolysis is necessary, we used
a nucleotide-triggered half-site release assay first used by Ma
and Taylor (44). In this experiment, motors and microtubules

17892 J Biol. Chem. (2020) 295(52) 17889-17903

are combined in the absence of free nucleotide to produce a
1HB ATP waiting state with mADP in the tethered head. Dif-
ferent concentrations of ATP or ATP analogs are then flushed
against this complex, and the rate of mADP release from the
tethered head is measured. ATP triggered a maximal half-site
release rate of 172 = 10s~* (fit = 95% CI) (Fig. 3C, blue trace),
which is similar to the motor stepping rate. If only ATP binding
is required to trigger the step, then the slowly hydrolyzed ATP
analog ATPvS or the nonhydrolyzable ATP analog AMPPNP
should also trigger half-site release at a similar rate. Instead,
ATPyS triggered half-site release of only 24.9 + 6.4 s~ " (fit +
95% CI) (Fig. 3C, red trace), and AMPPNP triggered a maximal
half-site release rate of only 2.3 = 0.6 s ' (fit = 95% CI)
(Fig. 3C, green trace). These rates are both significantly slower
than either the ATP-triggered half-site release rate or the
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Figure 4. KIF1A ATPase and microtubule on-rate. A, KIF1A microtubule on-rate, measured by mADP release by the motor upon binding to the microtubule.
A linear fit to the observed rates as a function of microtubule concentration gave a bimolecular on-rate, kMt = 17 + 4 um~ s (fit = 95% CI; n = 3 trials per
point with n = 5-7 shots per trial; error bars, S.E.M.). Inset, comparing microtubule binding rates in BRB80 for kinesin-1, -2, and -3 (34, 45). B, microtubule-stimu-
lated ATPase of KIF1A. A Michaelis—-Menten fit weighted by the inverse of S.E.M. of the points (n = 6 trials per point) gave a k.,; of 115 = 16 s~ ' and a Ky, of

1.2 £ 0.5 um (fit = 95% Cl).

stepping rate, thus nullifying our second potential pathway in
Fig. 3A.

To gain further insight into the chemical events that trigger
the KIF1A forward step, we analyzed the nucleotide analogs in
greater detail. In a single-molecule assay, KIF1A moved in 1
mM ATP+S at a speed of 92 + 2.5 nm/s (mean * S.E; Fig. S2),
corresponding to 11.5 steps/s. This stepping rate is within a fac-
tor of 2 of the half-site release rate, suggesting that both rates
are limited by the hydrolysis rate of ATP+S. If hydrolysis were
absolutely required for KIF1A to take a forward step, we would
expect the nonhydrolyzable AMPPNP to not trigger a step,
which is supported by the very slow (~2 s~') AMPPNP-trig-
gered half-site release rate in Fig. 3C. Closer inspection of the
amplitudes of nucleotide release also support this idea. In Fig.
3B, the amount of mADDP released upon microtubule binding
in ATPyS matches that of ATP, whereas the amplitude in
AMPPNP is smaller, suggesting incomplete binding and mADP
release by the tethered head in AMPPNP. Similarly, the ampli-
tude of the AMPPNP-triggered half-site was less than 40% that
of ATP, whereas the amplitude for ATP+yS was nearly 80% that
of ATP (see legend to Fig. 3). To ensure that AMPPNP does in
fact bind to KIF1A and mimic ATP, we analyzed the single-
molecule motility of KIF1A in a mixture of ATP and AMPPNP
(Fig. S1). We observed numerous static binding events that dis-
rupted processive runs, confirming that AMPPNP does act as
an ATP analog for KIF1A.

Thus, we conclude that during the normal stepping cycle of
KIF1A, ATP hydrolysis is required to trigger the forward step.
The step is completed by the forward head releasing ADP to
generate a tightly bound state (shaded pathway in Fig. 3A). The
observation that both ATP binding and hydrolysis are required
for the forward step indicates that KIF1A follows a similar hy-
drolysis cycle to kinesin-1 and -2 (27, 34), and therefore the
enhanced motility must result from quantitative differences in
transition rates between each state.

Transition rates in the KIF1A chemomechanical cycle

Having defined the sequence of the states in the KIF1A che-
momechanical cycle, we then measured the kinetic rates of
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each of the transitions KIF1A undergoes upon interaction with
the microtubule. Preceding the stepping cycle, the motor pro-
tein must first land on the microtubule. Therefore, to gain
insight into the KIF1A-microtubule affinity, we measured the
microtubule on-rate in solution (step 1 — 2 in Fig. 1). By flush-
ing motors against varying concentrations of microtubules, we
monitored mADP release from the motor upon microtubule
binding (34). When mADP-bound motors are flushed against
low concentrations of microtubules, the microtubule binding
step is rate-limiting, enabling determination of the first-order
on-rate for microtubule binding. From this assay, we calculated
akMtof 17 = 4 um ' s™ ' (Fig. 44, fit = 95% CI). Notably, this
rate is ~15-fold faster than the corresponding rate for kinesin-
1 (45) (Table 2) and is consistent with fast KIF1A single-mole-
cule landing rates observed previously (15). The second ques-
tion we addressed was whether ATP hydrolysis is tightly
coupled to motor stepping; if the motor undergoes futile hydro-
lysis cycles during stepping, then the Fig. 1 model will have to
be modified to explain KIF1A. To measure the ATP hydrolysis
cycle rate, we used an enzyme-coupled assay to measure the
KIF1A ATPase at varying microtubule concentrations. Fitting
with the Michaelis—Menten equation, we measured a k., of
115+ 16 s 'and a K, of 1.2 * 0.5 um (Fig. 4B, fit = 95% CI)
per dimer. This k., is lower than the total stepping rate of
195 + 63 s~ !, determined from single-molecule velocity
including pauses (Fig. 2D), arguing against the motor under-
going any futile cycles of ATP hydrolysis under no load. The
keat calculated here may be underestimated because the active
motor concentration determined by microtubule pelleting
assay in AMPPNP (see “Materials and methods”) may be an
overestimation due to inactive motors that irreversibly bind.
Thus, because our transient kinetics investigations are gener-
ally studying only one motor step, we choose to use the unin-
terrupted stepping rate at 25 °C of 220 + 50 s~ ' (Fig. 2D) as
the best estimate of the overall KIF1IA chemomechanical
cycle rate.

To identify the rate-limiting step in the KIF1A cycle, we
designed experiments to measure the rates of the specific tran-
sitions within the cycle and compared them with the overall
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stepping rate. Possible transitions that could determine the
overall KIF1A cycle rate (Fig. 1) include 1) ATP binding (kﬁnT Py,
2) ATP hydrolysis (knya), 3) tethered-head attachment to the
next tubulin (kI!), 4) ADP release by the tethered head (kf)\fpo),

and 5) rear-head detachment (k5H).

ATP binding and ADP release are not rate-limiting

The first portion of the stepping cycle that can be excluded
as a possible rate-limiting step is the ATP on-rate (state 3 — 4
in Fig. 1). This can be shown by the observation that in the
ATP-triggered half-site release experiment in Fig. 3C, the maxi-
mal rate was 172 s~ 1, and the half-maximal rate was achieved at
an ATP concentration of 119 um. Thus, at 1 mm ATP, the curve
has reached a plateau, indicating that ATP binding is not rate-
limiting. Going further, the half-maximum (Kj5) can be used to
estimate a lower limit for ATP binding, as follows. If ATP bind-
ing were irreversible and the reaction is treated as a sequence of
ATP binding followed by the remainder of steps, then it follows
that at the ATP concentration that produces half-maximal
release, half of the time is taken by ATP binding. At saturating
ATP (where ATP binding is very fast), the release rate is 172
s Y meaning that at the K5 of 119 um ATP, the binding rate of
ATP is 172 s~ ' (followed by the remainder of the steps at 172
s 1. This Ky corresponds to a second-order on-rate for ATP
binding of 172 s7'/119 pum = 1.4 um~ " s~ !, which at 1 mm ATP
corresponds to a rate of 1400 s~ 1, much faster than the 220 s~ !
stepping rate. Also, if ATP binding is reversible, which is likely
the case, then the on-rate would need to be even faster. We
therefore conclude that at physiological ATP concentrations,
ATP binding is far from rate-limiting in the KIF1A hydrolysis
cycle.

The second step we were able to rule out as rate-limiting is
ADP release (state 6 — 7 in Fig. 1). To do this, we measured the
rate of mADP exchange when the motor is bound to the micro-
tubule in the one-head-bound state. As shown in the half-site
release experiment (Fig. 3C), incubating KIF1A with microtu-
bules in the absence of added nucleotide results in release of
one ADP and formation of a 1HB complex. By flushing this
complex against different concentrations of mADP, we meas-
ured an unstrained ADP on-rate of 29 = 15 um ' s~ and
unstrained ADP off-rate of 354 + 78 s~ * (fit + 95% CI; Fig. 5,
A and B). This unstrained ADP off-rate is likely less relevant
to the normal stepping cycle than the strained rate when in
the 2HB state; however, the strained rate is too fast to accu-
rately measure. Importantly, the unstrained ADP off-rate, de-
spite being an underestimation of the true rate, is faster than
the 220 s~ ! overall stepping rate. Finally, to rule out the possi-
bility that mADP off-rates are not representative of unlabeled
ADP, we measured ADP off-rates from KIF1A in the absence
of microtubules. From these assays (see “Materials and meth-
ods” for details), the unlabeled ADP off-rate of 0.26 * 0.005
s~ ! (fit = 95% CI; Fig. 5C) was in good agreement with the
mADP off-rate of 0.27 + 0.001 s~ ' (fit = 95% CI; Fig. 5D).
Notably, these solution off-rates were roughly 20-fold faster
than the corresponding ADP off-rate for kinesin-1, which is
~0.01 s~ ' (46). Although this off-rate in solution does not
play a part in the normal ATP-stimulated chemomechanical
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cycle on the microtubule, it is indicative of differences in the
nucleotide binding affinity that may relate to the fast KIF1A
stepping speed. In summary, the ~350 s~ unstrained mADP
off-rate and the similarity in solution off-rates for ADP and
mADP argue strongly that ADP release is not the rate-limit-
ing step in the overall stepping cycle of KIF1A.

Rear-head detachment is fast

In the kinesin-1 and kinesin-2 chemomechanical cycles,
rear-head detachment is at least partially rate-limiting (27, 34,
45). This rate (state 7 — 3 in Fig. 1) can be calculated from the
difference between the duration (inverse of the rate constant)
observed in the ATP-triggered half-site release assay (states 3—
7 in Fig. 1) and the total step duration (inverse of the stepping
rate). Based on previous work, kinesin-1 has a step duration of
15.4 ms and spends 6.5 ms transitioning from the 2HB to 1HB
state during rear-head detachment (Table 2) (27). Similarly,
rear-head detachment in kinesin-2 (11.2 ms) makes up half of
the total cycle time (22.4 ms) (Table 2) (34). To determine
whether kinesin-3 follows this same trend, we compared the
ATP-triggered half-site release rate (Fig. 3C) with the stepping
rate. The pause-free stepping rate of 220 s (Fig. 2D) converts
to a step duration of 4.5 = 1.0 ms. The maximal ATP-triggered
half-site release rate of 172 s~ * (Fig. 3C) corresponds to a dura-
tion of 5.8 = 0.4 ms. The similarity of these durations means
that kgf];[ is faster than we can measure and that the rear-head
detachment rate is not the rate-limiting step in the KIF1A hy-
drolysis cycle. Thus, the motor spends only a small fraction of
its hydrolysis cycle in a 2HB state.

Tethered-head attachment is rate-limiting

Because we have excluded kR, KATP, and k4PP as potential
rate-limiting steps of the cycle, we are left with the rate-limiting
step being either ATP hydrolysis (kpyq) or tethered-head attach-
ment (k). Measuring knyq generally requires quenched flow
approaches, which are technically challenging for such a fast
motor. However, because processivity can be considered as a
kinetic race between detachment of the bound head and attach-
ment of the tethered head (state 5 in Fig. 1), we can use single-
molecule motility measurements to estimate k.. To quantify
the rate of KIF1A detachment from the post-hydrolysis state,
we used the ADP state as a proxy for this weakly bound state
and measured single-molecule binding durations in varying
ADP concentrations (Fig. 6, A and B). Microtubule off-rates at
each [ADP] were obtained by fitting to the exponential dwell
time distributions (Fig. 6C). A hyperbolic fit (see “Materials and
methods”) revealed a maximum off-rate of 0.27 *+ 0.11 s ' in
ADP, an off-rate in the apo state of 0.09 + 0.002 s~ !, and a K 5,
representing the Kp of KIF1A for ADP when bound to the
microtubule, of 93 = 204 um (Fig. 6D, fit = 95% CI). This
KIF1A off-rate in ADP is ~5-fold slower than for kinesin-1 and
almost 7-fold slower than for kinesin-2 (Fig. 6D) (27, 28, 34,
45). Importantly, this KIF1A off-rate in ADP is very similar to
the off-rate of the motor during a processive run, which we cal-
culated as 0.28 = 0.09s ™ * (Fig. 2D). If the detachment rate dur-
ing stepping is considered simply as the off-rate in the weakly
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B, raw traces of stopped-flow results at final [mMADP] of 2.5, 5, 7.5, and 10 um, n = 6 traces averaged. A gray line at 2 ms indicates start of fit. Data are normal-
ized to 1 at time 0. C, time course of ADP dissociation from KIF1A in the absence of microtubules, triggered by flushing 0.15 um motors in 0.25 um unlabeled

ADP against 5 um mADP (all final chamber concentrations). An exponential fit, which is governed by the off-rate of unlabeled ADP, gives 0.26 * 0.001 s~

1

(fit = 95% Cl, n = 5-7 traces averaged). D, time course of mADP dissociation from KIF1A in the absence of microtubules, triggered by flushing 0.15 um motors
and 0.25 um mADP against 1 mm unlabeled ADP (all final chamber concentrations). Exponential fit gives 0.27 £ 0.005 s 1 (fit = 95% Cl, n = 5-7 traces

averaged).

bound state multiplied by the fraction of time in the weakly
bound state, then it follows that the motor must spend the ma-
jority of its cycle in the weakly bound post-hydrolysis state.
This implies that tethered-head attachment is rate-limiting,
rather than hydrolysis.

We can use a second approach to estimate the tethered-head
attachment rate, by comparing the motor dissociation rate in
ADP with the probability the motor will detach per step it takes
along the microtubule in ATP. Following ATP hydrolysis (state
5 in Fig. 1), we consider processivity as a race between the teth-
ered head completing the forward step with a rate kI and the
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bound head dissociating from the microtubule at a rate k400,

(28). The probability of the motor detaching per step is as
follows,

kADP kADP
Pdetach = detach detach (Eq 1)
TH 4 jADP TH i
kon + kdetach kon
where, for a highly processive motor, kI >> k4P, . By calcu-

lating the probability of detaching per step from our measured
run length, and using the measured detachment rate in ADP,
we can rearrange Equation 1 to solve for kgr];[, as follows.
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and ADP (blue bars) in BRB8O for kinesin-1, -2, and -3 (28). Error bars, S.E.M.

KIF1A has an estimated run length of 5.6 = 0.4 um (Fig. 2E),
meaning it takes ~700 steps before dissociating; thus, the prob-
ability of detaching per step, pgetach = 1/700. The measured
KIF1A off-rate in ADP was 0.27 = 0.11 s~ ! (Fig. 6D). Solving
for kIH = j;jetac: yields a tethered-head attachment rate of 189 *
78 s~ ', This rate corresponds to a duration in the 1HB state fol-
lowing ATP hydrolysis of 5.3 * 2.2 ms, which is comparable
with the total cycle duration of 4.5 = 1.0 ms (Fig. 2D). To sum-
marize, comparison of the KIF1A off-rate in the weak-binding
state (0.27 = 0.11s™ }; Fig. 6D) with either the motor off-rate in
ATP (0.28 + 0.09 s~ ; Fig. 2) or the probability of detaching per
step (1/700; Fig. 2E) yields a consistent conclusion that teth-
ered-head attachment is the rate-limiting step in the KIF1A
chemomechanical cycle and that KIF1A spends the bulk of its
cycle in a weak-binding 1HB state.

17896 J. Biol. Chem. (2020) 295(52) 17889-17903

Discussion

In this work, we find that the KIF1A chemomechanical cycle
follows the same sequence of states as established for kinesin-1
and kinesin-2 (27, 34, 38) and that the motor’s fast stepping
rate and superprocessivity result from differences in specific
transition rates in the chemomechanical cycle. Compared
with transport motors in the kinesin-1 and -2 families, the
KIF1A chemomechanical cycle is distinctive in having 1) an
order of magnitude faster rear-head detachment rate; 2) a
rate-limiting tethered-head attachment rate; and 3) relatively
slow dissociation from the low affinity, post-hydrolysis state.
The measured KIF1A rate constants are summarized in Table
1. A comparison between the chemomechanical cycles of
KIF1A and kinesin-1 and -2 is presented in Fig. 7 and sum-
marized in Table 2 and Table S1. Below, we account for the

SASBMB


https://doi.org/10.1074/jbc.RA120.014961

EDITORS' PICK: The fast and superprocessive KIF1A chemomechanical cycle

Table 1
Rates and state durations of the KIF1A chemomechanical cycle

Parameter Notation Experimental Duration Source
Velocity (with pauses) Vel, 1.56 = 0.5 um/s Fig. 2D
Velocity (without pauses) Vel, 1.77 = 0.4 wm/s Fig. 2D
Run length (measured) RL, 3.6 = 0.04 um Fig. 2E
Run length (corrected) RL, 5.6 = 0.4 um Equation 12
Step number Steps 700 = 50 steps RLy/8 nm
Stepping rate Kstep 220 =505 ¢ 4.5+ 1.0 ms Vel,/8 nm
Mt off-rate in ATP M 0.28 +0.095~" 36+12s Vel,/RLy,
Mt off-rate in ADP KM 0.27 =0.11s7" 3.72+0.03s Fig. 6D
Half-site release rate kS 172 £10s™* 5.8 = 0.4 ms Fig. 3C
ATP for half-maximum release K 119 * 21 um ATP Fig. 3C
ATP on-rate (lower limit) KATP >14+03um ‘s ! <0.7 = 0.15ms Fig. 3C
Mt on-rate kM 17+4pmts! Fig. 44
ATPase cycle rate Keat 115+ 165 ' 8.7+ 12ms Fig. 4B
K, K, 1.2 * 0.5 um Mt Fig. 4B
Unstrained mADP off-rate kmADP 354 + 785! 2.8 0.6 ms Fig. 54
Unstrained mADP on-rate kmADP 29+ 15um ts7! Fig. 54
Solution ADP off-rate kg‘f?r’ 0.26 = 0.001 s~ 3.8 +0.02s Fig. 5C
Solution mADP off-rate kmADP 0.27 = 0.005s~" 3.7 £0.07s Fig. 5D
Tethered-head on-rate kM 189 = 785! 53*2ms Equation 1
Hydrolysis rate Knyd Fast” Fast Equation 3
Rear-head detachment rate KR Fast Fast Equation 4

“ Fast refers to rates that are above our detection limit.

Mt

i~.l°o~.u&,i

i <8 %

Kin 3: 60 %

ot

q (I)

State 3

T

Figure 7. Comparison of stepping cycles for kinesin-1, -2, and -3. The percentage of time spent in each chemomechanical state is compared for kinesin-1
(KHQ) (27, 28, 45), kinesin-2 (KIF3A) (28, 34), and kinesin-3 (KIF1A). The state numbers correspond to those in Fig. 1. Dashed boxes represent uncertainty of the
duration due to experimental limitations of the ATP on-rate and ATP hydrolysis rate determinations. Small boxes without labels represent a state duration esti-
mated at <1% of the cycle time. The total cycle duration used for determining the percentages presented here is the sum of the state durations rather than
the experimentally determined cycle duration. See Table 2 and Table S1 for precise values. D, ADP; T, ATP; DP, ADP-P;; ¢, apo.

specific motor characteristics of KIF1A in terms of our
measured kinetic rates and affinities.

Origin of fast velocity

The KIF1A property that most contributes to its faster step-
ping rate is the rapid rear-head detachment rate. Nucleotide-
triggered half-site release assays provide a convenient estima-
tion of this transition rate because the measurement includes
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every transition in the chemomechanical cycle except rear-
head detachment. Comparison with the overall stepping rate,
which includes all transitions in the cycle, thus yields the rear-
head detachment rate. For KIF1A, the ATP-triggered half-site
release rate agrees with the stepping rate to within experimen-
tal error (Figs. 3C and 2D, respectively), indicating that rear-
head detachment is faster than we are able to measure. As a
comparison, a recent kinesin-1 study measured a stepping rate
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Table 2
Comparing kinetic parameters for the kinesin families 1, 2, and 3

Calculations and errors are propagated from reported values in reference papers (shown in parentheses). All values presented in the 'Kinesin-3 experimental value’ col-

umn where determined in this study. ND, not determined.

Kinesin-1 Kinesin-2 Kinesin-3
Parameter Experimental value References Experimental value References Experimental value
KM 1.1+005um st 45 46+09um ‘st 34 17*4um s !
KATP >12*03um 's! 27 180um st 34 >14+03um ts!
Knya 281 = 2155 ! 28 478 + 4895 ! 34 ND
kI 216 + 225! 28 117 = 145! 34 189 = 785"
KAD® 367 = 457! 27 390%s™" 34 354 = 785!
KRH 154 175" 27 89+ 255" 34 ND
Keat 67 +11s ! 28 42 + 4571 34 115+ 16s !
ks 1129577 27 >47%s7! 34 172 105"
Vel 533 = 3nm/s 27 400 £ 40 nm/s 28 1770 = 400 nm/s
RL 860 = 20 nm 28 550 = 70 nm 28 5600 = 400 nm
KMt in ATP 0.81 +0.145™" 28 0.73 £0.12s7" 28 0.28 +0.095™"
kMt in ADP 20*02s7" 28 23+02s5" 28 0.27 £ 0.11s7"
No. of steps 108 = 3 steps 28 69 * 9 steps 28 700 =* 50 steps
Ktep 65+ 04s ! 27 50 =55 ¢ 28 220+ 505 *

“ Some kinesin-2 values are approximate due to the motor’s higher affinity for mADP than unlabeled ADP; therefore, no error is reported.

of 65 s (15.4 ms) and an ATP-triggered half-site release rate
of 112 s ' (8.9 ms). This yields a calculated rear-head detach-
ment rate for kinesin-1 of 155 s~ (6.5 ms), which approaches
half of the overall cycle time (Fig. 7, Table 2, and Table S1) (27,
28). Similarly, in the slow-moving kinesin-5, rear-head detach-
ment is the rate-limiting state, ensuring that the motor spends
the bulk of its cycle in a two-heads-bound state (47).

The ability to quickly detach the rear head from the microtu-
bule appears to be in conflict with the slow microtubule off-
rate of KIF1A in the ADP state, but upon closer inspection,
these rates can be reconciled. It has been clearly established
that this relatively high microtubule affinity of KIF1A in the
ADP state results from electrostatic interaction between the
positively charged loop 12 and the negatively charged C-termi-
nal tail of tubulin (18, 24). Additionally, the diffusive behavior
of KIF1A along microtubules in ADP indicates that electro-
static interactions with any given tubulin are fleeting and that
the motor remains bound to the microtubule by renewing elec-
trostatic interactions with different tubulin subunits along the
lattice (15, 24). Thus, the measured off-rate of 0.27 s~ ' (Fig. 6D)
in ADP does not represent the off-rate from individual tubulin
but rather from the entire microtubule. Second, the rear-head
detachment rate is thought to be accelerated by interhead ten-
sion when the motor is in the two-heads-bound state (48, 49),
which contrasts with the unloaded off-rate in ADP. Of note, we
found that the microtubule off-rates in the strong-binding apo
state and AMPPNP state are more than an order of magnitude
faster in KIF1A than in kinesin-1 (Fig. 6C) (50). Thus, one pos-
sible interpretation is that in weak-binding states KIF1A is sta-
bilized by more electrostatic interactions with the microtubule
than is kinesin-1, but kinesin-1 forms greater stabilizing inter-
actions with the microtubule in strong-binding states. Previous
cryo-EM and molecular dynamics studies have noted differen-
ces between the microtubule-binding interfaces of kinesin-3
and kinesin-1 (51, 52), but they are unable to clearly account for
this lower affinity in the apo state.
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The faster stepping rate of KIF1A results from not only a
faster rear-head detachment rate, but also a faster tethered-
head binding rate compared with kinesin-1 and -2 (Fig. 7, Table
2,and Table S1) (28, 34). This faster tethered-head binding rate
is qualitatively consistent with the fast microtubule on-rate of
KIF1A, measured by stopped flow here and from landing rates
in previous single-molecule investigations (15). However, de-
spite KIF1A having a 15-fold faster microtubule binding rate
from solution than kinesin-1, its tethered-head attachment rate
is <2-fold faster than kinesin-1. Thus, the electrostatic interac-
tions that are thought to determine the fast kMt are likely not
the dominant factor in tethered-head binding during motor
stepping. One potential explanation for this kinetic discrepancy
is that the tethered-head attachment rate is determined not by
the association kinetics between the tethered head and the
microtubule, but rather by the kinetics of neck linker docking.
A recent study found that, compared with kinesin-1, neck
linker docking in KIF1A is stabilized by fewer hydrogen bonds
between the neck linker, cover strand, and catalytic core (53),
which could manifest as a slower rate of neck linker docking in
KIF1A.

The effect of the nucleotide analogs ATPyS and AMPPNP
on KIF1A stepping provides another hint of neck linker dock-
ing differences between KIF1A and kinesin-1 and -2. In kine-
sin-1, both analogs trigger half-site release at roughly one-third
the rate of ATP, despite the fact that kinesin-1 does not step in
AMPPNP and only steps very slowly (~1 s~ ') in ATPyS (27,
37, 44). This is consistent with ATP binding alone inducing at
least partial neck linker docking in kinesin-1 and -2 and the
tethered head being able to access (possibly lateral or trailing)
tubulin to trigger nucleotide release (44). In contrast, the
ATPyS-triggered half-site release rate in KIF1A was within 2-
fold of the stepping rate in this analog (Fig. 3C and Fig. S2), sug-
gesting that in ATP+S, hydrolysis is rate-limiting and required
for neck linker docking and tethered-head attachment in
KIF1A. The very slow AMPPNP-triggered half-site release rate
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(Fig. 3C) and the smaller mADP release amplitudes for
AMPPNP in this and the microtubule-triggered release experi-
ment (Fig. 3B) are also consistent with AMPPNP only poorly or
not at all triggering a forward step in KIF1A. These AMPPNP
results appear to contradict cryo-EM data showing the neck
linker of KIF1A docked in the presence of AMPPNP (40). How-
ever, those structures were monomeric KIF1A, and it is possi-
ble that removing the second head relieves important steric
constraints and the potential for interhead tension, and thus
the structures do not accurately represent the mechanochemi-
cal cycle of the intact KIF1A dimer.

Our conclusion that tethered-head attachment is rate-limit-
ing for KIF1A is supported by two lines of evidence: 1) the
motor off-rate in ADP is quite slow and agrees with the motor
off-rate during processive stepping, meaning that the motor
must spend the majority of its cycle in this low affinity state;
and 2) modeling processivity as a kinetic race yields a tethered-
head on-rate similar to the overall stepping rate. Both of these
analyses lead to the conclusion that KIF1A dwells in the one-
head-bound post-hydrolysis state for the majority of its step-
ping cycle, with the following caveats. The first caveat is that we
are using the motor off-rate in ADP as a model of the post-hy-
drolysis state. Whether the head dissociates in the ADP-P; state
and rapidly releases P;, or whether P; release precedes dissocia-
tion is not known. There is evidence from kinesin-1 that the
ADP-P; state is higher-affinity than the ADP state (36). If this is
the case for KIF1A, this would present a quandary because the
tethered-head on-rate would need to be slower than the overall
stepping rate to explain the processivity of KIF1A. It has been
suggested based on crystal structures in solution that the ADP-
D; state of KIF1A may have a lower microtubule affinity than
the ADP state (26). However, the relevance of these structures
to microtubule-docked structures is questionable, and there
are no supporting functional data to back up this claim. A sec-
ond caveat is that, if tethered-head attachment is rate-limiting,
then it implies a very fast ATP hydrolysis rate. Hydrolysis rates
for other kinesins have been indirectly estimated to be a few
hundred per second (Fig. 7, Table 2, and Table S1) (28, 34), but
the rate of hydrolysis is very difficult to measure quantitatively
and is arguably the most poorly defined rate constant in the
kinesin chemomechanical cycle. Nonetheless, a hydrolysis rate
over 1000 s~ ' seems unlikely, and because the KIF1A stepping
cycle is so fast, rates below this imply that the time for hydroly-
sis is a nonnegligible fraction of the cycle. In summary, our data
support tethered-head attachment as the sole rate-limiting
step, but there are caveats, and a more precise estimate of this
rate constant will require high-resolution head-tracking experi-
ments as have been carried out for kinesin-1 (27, 54).

Origin of superprocessivity and load sensitivity

The finding that rear-head detachment is fast and tethered-
head attachment is rate-limiting means that KIF1A spends most
of its cycle in a one-head-bound state, a property that would
generally be expected to reduce processivity. The key character-
istic of KIF1A that determines its superprocessivity is its slow
off-rate in the post-hydrolysis state (state 5 — 1; Figs. 1 and 7).
This trait was observed first in the finding that an engineered
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KIF1A monomer in low-ionic strength buffer is capable of proc-
essive transport (24). This electrostatic tethering thus contrib-
utes to both high velocity (by allowing fast rear-head detach-
ment) and superprocessivity (by minimizing probability of
detachment during a step). However, a negative byproduct of
the motor spending most of its time in a 1HB weak-binding
state is that KIF1A tends to detach against applied loads (17,
29-31). In an optical trapping assay using the C. elegans KIF1A,
Unc104, a 1-piconewton applied load led to a 10-fold increase in
the motor detachment rate (19). This effect is also seen in mixed
motor assays, where minor fractions of the slower kinesin-1
mixed with the fast kinesin-3 lead to mixed motor speeds very
similar to kinesin-1 (31), and in engineered pairs of kinesin-1
and kinesin-3, where the speed of the pair is very close to the
speed of kinesin-1 alone (29). These multimotor assays suggest
that when the slower kinesin-1 pulls against the faster kinesin-3,
the kinesin-3 motors detach. We attribute these observations to
the motor being primarily in the 1HB state while stepping.

Conclusions

Defining the KIF1A chemomechanical cycle is important
both for understanding the motor’s diverse transport functions
in cells and understanding how kinesins have evolved to
achieve diverse mechanochemistry. From a design perspective,
fast speed and superprocessivity provide competing constraints
because each head must cyclically detach from the microtubule,
whereas the dimeric motor remains associated over hundreds
of steps. KIF1A does this by maximizing the rear-head detach-
ment rate and maintaining electrostatic association with the
microtubule even in the weak-binding post-hydrolysis state. As
a result, however, the motor is sensitive to load. It may be that
these motor properties have evolved for multimotor transport,
where each motor feels only a small fraction of the load or
where the rapid motor reattachment of KIF1A ensures a stable
population of motors bound to the microtubule. The mitotic
kinesin-5 motor, Eg5, provides a contrast to KIF1A in that it
moves roughly 20-fold slower, is much less processive (55), and
is able to generate large forces as teams because it spends most
of its hydrolysis cycle in a two-head-bound state (47, 56, 57).
Thus, by tuning their chemomechanical cycles, kinesins are
able to achieve diverse mechanochemistry and carry out diverse
cellular functions.

Materials and methods
Protein constructs, purification, and activity quantification

The KIF1A construct used in the biochemical assays (KIF1A-
406) consisted of the motor head and neck linker domains (resi-
dues 1-368) of R. norvegicus KIF1A followed by 61 residues
(residues 445-405) from the neck-coil domain of D. mela-
nogaster KHC. The KIF1A construct used for the single-mole-
cule experiments (KIF1A-560-GFP) includes an additional 216
residues from the coiled-coil domain of DmKHC followed by a
C-terminal GFP. Both constructs included a C-terminal Hisg
tag. These constructs match similar kinesin-1, -2, -5, and -7
constructs analyzed in previous studies (34, 47, 49). The bacte-
rial expression of KIF1A-560-GFP was carried out in a 2-liter
flask in-house followed by nickel gravity column chromatography
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purification with an elution buffer containing 10 um ATP and
DTT, following published protocols (58, 59). The elution was
exchanged into storage buffer (BRB80, 10 um ATP, 5 mm B-mer-
captoethanol, 5% glycerol) and then flash-frozen and stored at
—80°C. The concentration of KIF1A-560-GFP was quantified
using GFP absorption at 488 nm.

The KIF1A-406 construct used for biochemical experiments
was bacterially expressed in a Sartorius Biostat Cplus 30-liter
vessel at the CSL Behring Fermentation Facility at Pennsylvania
State University. The motor was purified by nickel column
chromatography on an AKTA Pure FPLC system with an elu-
tion buffer containing 10 um ATP and DTT, following pub-
lished protocols (34, 58). Following purification, KIF1A-406
was incubated in 200 uM mADP and then buffer-exchanged
into BRB80 buffer (80 mm PIPES, 1 mm EGTA, 1 mm MgCl,,
pH 6.9) plus 0.5 or 10 um mADP using a PD10 G25 desalting
column. Sucrose was then added to the peak fractions, and ali-
quots were flash-frozen and stored at —80°C. To quantify the
active motor dimer concentrations for stopped flow assays, a
motor sample was incubated with 1 mm ATP to chase off the
bound mADP, the fluorescence of mADP (356-nm excitation/
450-nm emission) was measured and converted to [mADP]
using a calibration curve, the solution mADP was subtracted,
and the value was divided by 2 (34). We found that the nearly
micromolar mADP affinity for KIF1A in solution and competi-
tion with free ATP from the purification procedure led to
underestimates of the true active motor concentration by this
method. Therefore, for ATPase assays where the active concen-
tration was critical, the active motor concentration was deter-
mined by pelleting motors in the presence of microtubules and
AMPPNP, quantifying the fraction of motors remaining in the
supernatant via SDS-PAGE and Image] gel band intensity anal-
ysis, and multiplying this relative activity by the total motor
concentration determined by Ajgo.

Single-molecule fluorescence tracking

Single-molecule tracking of GFP-labeled KIF1A-560 was
performed on a Nikon TE2000 TIRF microscope at 25 °C, as
described previously (27, 48, 49). Flow cells were functional-
ized by flowing in 0.5 mg/ml casein, followed by full-length
rigor kinesin (27). Taxol-stabilized microtubules, polymer-
ized from a 1:20 ratio of Cy5-labeled (GE Healthcare) and
unlabeled tubulin, were then introduced, and after a 5-min
incubation, motors were introduced and imaged. KIF1A
motile events were recorded at 5 or 10 fps and manually ana-
lyzed using the Kymograph Evaluation tool in FIESTA soft-
ware (60) to determine the run length, velocity, and dwell
times. In the ADP dwell time assays, some trials contain hex-
okinase to reduce the amount of ATP contamination in solu-
tion. Calculations of observed motor off-rates per concentra-
tion were done using the relation ké"f[ft = 1/dwell time (34).
Plots of the observed off-rate as a function of ADP concentra-
tion were fit with the following equation to determine the
maximum off-rate and dissociation constant of the motor for
the microtubule in the nucleotide state.
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(kf)vf%,ADP - ktI)vf[ft.Apo) X [ADP]
(KAP? + [ADP])

kot ([ADP]) = Kbt 50 +

(Eq. 2)

ATPase assays

KIF1A ATPase rates were measured by quantifying the rate
of NADH conversion in an enzyme-coupled reaction at varying
[Mt], as described by Huang et al. (34, 61). The reaction con-
tained BRB80 with 1 mm Mg-ATP, 2 mMm phosphoenolpyruvate,
1 mm MgCl,, 0.2 mg/ml casein, 10 um Taxol, 0.25 mm NADH,
and 1.5/100 volume of pyruvate kinase/lactate dehydrogenase
(Sigma, P-0294). Absorbance of NADH at 340 nm over time
was measured on a Molecular Devices FlexStation 3 Multi-
mode Microplate Reader, converted to an ATPase rate, and di-
vided by the active motor concentration to give the total hydro-
lysis cycle rate at 25 °C.

Stopped-flow setup

Stopped-flow experiments were carried out at 25°C in
BRB80 buffer using an Applied Photophysics SX20 spectro-
fluorometer at 356-nm excitation with an HQ480SP emission
filter. Each sample trial reported is based on the fit of the aver-
age trace of 5-7 consecutive shots. Concentrations reported
below are pre-mix syringe concentrations and thus are twice
the final chamber concentrations. Under “Results,” all concen-
trations are chamber reaction concentrations.

KM experiments

To obtain the bimolecular on-rate for microtubule binding,
300 nm mADP-exchanged KIF1A dimers in 0.5 um free
mADP were flushed against varying concentrations of Taxol-
stabilized microtubules in a solution of 2 mm ADP. The
change in fluorescence due to release of mADP from the
bound head was fit with a double exponential to determine
the k,ps- The fast phase of the exponential fits was plotted ver-
sus the microtubule concentration and fit linearly to obtain
kMt The slow phase was attributed to slower mADP release
by the second head (34).

Half-site reactivity experiment

300 nMm mADP-labeled KIF1A was flushed against a solu-
tion of 2 uMm Taxol-stabilized microtubules with or without 2
mM ATP. The change in fluorescence due to mADP release
from the bound head(s) was fit with a single exponential to
determine the amplitude, and the relative amplitudes were
compared in the presence and absence of ATP (43).

Nucleotide-stimulated half-site release assays

To establish a one-head-bound complex, 300 nm mADP-
exchanged KIF1A dimers was incubated with 6 uMm Taxol-stabi-
lized microtubules. This solution was then flushed against vary-
ing concentrations of ATP, ATPyS, or AMPPNP. The change
in fluorescence due to release of mADP from the tethered head
was fit with a single exponential, the rates were plotted against
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the nucleotide concentration, and the curve was fit with the
Michaelis—Menten equation to obtain the maximum release
rate and K 5 (34, 44).

Nucleotide exchange experiments

To determine the ADP solution off-rate, 0.3 um KIF1A in a
solution of 0.5 um free ADP was flushed against 10 um
mADP. In this configuration, the exponential increase in flu-
orescence from the binding of mADDP is rate-limited by the
off-rate of ADP in solution. In the complementary assay to
determine the mADP solution off-rate, 0.3 um mADP-
exchanged KIF1A dimers in a solution of 0.5 uM free mADP
was flushed against 2 mm ADP. The exponential decrease in
fluorescence was fit to obtain the off-rate of mADP in
solution.

To determine the unstrained mADP exchange rate, 1 um
mADP-exchanged KIF1A dimers were combined with 5 um
Taxol-stabilized microtubules and 0.5 uM mADP to achieve
a one-head-bound KIF1A-Mt complex. This solution was
flushed against varying concentrations of mADP, and the
increase in fluorescence due to mADP binding was fit to an ex-
ponential. Due to the high free [mnADP] in this assay, mADP
binding was monitored by exciting at 280 nm and measuring
the FRET signal between Trp in the motor domain and the
mADDP (62). For the unstrained exchange assay, the exponential
fits began at 2 ms, due to the instrument limitations. To obtain
the ADP on- and off-rates, the resulting k,,s values were plotted
versus the mADP concentration and fit linearly with the equa-
tion, kobs = kon X [mADP] + koff.

Calculations

State transition durations within the chemomechanical cycle
were calculated using the following relationship.

1 _ 1 1 1 1 n 1 (E 3)
kow | KATP[ATD] | fopg  KIE apE g (BG:

Additionally, the relationship between the total step duration
and the time for half-site release is as follows.

11 1 (Eq. 4)
Kt~ K0TS K "

Run length correction for finite microtubule lengths

KIF1A has a long run length, which results in a significant
fraction of motors that run off the microtubule end, which if
not accounted for, leads to an underestimate of the run length.
Thus, motor run lengths were corrected for finite microtubule
lengths, as follows.

For every event, the run length was recorded, along with
whether the motor dissociated from some point along the
microtubule or ran off the end. Motor stepping was assumed
to be history-independent, and thus the run lengths were
assumed to be exponentially distributed with a mean run
length of 6 = 1/A. If the microtubule was infinitely long, the
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standard model for the run length would have probability
density as follows.

filx) = e M (Eq. 5)

The run lengths for # motors corresponding to our observa-
tions are {X;, X5, . . ., X,,}. For motors that run off the end of the
microtubule, we know the distance from the landing point of
the motor to the end of the microtubule and notate the value as
t;. The measured run lengths, Y;, including events that run off
the end, are the minimum of the true run length, X;, and the
distance to the end of the microtubule, ¢;.

Y;=min(X;, ;) (Eq. 6)

We also define a variable W;, denoting whether the motor
dissociated normally from the lattice (W; = 1) or ran off the end
(W; = 0). Our data will then be Y}, W; with ¢; serving as a known
covariate. Our goal is to solve for the rate of dissociation (in
inverse distance), A.

The log of the likelihood function is defined as follows.

=377 (Wilogh — AY;) + (1 — Wi)( — A5))
(Eq. 7)

To maximize the likelihood, we take the derivative with
respect to A and set it to zero. Then, because we define the

mean run length as 6 = 1/A, we can simplify to the following
equation.

b — Y WY+ XL, (1 - W
i Wi

Under some broad regularity conditions, the asymptotic
variance for a maximum likelihood estimator is the recipro-

logLy w(A)

(Eq. 8)

cal of the Fisher information. Thus, 6 should be approxi-
mately normally distributed with mean 6 and a variance as
follows.

62
—_ (Eq. 9)
> (1 —emu/f) !
Assuming the average of the Y; is defined as follows,
"y,
Yave = Zl:l : (Eq 10)

n

we can define ¢; = Y; and simplify the maximum likelihood es-
timator equation to the following.

é _ Z?:l Yt _ Yave
- n 1 n
Zi:l VVI ;21:1 ‘Vz
As such, the denominator represents the fraction of motors

that detach normally from the lattice, leading to the following
interpretation.

(Eq. 11)

P _ Yave _ Yave
fractiondetach (1 — fraction run off end)

(Eq. 12)
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Thus, if all motors detach normally, then the run length is the
average, but, for example, if half of the motors reach the end, then
the run length is corrected up by a factor of 2. This correction
should apply generally for processes that generate exponential
distributions with censoring, such as photobleaching. The correc-
tion is similar to the Kaplan—Meier estimate that was used for
run length corrections by Ruhnow et al. (63) but has a simpler
form. In addition, we are using an asymptotic result for the var-
iance as opposed to the bootstrap method found in Ruhnow et al.

Data availability

Data in the paper are available at https://scholarsphere.psu.
edu/concern/generic_works/xpn89d825f.
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