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Polyglutamylation of tubulin’s C-terminal tail controls
pausing and motility of kinesin-3 family member KIF1A
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The kinesin-3 family member KIF1A plays a critical role in
site-specific neuronal cargo delivery during axonal transport.
KIF1A cargo is mislocalized in many neurodegenerative dis-
eases, indicating that KIF1A’s highly efficient, superprocessive
motility along axonal microtubules needs to be tightly regu-
lated. One potential regulatory mechanism may be through
posttranslational modifications (PTMs) of axonal microtubules.
These PTMs often occur on the C-terminal tails of the microtu-
bule tracks, act as molecular “traffic signals” helping to direct
kinesin motor cargo delivery, and include C-terminal tail poly-
glutamylation important for KIF1A cargo transport. KIF1A ini-
tially interacts with microtubule C-terminal tails through its
K-loop, a positively charged surface loop of the KIF1A motor
domain. However, the role of the K-loop in KIF1A motility and
response to perturbations in C-terminal tail polyglutamylation
is underexplored. Using single-molecule imaging, we present
evidence that KIF1A pauses on different microtubule lattice
structures, linking multiple processive segments together and
contributing to KIF1A’s characteristic superprocessive run
length. Furthermore, modifications of the KIF1A K-loop or
tubulin C-terminal tail polyglutamylation reduced KIF1A paus-
ing and overall run length. These results suggest a new mecha-
nism to regulate KIF1A motility via pauses mediated by K-loop/
polyglutamylated C-terminal tail interactions, providing
further insight into KIF1A’s role in axonal transport.

Axonal transport is a critical process for neuronal viability
and function involving the highly choreographed, long-dis-
tance trafficking of cargo. This process is facilitated in part by
members of the kinesin superfamily of motors that utilize
the mechanochemical coupling of ATP hydrolysis (1) to carry
motor-specific cargo in the anterograde direction along axonal
microtubules.
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The neuron-specific kinesin-3 family member KIF1A (2) is a
key mediator of axonal transport, delivering neuronal cargo,
such as dense core vesicles (3) and synaptic vesicle proteins (2),
in a spatiotemporally regulated manner along axonal microtu-
bules (4, 5). Upon cargo-mediated dimerization and release of
steric autoinhibition, KIF1A motors are reported to exhibit
“superprocessive” motility behavior, traveling comparatively
long distances on microtubules when compared with conven-
tional kinesin (6, 7). The discovery of this superprocessive
behavior supports KIF1A as an important player in long-dis-
tance axonal transport, providing further insight into KIF1A’s
role in many neuronal processes such as synaptogenesis (8) and
neurogenesis (9). The importance of tightly regulated KIF1A
cargo delivery is highlighted in neurodegenerative diseases
where irregular KIF1A cargo accumulation is observed (10—
12). However, our understanding of this disease-state presen-
tation is limited by the gap in knowledge of the mechanisms
that regulate KIF1A motility.

Beyond serving as tracks for kinesin motors, microtubules
can direct subcellular trafficking by providing directional cues
for motor specificity on select microtubule populations. These
“traffic signs” are frequently introduced via microtubule post-
translational modifications (PTMs),> often on the C-terminal
tails of microtubules (13, 14). Although there are many recent
discoveries of how microtubule PTMs regulate different kine-
sin families (15—17), how this concept can be extended to kine-
sin-3 motors such as KIF1A is relatively unexplored. One
potential PTM regulating KIF1A trafficking is the heavy poly-
glutamylation of both «- and B-tubulin subunits in neurons
(18) via the tubulin tyrosine ligase-like family of enzymes (19,
20). KIF1A’s dependence on optimal levels of polyglutamyla-
tion has been observed in the ROSA22 mouse model, charac-
terized by a loss of neuronal a-tubulin polyglutamylation lead-
ing to altered KIF1A cargo trafficking and reduced KIF1A
affinity for microtubules (21). These physiological repercus-
sions of altered KIF1A function highlight the importance of
further studying interactions between KIF1A and the polyglu-
tamylation of C-terminal tails of tubulin at the molecular level.

2 The abbreviations used are: PTM, posttranslational modification; TIRF, total
internal reflection fluorescence; LZ, leucine zipper; GMPCPP, guanosine
5'-[(a, B)-methyleno]triphosphate sodium salt; AMPPNP, adenylyl imido-
diphosphate; MAP, microtubule-associated protein; PMSF, phenylmethyl-
sulfonyl fluoride; TOG, tumor overexpressed gene; DMEM, Dulbecco’s
modified Eagle’s medium; ROI, region of interest; Cl, confidence interval.
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Figure 1. KIF1A pauses during runs along the microtubule. A, representa-
tive kymograph with corresponding nomenclature used to describe novel
KIF1A motility behavior. Band C, representative kymographs demonstrating
that at high motor concentrations, pausing becomes obscured by surround-
ing motor motility (B), whereas at low motor concentrations, extensive paus-
ing behavior (white arrows) is revealed at stochastic positions on the micro-
tubule (Q).

Polyglutamylation may impact KIF1A motility via a lysine-
rich surface loop (loop-12) that is characteristic of the kinesin-3
motor family (22, 23). Previous work has demonstrated that this
“K-loop” is a critical component for optimal KIF1A function.
From a catalytic perspective, it is thought that the K-loop is
necessary for KIF1A’s structural interaction with the microtu-
bule during the ATP-hydrolysis cycle (24). Furthermore, it is
known that the K-loop interacts electrostatically with the glu-
tamic acid—rich C-terminal tail of tubulin (25, 26), tethering the
motor to the microtubule track (22). This K-loop/C-terminal
tail relationship, combined with the physiological detriment of
reduced microtubule polyglutamylation, illustrates that spe-
cific interactions between the KIF1A K-loop and C-terminal
tails of tubulin are essential for optimal KIF1A function. There-
fore, we hypothesized that C-terminal tail polyglutamylation
regulates KIF1A motility and behavior on microtubules medi-
ated by interactions with the KIF1A K-loop structure. Using
single-molecule total internal reflection fluorescence micros-
copy, we first tested our hypothesis by quantifying the motility
and behavioral response of KIF1A on various microtubule lat-
tices and then specifically perturbed the K-loop/C-terminal
tail interaction. Our findings demonstrate that KIF1A
pauses on the microtubule lattice and suggest that this
behavior is caused by a polyglutamylation-sensitive K-loop/
C-terminal tail interaction.

Results

KIF 1A exhibits pausing behavior and superprocessive motility
on Taxol-stabilized and GMPCPP microtubules assembled
from brain tubulin

Initial single-molecule total internal reflection fluorescence
(TIRF) microscopy observations revealed that dimeric KIF1A
motors possess the novel ability to pause during a run on Taxol-
stabilized microtubules (Fig. 14 and Movie S1). While pausing,
the dimeric motor appears to be spatially constrained as it does
not exhibit the highly diffusive behavior of the KIF1A monomer
(26). Although other kinesin motors have been shown to exhibit
transient pauses (27, 28), the high pause frequency (Table 1)
and substantial number of pauses per distance (Fig. 2F) of
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KIF1A have not been previously characterized, leading us to
investigate this behavior further.

The discovery of this novel pausing behavior led us to rede-
fine our nomenclature of KIF1A motility by dissecting KIF1A
motility into three segments (Fig. 1A). First, we define the con-
tinuous run length as segments where, within a single event,
KIF1A is moving at a constant velocity. Next, continuous run
lengths are connected by pauses that occur at the beginning of
continuous runs, in between continuous runs, or after contin-
uous runs. To characterize KIF1A pausing, we have quantified
both the pause frequency (number of pauses/overall run) and
pauses per distance (number of pauses/um of microtubule).
Although representative KIF1A kymographs include long
pauses (Figs. 1C and 2, A and B), it is important to note that the
majority of pausing events are less than 1.5 s and occur at sto-
chastic locations on the microtubule (Fig. 1C and Table 1).
Lastly, we define the overall run length as the sum of continuous
run lengths during a single motility event on the microtubule.
KIF1A pausing behavior (Fig. 1, B and C) is best revealed at
motor concentrations lower than those utilized in previous
work (22).

To confirm that this behavior was not dependent on the facil-
itated dimerization of our leucine zipper construct (KIF1A-LZ-
3xmCitrine), we repeated our single-molecule experiments
with a non-leucine zipper construct (KIF1A-GFP). We con-
firmed that in the absence of the leucine zipper, KIF1A exhibits
extensive pausing behavior and superprocessive motility (Fig.
S1). Additionally, we observed an increase in purely diffusive
events with this construct (Fig. S14), likely resulting from
KIF1A monomers (6, 7). Our results demonstrate that the
KIF1A-LZ-3xmCitrine construct is an appropriate model for
dimeric KIF1A behavior. As our current investigations are
focused on the processive, dimeric KIF1A motor, we performed
all other experiments with the LZ construct.

We next investigated KIF1A’s pausing on GMPCPP micro-
tubules, which contain tubulin subunits in the GTP state rather
than the GDP state and are known to have more protofilaments
than Taxol-stabilized microtubules (29-31). KIF1A pausing
occurred on both microtubule lattices (Fig. 2, A and B) with
similar frequencies of 0.95 pause/overall run (Taxol (n = 165))
versus 1.02 pauses/overall run (GMPCPP (n = 171)) and pauses
per distance of 0.14 (Taxol) versus 0.16 pause/um (GMPCPP)
(Fig. 2F and Table 1). However, there was a 46% decrease in
pause duration from 1.23 (Taxol) to 0.66 s (GMPCPP) (Fig. 2,
D and E, and Table 1). With respect to other motility char-
acteristics, we observed no significant change in overall run
length (6.24 = 2.09 (n = 165) and 6.01 £ 2.17 um (n = 171))
or continuous run length (2.95 * 1.07 (n = 282) and 2.81 *
0.91 pm (n = 305)) along Taxol-stabilized versus GMPCPP
microtubules, respectively (Fig. 2C and Table 1). We also
observed no change in the overall speed (1.35 = 0.41 and
1.27 * 0.28 um/s, respectively; Table 1 and Fig. S2) or con-
tinuous speed (2.01 * 0.53 and 2.06 * 0.54 um/s, respec-
tively; Table 1 and Fig. S3) along Taxol-stabilized versus
GMPCPP microtubules, respectively. However, there was a
significant decrease in KIF1A’s ability to land on GMPCPP
microtubules in motility buffer with the presence of ADP
with 4.86 = 0.88 (n = 958) compared with 7.93 * 1.25
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Table 1

Summary of KIF1A motility and behavior on microtubules across all conditions

Pause durations were fit to a single-exponential decay, and the time constant of the fit is reported in seconds. All other metrics are reported as mean = S.D. *, p < 0.001

relative to KIF1A on Taxol-stabilized microtubules.

Novel regulation of KIF1A motility

Overall run Overall Continuous Continuous Pause Pauses per Pause Landing
length speed run length speed frequency distance duration rate
iz um/s juz um/s no. pauses/ no. pauses/ events/ um/
overall run wm min
Taxol 6.24 = 2.09 1.35 £ 041 2.95 = 1.07 2.01 = 0.53 0.95 0.14 1.23 7.93 £1.25
GMPCPP 6.01 = 2.17 1.27 = 0.28 2.81 £0.91 2.06 £ 0.54 1.02 0.16 0.66 4.86 = 0.88*
Subtilisin 3.31 = 1.34* 1.58 + 0.38 291+ 1.16 1.94 * 0.50 0.18* 0.02* 0.68 2.80 = 0.42*
80 mm PIPES 5.98 = 2.14 1.34 = 0.30 3.14 = 0.98 1.99 £ 047 0.90 0.14 0.78 3.28 = 0.61*
Tri-Ala 241 * 1.42* 1.66 = 0.45 2.00 £1.11* 1.72 = 045 0.23* 0.05* 0.47 0.64 *= 0.14*
HeLa tubulin 4.12 + 1.48* 1.70 + 0.41 2.98 = 0.96 1.87 £ 0.40 0.40* 0.07* 0.59 0.49 + 0.13*
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Figure 2. KIF1A pausing behavior occurs on Taxol-stabilized and GMPCPP microtubules. A and B, representative kymographs of KIF1A motility on
Taxol-stabilized (A) or GMPCPP (B) microtubules (MTs). C, quantification demonstrates no significant differences in KIF1A overall run length (RL) (6.24 * 2.09
(hn=165)and 6.01 = 2.17 um (n = 171), respectively) and continuous run length (2.95 = 1.07 (n = 282),and 2.81 = 0.91 um (n = 305), respectively). Run length
values are reported as mean * S.D. and were calculated as reported previously (71). KIF1A pause duration is 1.23 s (Cl, 1.00-1.42 s) on Taxol-stabilized
microtubules (n = 147) (D) and 0.66 s (Cl, 0.59-0.73 s) on GMPCPP microtubules (n = 152) (E). F, KIF1A exhibits a similar pause per distance on Taxol-stabilized
(0.14 pause/um (n = 165)) and GMPCPP (0.16 pause/um (n = 171)) microtubules. Pause durations were fit to a single-exponential decay and are represented
as cumulative frequency distributions; the time constant of fit is reported in seconds with a 95% confidence interval. All other metrics are reported as mean =+
S.D.Kinesin-1 was used as an experimental control across all conditions (Figs. S2-S5). Each condition is representative of at least fourindependent experiments.

events/um/min (n = 1152) on Taxol microtubules (Fig. 7
and Table 1). Thus, although KIF1A displays a decrease in
pause duration and a decreased landing rate on GMPCPP
microtubules (Table 1), these results confirm that KIF1A’s
unique pausing behavior occurs on microtubules of varying
protofilament and nucleotide composition.

Interaction with tubulin C-terminal tails mediates KIF1A
pausing behavior, landing rate, and superprocessive motility

To investigate a potential mechanism facilitating KIF1A
pausing, we considered the known interaction of KIF1A’s
lysine-rich K-loop with tubulin’s glutamate-rich C-terminal tail
projections (22, 23). Previous work has shown that the posi-
tively charged surface loop-12 (K-loop) of the KIF1A motor
domain interacts with the microtubule C-terminal tails, help-
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ing to anchor KIF1A to the microtubule (25) and mediate
KIF1A landing on the microtubule (22). We thus asked whether
subtilisin-mediated proteolytic removal (32) (Fig. 3A) of the
tubulin C-terminal tails could influence KIF1A motility and
pausing behavior. On subtilisin-treated microtubules, we
observed a 47% reduction of KIF1A overall run length (3.31 *
1.34 pm (1 = 171)) when compared with untreated microtu-
bules (Fig. 3, Band C, and Table 1). Subtilisin treatment did not
significantly change the continuous run length (2.91 = 1.16 um
(n = 205)) of KIF1A (Fig. 3C and Table 1); however, we did
observe a 45% decrease in pause duration (from 1.23 to 0.68 s),
a 79% reduction in pause frequency (from 0.95 to 0.18 pause/
overall run), and an 85% reduction in pauses per distance (from
0.14-to 0.02 pause/um) (Fig. 3, D and E, and Table 1). Due to the
decreased pausing events, KIF1A’s overall speed increased on
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Figure 3. Removal of the tubulin C-terminal tail reduces KIF1A pausing. A, cartoon depiction of tubulin C-terminal tail (CTT) cleavage upon addition of
subtilisin. B, representative kymographs of KIF1A motility on untreated microtubules (top) versus subtilisin-treated microtubules (bottom). C, the overall run
length (RL) of KIF1A was reduced from 6.24 + 2.09t0 3.31 = 1.34 um (n = 171) upon subtilisin (Sub) treatment of microtubules, whereas continuous run length
was not significantly changed (2.95 * 1.07 and 2.91 = 1.16 um (n = 205), respectively). Control values for KIF1A overall and continuous run lengths are the
same as reported for Fig. 2C. D, KIF1A pause duration is 0.68 s (Cl, 0.57-0.83 s) on subtilisin-treated microtubules (n = 34) compared with untreated microtu-
bules (1.23 s; Fig. 2D). E, KIF1A pause per distance was significantly decreased from 0.14 to 0.02 pause/um upon subtilisin treatment of Taxol-stabilized
microtubules (MTs). Run length values and standard deviations were calculated as reported previously (71). Kinesin-1 was used as an experimental control
across all conditions (Figs. S2-S5). Each condition is representative of at least four independent experiments. Pause durations were fit to a single-exponential
decay and are represented as cumulative frequency distributions; the time constant of fit is reported in seconds with a 95% confidence interval. All other

metrics are reported as mean = S.D. *, p < 0.001.

subtilisin-treated microtubules from 1.35 * 0.41 (untreated) to
1.58 £ 0.38 um/s (Table 1 and Fig. S2). However, continuous
speed remained relatively unchanged between untreated and
subtilisin-treated microtubules (2.01 * 0.53 and 1.94 *= 0.50
pm/s, respectively) (Table 1 and Fig. S3).

It has been previously reported that the perturbation of
KIF1A’s interaction with the C-terminal tail reduces the
motor’s landing rate (22). Measuring KIF1A landing rate in
ADP-containing motility buffer confirms the necessity of this
interaction, showing that subtilisin treatment of microtubules
reduces the landing rate of KIF1A by 65% (from 7.93 *+ 1.25 to
2.80 = 0.42 events/um/min; Fig. 7 and Table 1). Taken
together, these results expose KIF1A’s reliance on the microtu-
bule C-terminal tail to engage with the microtubule, initiate
pausing behavior, and generate superprocessive overall run
lengths.

Conserved lysine residues of the K-loop are key mediators in
KIF1A pausing and motility

Given the influence of the tubulin C-terminal tails on KIF1A
pausing behavior, we further investigated the influence of the
electrostatic interaction between the KIF1A K-loop and the
microtubule C-terminal tails. First, we assessed the dependence
of KIF1A pausing on the local electrostatic environment by
increasing the salt concentration of our motility buffer from 12
to 80 mm PIPES. We observed a decrease in pause duration
(from 1.23 to 0.78 s; Fig. 4C) with no significant changes in
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pause frequency (0.90 pause/overall run), pauses per distance
(0.14 pause/um), or any motility parameters (Fig. 4, A and B,
and Figs. S2 and S3). Furthermore, in 80 mm PIPES we observed
adecrease in KIF1A landing rate to 3.28 = 0.61 events/um/min
(n = 592) (Fig. 7 and Table 1).

Second, we investigated how positively charged residues
within the K-loop contribute to KIF1A pausing and motility. It
has been previously reported that mutating all six lysines of the
K-loop to alanine residues abolishes KIF1A motility and inter-
action with the microtubule (22), highlighting the importance
of the K-loop/microtubule interaction to the intrinsic motility
properties of KIF1A. Therefore, we mutated the three lysines
most conserved across the kinesin-3 family to maintain the
ability of KIF1A motors to engage with the microtubule surface
(Fig. 5A). The KIF1A K-loop mutants (Tri-Ala KIF1A) dis-
played a marked reduction in both motility and pausing behav-
ior (Fig. 5, B-E). Specifically, both the overall run length (2.41 =
1.42 um (n = 173)) and continuous run length (2.00 = 1.11 um
(n = 207)) were significantly reduced by 61 and 32%, respec-
tively, when compared with WT KIF1A on Taxol-stabilized
microtubules (Fig. 5C and Table 1). Due to fewer pausing
events, there was a 23% increase in overall speed (1.66 = 0.45
pm/s) and a continuous speed of 1.72 * 0.45 um/s (Table 1 and
Figs. S2 and S3). Tri-Ala KIF1IA mutants also exhibited
impaired pausing behavior quantified by a 62% reduction in
pause duration (from 1.23 to 0.47 s), a 75% decrease in pause
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Figure 4. KIF1A behavior and motility in 80 mm PIPES motility buffer on
Taxol-stabilized microtubules. A, KIF1A exhibits a similar overall run length
(RL) (5.98 £ 2.14 um (n = 164)) and a continuous run length (3.14 = 0.98 um
(n = 280)) in 80 mm PIPES as compared with standard motility buffer. B, KIF1A
exhibits a similar number of pauses per distance in motility buffer (0.14
pause/m) and 80 mm PIPES (0.14 pause/um). C, in 80 mm PIPES, KIF1A pause
duration is 0.78 s (Cl, 0.66-0.91 s) (n = 132) compared with motility buffer
(1.23 5;Fig. 2D). Pause durations were fit to a single-exponential decay and are
represented as cumulative frequency distributions; the time constant of fit is
reported in seconds with a 95% confidence interval. All other metrics are
reported as mean = S.D.

frequency (from 0.95 to 0.23 pause/overall run), and a 64%
decrease in pauses per distance (from 0.14 to 0.05 pause/um)
(Fig. 5, D and E, and Table 1). As expected from previous work
(22), the Tri-Ala KIF1A mutant also had a dramatic, 92% reduc-
tion in landing rate when compared with WT KIF1A on Taxol-
stabilized microtubules (0.64 * 0.14 event/um/min (n = 527)
for Tri-Alaand 7.93 = 1.25 events/um/min (n = 1552) for WT)
in motility buffer supplemented with ADP (Fig. 7, Fig. S7, and
Table 1) but no change in microtubule interaction in motility
buffer supplemented with AMPPNP (1.47 * 0.34 events/um/
min (7 = 574) for Tri-Alaand 2.01 = 0.49 events/um/min (n =
917) for WT) (Fig. S7). These results confirm that the KIF1A
K-loop/microtubule C-terminal tail interaction plays a critical
role not only in the landing rate as described previously (22) but
also for the pausing behavior of KIF1A.
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Microtubule C-terminal tail polyglutamylation regulates
KIF1A pausing behavior and motility

We next aimed to identify a specific property of the tubulin
C-terminal tail that could influence KIF1A pausing and motil-
ity. It has been previously established that reduced levels of
a-tubulin polyglutamylation result in improper KIF1A localiza-
tion and insufficient cargo delivery in hippocampal and supe-
rior cervical ganglia neurons of ROSA22 mice (21). As neuronal
microtubules are subjected to extensive C-terminal tail poly-
glutamylation (18), we hypothesized that this posttranslational
modification is important for regulation of KIF1A motility
behavior, including pausing. We thus assessed KIF1A’s pausing
and superprocessivity on tubulin purified from HeLa cells,
which are known to contain markedly less polyglutamylation
than neuronal tubulin (Fig. 64) due to low expression of the
tubulin tyrosine-like ligase enzymes (33-35). It is important to
note that this change in tubulin polyglutamylation alters the
local charge of the microtubule surface as compared with neu-
ronal tubulin. KIF1A overall run length was reduced by 34% on
Taxol-stabilized HeLa microtubules (4.12 * 1.48 um (nz = 164))
when compared with Taxol-stabilized neuronal microtubules
with no significant reduction in continuous run length (Fig. 6C
and Table 1). In regard to pausing behavior, we observed a 58%
reduction in pause frequency (from 0.95 to 0.40 pause/overall
run), a 50% reduction in pauses per distance (from 0.14 to 0.07
pause/um), and a 51% decrease in pause duration (from 1.23 to
0.59 s) (Fig. 6, B, D, and E, and Table 1). Due to the reduction in
pausing events, the overall speed of KIF1A on HeLa tubulin
(1.70 £ 0.41 wm/s) increased by 26% when compared with
KIF1A on neuronal microtubules, whereas continuous speed
decreased by only 7% (Table 1 and Figs. S2 and S3). We also
observed a substantial, 94% reduction in KIF1A landing rate on
HeLa microtubules when compared with neuronal microtu-
bules (7.93 * 1.25 (n = 1552) versus 0.49 = 0.13 event/ um/min
(n = 429)) (Fig. 7 and Table 1). Taken together, these results
confirm that microtubule C-terminal tail polyglutamylation
dictates KIF1A’s ability to pause and thus mediates superpro-
cessive behavior.

Discussion

The superprocessivity of the kinesin-3 family member KIF1A
has been established previously (7), supporting its known role
in long-distance axonal transport (3, 10). Here, we present a
novel molecular mechanism that influences KIF1A’s superpro-
cessive motion. First, we demonstrate that KIF1A engages in
previously unreported pauses on the microtubule lattice.
KIF1A walks a superprocessive distance (~3 wm on average)
before initiating a pause, supporting the notion that although
pausing is rare, it is related to the superprocessive nature of the
motor itself. Pausing has several effects on the overall motility
of dimeric KIF1A motors. Pauses enable KIF1A to string
together multiple continuous runs to generate a longer overall
run. Of note, even in the absence of pauses, KIF1A remains a
superprocessive motor, with continuous run lengths of ~3 um.
KIF1A’s overall speed is also decreased in the absence of pauses,
with no effect on continuous speed. This response is expected,
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Figure 5. The KIF1A K-loop regulates pausing. A, amino acid sequence alignment of the KIF1A loop-12 (K-loop) of WT KIF1A and the Tri-Ala KIF1A mutant.
For the Tri-Ala mutant, the three most conserved lysines among the kinesin-3 family have been mutated to alanine residues (yellow text). B, representative
kymographs of WT KIF1A moatility (top) versus Tri-Ala KIF1A motility (bottom). C, the Tri-Ala mutation of the KIF1A K-loop significantly reduced both overall run
length (RL) (from 6.24 + 2.09t0 2.41 = 1.42 um (n = 173)) and continuous (from 2.95 *+ 1.07 t0 2.00 = 1.11 um (n = 207)) run length. D, KIF1A pause duration
is 0.47 s (Cl, 0.41-0.53 s) upon mutation of the K-loop (n = 36) compared with WT KIF1A (1.23 s; Fig. 2D). E, mutation of the K-loop significantly decreased the
number of pauses per distance from 0.14 (WT KIF1A) to 0.05 pause/um (Tri-Ala KIF1A). Run length values and standard deviations were calculated as reported
previously (71). Kinesin-1 was used as an experimental control across all conditions (Figs. S2-S5). Each condition is representative of at least four independent
experiments. Pause durations were fit to a single-exponential decay and are represented as cumulative frequency distributions; the time constant of fit is

reported in seconds with a 95% confidence interval. All other metrics are reported as mean * S.D. ¥, p < 0.001.

considering that a reduction in pause frequency will reduce a
slower population of motors undergoing pauses.

Furthermore, we show that pauses are mediated by interac-
tions between the KIF1A K-loop and tubulin C-terminal tails.
When the K-loop/C-terminal tail interaction is interrupted (e.g.
by subtilisin treatment or K-loop mutation), KIF1A shows a
reduced pause frequency and duration on the microtubule lat-
tice. Disruption of the K-loop/C-terminal tail interaction also
results in a dramatic reduction in the landing rate of dimeric
KIF1A motors, consistent with previous work (22). The K-loop
is also critical for monomeric KIF1A motors to diffuse along the
surface of microtubules (23). In addition, cellular work has
shown that loop-12 is important for regulation of KIF1A den-
dritic cargo sorting (36). As the K-loop is conserved across
members of the kinesin-3 family, our newly identified pausing
mechanism is likely to be a conserved feature of this class of
motor.

Finally, we demonstrate that polyglutamylation of the tubu-
lin C-terminal tail is a posttranslational modification that reg-
ulates KIF1A pausing behavior and subsequent motility. Along
HeLa microtubules, which lack polyglutamylation, KIF1A dis-
played significantly reduced landing rate, pause frequency, and
pause duration. Electrostatic interactions between the K-loop
and C-terminal tail play an important role as increasing the salt
concentration in our motility buffer resulted in a reduced land-
ing rate and pause duration. That the increased salt concentra-
tion did not influence pause frequency suggests that the factors
that influence pausing are not completely based on electrostat-
ics. That tubulin C-terminal tail polyglutamylation influences
KIF1A behavior at the single-molecule level provides a mecha-
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nistic understanding of how polyglutamylation can regulate
KIF1A cargo trafficking (21). The levels of tubulin C-terminal
tail polyglutamylation are highly tuned during neural develop-
ment (18, 37) and could also influence KIF1A during synapto-
genesis (38) and interkinetic nuclear migration (39). Compart-
mentalizing neuronal tubulin polyglutamylation into localized
hot spots (40) may contribute an advantageous level of regula-
tion to fine-tune KIF1A function during these developmental
processes.

With a molecular regulatory mechanism identified in regard
to KIF1A pausing and motility, a question still remains: ow is
KIF1A able to pause in between processive segments (continu-
ous runs)? Our proposed mechanism states that pausing is
mediated in part by a KIF1A/C-terminal tail interaction. A
structural mechanism responsible for KIF1A pausing can be
proposed based on past work examining the flexibility and
structural conformation of the K-loop during ATP hydrolysis
(24). This study demonstrated that when KIF1A is bound to
AMPPNP, loop-12 is positioned up and away from the micro-
tubule surface, whereas when KIF1A is bound to ADP, loop-12
adopts a “downward” position to interact with the C-terminal
tails on the microtubule surface. From this, we propose that
pauses are initiated by loop-12 interaction with the microtu-
bule C-terminal tail when KIF1A is in the ADP state. Impor-
tantly, a pause would happen when both motor domains are in
the same nucleotide state at the same time, making this a cata-
lytically rare event and explaining why pausing occurs on the
magnitude of every ~3 um. We speculate that with both
loops-12 in a downward position, KIF1A exhibits a spatially
constrained form of diffusion close to the resolution limit of our
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Figure 7. KIF1A landing is influenced by microtubule state and the
K-loop/C-terminal tail interaction. Quantification of KIF1A landing rate in
the ADP state on the indicated microtubule (MT) subsets (mean * S.D.) is
shown. On Taxol-stabilized microtubules, KIF1A had a landing rate of 7.93 =
1.25 events/um/min (n = 1552). On GMPCPP microtubules, the KIF1A landing
rate was significantly reduced to 4.86 + 0.88 events/um/min (n = 958).
Removal of the tubulin C-terminal tails (Sub MTs) significantly reduced the
KIF1A landing rate to 2.80 £ 0.42 events/um/min (n = 717). Increasing the
salt concentration (80 mm PIPES) of the motility buffer reduced the landing
rate to 3.28 = 0.61 events/um/min (n = 592). Mutation of the KIF1A K-loop
(Tri-Ala KIF1A) significantly reduced the landing rate to 0.64 * 0.14 event/
um/min (n = 527). On HelLa microtubules with reduced polyglutamylation,
the KIF1A landing rate was significantly reduced to 0.49 = 0.13 event/um/
min (n = 429). Each condition is representative of at least four independent
experiments. Mean = S.D. is reported. *, p < 0.001.

TIRF microscope as compared with the previously observed
highly diffusive behavior of the KIF1A monomer (26).

The mechanistic importance of loop-12 positioning is fur-
ther supported by our data comparing the landing rate of WT
and Tri-Ala motors in the presence of ADP or AMPPNP in the
motility buffer. Under ADP conditions, the landing rate of the
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pausing. Furthermore, the significant reduction of Tri-Ala
KIF1A pausing and continuous run length in motility assays
(Fig. 5, C and E) highlights the importance of the K-loop for
KIF1A motility. Further testing of how KIF1A catalytic activity
and structural states influence pausing is an enticing future
direction beyond the scope of this current study.

Our results demonstrate that KIF1A responds not only to
posttranslational modification of the microtubule surface but
also to the nucleotide state of the microtubule. Specifically, we
demonstrate that KIF1A has a reduced landing rate (Fig. 7) and
pause duration (Fig. 2D and Table 1) on GMPCPP microtubules
as compared with Taxol-stabilized microtubules. This is poten-
tially due to a nucleotide-specific difference in positioning of
the C-terminal tails on the microtubule surface. Whether the
motor is influenced by protofilament number and/or nucleo-
tide state of the GMPCPP lattice will require further study.
Recent compelling work has demonstrated that microtubule-
associated proteins (MAPs) and septins can also influence
KIF1A motility and function (36, 41-43). Pausing may allow
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KIF1A to navigate around MAPs and other obstacles on the
microtubule. The necessity to regulate kinesin cargo transport
through pausing is a pre-established concept on a cellular level
as many neuronal cargo have been observed to halt processive
movement to navigate around obstacles in the crowded cellular
environment (44 —47). Conversely, microtubule C-terminal tail
polyglutamylation can regulate the microtubule affinity of
MAPs such as MAP1A, MAP1B, MAP2, and Tau (48, 49). For
example, Tau interacts with tubulin C-terminal tails in a unique
diffusive behavior that is important for Tau function on a cel-
lular and systemic level (50). Tau could thus compete with
KIF1A for microtubule C-terminal tails and thereby regulate
KIF1A pausing and motility. This concept is a compelling topic
for further study.

Understanding the mechanisms responsible for KIF1A
motility is critical when one considers the extensive range of
axonal cargo that KIF1A transports along neuronal microtu-
bules (3, 9, 11, 51-57). Furthermore, until we advance our
understanding of KIF1A regulation, we are limited in our ability
to address the disease state manifestations of altered KIF1A
function. The regulatory capabilities of Tau’s binding behavior
on KIF1A cargo transport are critical to understanding KIF1A’s
role in diseases known for impaired axonal transport such as
frontotemporal dementia where changes in Tau isoform
expression have been correlated to disease progression (58). For
example, pathological overexpression (59 —61) of the more dif-
fusive Tau isoforms (62) and reduced transport of cargo known
to be transported by KIF1A are observed in frontotemporal
dementia (11, 12, 63). As we speculate that the diffusive binding
state of Tau may compete with KIF1A for the microtubule
C-terminal tail, this is an enticing concept for further investi-
gation on the molecular and cellular levels. In summary, our
discovery of a microtubule C-terminal tail polyglutamylation-
mediated mechanism for regulation of KIF1A motility provides
crucial insight as to how KIF1A cargo delivery is regulated dur-
ing axonal transport and how this process may become altered
in the disease state.

Experimental procedures
Tubulin isolation, microtubule preparation, and labeling

Neuronal tubulin was isolated from bovine brains donated
from Vermont Livestock Slaughter and Processing (Ferris-
burgh, VT) using a high molarity PIPES buffer (1 m PIPES, pH
6.9 at room temperature, 10 mm MgCl,, and 20 mm EGTA) as
described previously (64). Purified tubulin was clarified using
ultracentrifugation for 20 min at 95,000 rpm at 4°C in an
Optima TLX ultracentrifuge (Beckman). After clarification,
tubulin concentration was calculated using the tubulin extinc-
tion coefficient of 115,000 cm ™' M~ ' and read at 280 nm in a
spectrophotometer.

Tubulin was purified from HeLa Kyoto cells with TOG affin-
ity column chromatography using a gravity-flow setup (65, 66).
Cells were resuspended in BRB80 (80 mm PIPES, 1 mm EGTA,
and 1 mm MgCl,, pH 6.8) supplemented with 1 mm DTT and
protease inhibitors (cOmplete™, Mini, EDTA-free (Sigma-Al-
drich) and 0.2 mm PMSF) and sonicated. Cleared lysate was
loaded onto a TOG column in which ~15 mg of bacterially
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purified GST-TOG1/2 protein was conjugated with 1 ml of
NHS-activated Sepharose 4 Fast Flow resin (GE Healthcare).
Washing, elution, desalting, and concentration were carried
out as described in Hotta et al. (66). Glycerol was not added to
the purified tubulin. Aliquoted tubulin was snap frozen in liq-
uid nitrogen and stored at —80 °C.

Clarified tubulin was supplemented with 1 mm GTP (Sigma-
Aldrich) or GMPCPP (Jena Bioscience, Jena, Germany). To
label microtubules, unlabeled tubulin was mixed with rhoda-
mine-labeled tubulin (Cytoskeleton, Denver, CO) at a ratio of
100:1. Microtubules were stabilized with GMPCPP following
methods reported previously (67) or polymerized at 37 °C for 20
min and stabilized with 20 um paclitaxel (Taxol; Sigma-Al-
drich) in DMSO. Microtubules were diluted to a working con-
centration of 1 uM in P12 Buffer (12 mm PIPES, 1 mm MgCl,,
and 1 mm EGTA, pH 6.8, supplemented with 20 um paclitaxel)
(22).

Plasmids, mutagenesis, and cell lysate motor expression

KIF1A(1-393)-LZ-3xmCitrine plasmid was a generous gift
from Kristen Verhey (University of Michigan, Ann Arbor, MI),
and the KIF1A(1-396)-GFP (Addgene plasmid number 45058)
mammalian plasmid was a gift from Gary Banker (Oregon
Health and Science University). TriAla-KIF1A-LZ-3xmCitrine
was generated from the KIF1A(1-393)-LZ-3xmCitrine plasmid
using the QuikChange II XL site-directed mutagenesis kit (Agi-
lent Technologies, Santa Clara, CA). COS-7 monkey kidney
fibroblasts (American Type Culture Collection, Manassas, VA)
were cultured in DMEM-GlutaMAX™ with 10% fetal bovine
serum at 37 °C with 5% CO.,,. Cells were transfected with 1 ug of
either WT KIF1A-LZ-3xmCitrine, Tri-Ala KIF1A-LZ-3xm-
Citrine, or KIF1A-GFP mammalian plasmid using the Lipo-
fectamine 2000 delivery system (Thermo Fisher Scientific,
Waltham, MA) and incubated in Opti-MEM™ (Thermo
Fisher Scientific) medium with 4% fetal bovine serum. The next
day, cells were harvested, pelleted, and washed with DMEM-
GlutaMAX. The pellet was vigorously resuspended in lysis
buffer (25 mm HEPES, 11 mm K™ acetate, 5 mm Na™ acetate, 5
mM MgCl,, 0.5 mm EGTA, 1% Triton X-100, 1 mm PMSF, 1
mg/ml pepstatin, 10 ug/ml leupeptin, and 5 ug/ml aprotinin)
and centrifuged at room temperature for 15 min at 14,000 rpm.
Relative amounts of protein between preparations and motor
constructs were determined using densitometry, and superna-
tant containing expressed motor protein was aliquoted and
stored at —80 °C until further use.

Subtilisin treatment

To remove C-terminal tails, 5 um paclitaxel-stabilized micro-
tubules was treated with 0.05 um subtilisin A (Sigma-Aldrich),
resuspended in P12 Buffer, for 45 min at 25 °C. The reaction was
stopped by the addition of 5 mm phenylmethanesulfonyl fluoride.
Subtilisin treatment was confirmed by Coomassie staining of an
SDS-polyacrylamide denaturing gel. Tubulin concentration was
determined as described previously.

In vitro single-molecule TIRF

Flow chambers used in in vitro TIRF experiments were con-
structed as described previously (68). Flow chambers were
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incubated with monoclonal anti-g III (neuronal) antibodies at
33 pg/ml for 5 min, then washed twice with 0.5 mg/ml bovine
serum albumin (BSA; Sigma-Aldrich), and incubated for 2 min.
1 uM microtubules (any experimental condition) was adminis-
tered and incubated for 8 min. Nonadherent microtubules were
removed with a P12 Buffer wash supplemented with 20 pum
paclitaxel. Kinesin motors in motility buffer consistent with
past literature (12 mm PIPES, 1 mm MgCl,, 1 mmM EGTA, 10 mm
DTT, 10 mg/ml BSA, 2 mm ATP, and an oxygen scavenger
system (5.8 mg/ml glucose, 0.045 mg/ml catalase, and 0.067
mg/ml glucose oxidase; Sigma-Aldrich) supplemented with 20
M paclitaxel) (22) or a high-salt motility buffer (same as motil-
ity buffer with the only change being that the PIPES concentra-
tion was raised to 80 mm) supplemented with 2 mm ATP were
added to the flow cell just before image acquisition. For landing
rate assays, in vitro KIF1A motility assays were prepared as
described above with the only change being that motility buffer
was supplemented with 2 mm ADP. Control Drosophila mela-
nogaster biotin-tagged kinesin-1 motors were labeled with
streptavidin-conjugated Qdot 655 (Life Technologies) at a 1:4
motor:Qdot ratio as described previously (68, 69).

TIRF microscopy was performed at room temperature using
an inverted Eclipse Ti-E microscope (Nikon, Melville, NY) with
a 100X Apo TIRF objective lens (1.49 numerical aperture) and
dual iXon Ultra electron-multiplying charge-coupled device
cameras running NIS Elements version 4.51.01. Rhodamine-
labeled microtubules were excited with a 561 nm laser and a
590/50 filter. KIF1A-LZ-3xmCitrine (WT or Tri-Ala) motors
were excited with a 488 nm laser and a 525/50 filter. Qdot 655—
conjugated kinesin-1 motors were excited with a 640 nm laser
and 655 nm filter. All movies were recorded with an acquisition
time of 200 ms for 500 frames (100-s observation).

Photobleaching assay

As an additional control, a photobleaching assay was per-
formed to confirm that KIF1A run lengths were not underesti-
mated due to photobleaching of the C-terminal 3xmCitrine tag
(Fig. S6). Motors were adhered to microtubules in the presence
of AMPPNP (Sigma-Aldrich) and washed once to remove unat-
tached motors. Using Image], a region of interest (ROI) was
drawn around each fluorescent spot, and the average intensity
of each pixel within the ROI was measured over time. Intensity
was background-corrected, and a motor was considered pho-
tobleached when the ROI average intensity was 0.

Western blot analysis

Purified tubulin protein was separated by electrophoresis on
Mini-PROTEAN® TGX™ gels (Bio-Rad) and transferred to a
polyvinylidene fluoride membrane (Bio-Rad). Membranes
were blocked in in a 1:1 solution of phosphate-buffered saline
(PBS; 155 mm NaCl, 3 mm Na,HPO,, and 1 mm KH,PO,, pH
7.4) and Odyssey® blocking reagent (Li-COR Biosciences, Lin-
coln, NE). A mouse anti-polyglutamylated tubulin antibody
(1:8,000; GT335, AdipoGen, San Diego, CA) or a mouse anti-
a-tubulin antibody (1:10,000; DMI1A, Sigma-Aldrich) was
administered to membrane followed by a secondary DyLight
800 anti-mouse IgG antibody (1:10,000; Thermo Fisher Scien-
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tific). Secondary antibody fluorescence was detected using an
Odyssey CLx (Li-COR Biosciences).

Data analysis

Motility events were analyzed as reported previously (69, 70).
In brief, overall run length motility data were measured using
the Image] MTrack] plug-in for a frame-by-frame quantifica-
tion of KIF1A motility. Pauses are defined as segments where
the average velocity is less than 0.2 wm/s over three frames or
more. Continuous events were identified at the boundaries of
pausing events. Average overall/continuous speeds were plot-
ted as a histogram, with mean and S.D. reported in Table 1.
KIF1A pause duration events were fit to a single-exponential
decay, represented as cumulative frequency plots with confi-
dence intervals (ClIs) of 95%. Pause duration is reported as the
inverse of the decay rate, representing the lifetime of pause
duration events.

Kymographs of motor motility were created using the Mul-
tipleKymograph Image] plug-in, with a set line thickness of 3.
To correct for microtubule track length effects on motor motil-
ity, overall/continuous run length data were resampled to gen-
erate cumulative frequency plots (99% CI) using methods
reported previously (71). After data resampling, statistical sig-
nificance between motor run length and speed data sets was
determined using a paired ¢ test.

To determine the landing rate of KIF1A on various microtu-
bule conditions, the total number of motor landing events on
the microtubule was divided by the length of the microtubule
and further divided by the duration of the movie (events/um/
min). To be considered a landing rate event, a motor must
remain on the microtubule for three consecutive frames under
ADP- or AMPPNP-state conditions.
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