Tubulin CFEOM mutations both inhibit
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ABSTRACT Kinesin-mediated transport along microtubules is critical for axon development
and health. Mutations in the kinesin Kif21a, or the microtubule subunit B-tubulin, inhibit axon
growth and/or maintenance resulting in the eye-movement disorder congenital fibrosis of the
extraocular muscles (CFEOM). While most examined CFEOM-causing B-tubulin mutations in-
hibit kinesin—-microtubule interactions, Kif21a mutations activate the motor protein. These con-
trasting observations have led to opposed models of inhibited or hyperactive Kif21a in CFEOM.
We show that, contrary to other CFEOM-causing B-tubulin mutations, R380C enhances kinesin
activity. Expression of B-tubulin-R380C increases kinesin-mediated peroxisome transport in S2
cells. The binding frequency, percent motile engagements, run length and plus-end dwell time
of Kif21a are also elevated on B-tubulin-R380C compared with wildtype microtubules in vitro.
This conserved effect persists across tubulins from multiple species and kinesins from different
families. The enhanced activity is independent of tail-mediated kinesin autoinhibition and thus
utilizes a mechanism distinct from CFEOM-causing Kif21a mutations. Using molecular dynam-
ics, we visualize how B-tubulin-R380C allosterically alters critical structural elements within the
kinesin motor domain, suggesting a basis for the enhanced motility. These findings resolve the
disparate models and confirm that inhibited or increased kinesin activity can both contribute
to CFEOM. They also demonstrate the microtubule’s role in regulating kinesins and highlight
the importance of balanced transport for cellular and organismal health.

SIGNIFICANCE STATEMENT

* Neurons require axonal transport by kinesin motor proteins along microtubules. Kinesin mutations
that increase, or tubulin mutations that decrease transport cause the eye-movement disorder, con-
genital fibrosis of the extraocular muscles (CFEOM).

* Whether enhanced or diminished transport promotes CFEOM remains uncertain. Using in vitro re-
constitution, vesicle transport in Drosophila S2 cells, and molecular dynamics modeling, the authors
show a subset of CFEOM-causing tubulin mutations allosterically enhance kinesin activity.

* These findings resolve the opposed models by revealing tubulin mutations increasing or decreasing

transport contribute to similar CFEOM. They also suggest the microtubule plays an essential role in
regulating kinesin function.
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INTRODUCTION

Intracellular transport involves translocation of materials by mole-
cular motor proteins along microtubules and is essential for a range
of cellular functions (Kapitein and Hoogenraad, 2015; Barlan and
Gelfand, 2017). It is particularly important for nervous system devel-
opment and health, which requires the delivery of materials over
long distances where diffusion would be ineffective (Kapitein and
Hoogenraad, 2015; Mogre et al., 2020). Microtubule-dependent
transport is also critical for the development and long-term mainte-
nance of axons (Guillaud et al., 2020). A growing number of muta-
tions in the protein subunit of microtubules, tubulin, and in the
microtubule-dependent motor proteins, kinesin, have been shown
to cause human neurological disorders (Bahi-Buisson et al., 2014;
Kalantari and Filges, 2020; Jurgens et al., 2021).

Anterograde transport in axons is carried out by kinesin motor
proteins traveling along microtubules. A critical aspect of long-dis-
tance intracellular transport is the ability of kinesin to take multiple
processive steps along the microtubule without dissociating
(Hancock, 2016). Microtubules are cylindrical filaments that assem-
ble from tubulin, which is a heterodimer of o- and B-subunits
(Nogales, 2000). Because tubulin assembles in a head-to-tail man-
ner, the resulting microtubule is polar with a- and B-tubulin subunits
positioned at the “minus” and “plus” ends, respectively. Within
axons, microtubules form organized arrays with uniform polarity,
which facilitates anterograde and retrograde transport by plus-end
directed kinesin and minus-end directed dynein motors, respec-
tively (Kapitein and Hoogenraad, 2015; Guillaud et al., 2020).
During processive transport by dimeric kinesin, efficient chemome-
chanical coupling between the two motor domains ensures that
one is always securely bound to the microtubule as they alternately
move from the trailing to the leading position and “step” from one
underlying tubulin to the next (Hancock, 2016; Gilbert et al., 2018).
Thus, processivity is achieved by regulated allosteric changes in the
two motor domains that coordinate ATP hydrolysis and microtubule
binding.

An expanding number of mutations in tubulin and the kinesin
Kif21a are known to cause congenital fibrosis of the extraocular
muscles (CFEOM), an eye-movement disorder caused by impaired
axon growth and/or maintenance that prevents the oculomotor
nerve from properly innervating ocular muscles (Traboulsi and En-
gle, 2004; Tischfield et al., 2010; Cederquist et al., 2012; Cheng
etal., 2014; Ryan and Engle, 2015; Al-Haddad et al., 2020; Jurgens
etal., 2021). While mutations in the tubulin isotypes Tubb3, Tubb2b,
or Tuba1la often result in CFEOM accompanied with other neuro-
logical developmental disorders (Tischfield et al., 2010; Cederquist
et al., 2012), those in Kif21a generally cause isolated CFEOM (Ya-
mada et al., 2003). Through efforts to understand the molecular eti-
ology, most CFEOM tubulin mutations that have been examined
significantly impair kinesin interaction with, or motility along micro-
tubules (Tischfield et al., 2010; Cederquist et al., 2012; Niwa et al.,
2013; Minoura et al.,, 2016; Ti et al., 2016). Surprisingly, Kif21a
CFEOM mutations were subsequently found to enhance kinesin’s
activity by preventing the normal head-to-tail autoinhibition of the
motor (Cheng et al., 2014). This led to the opposed models for
CFEOM development; in the first, tubulin mutations diminish kine-
sin-mediated transport while, in the second, mutations in Kif21a
boost kinesin activity. This resulting dichotomy challenges the idea
that tubulin and Kif21a mutations both cause CFEOM by perturbing
kinesin activity, as one decreases and the other increases activity. It
instead raises the possibility that the tubulin mutations may gener-
ate the CFEOM phenotype via a fundamentally different mecha-
nism than Kif21a mutations.
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We set out to address this paradox by investigating whether
similar CFEOM phenotypes arise from tubulin mutations that dif-
ferentially diminish or enhance kinesin activity. While it is logical
that disrupted microtubule-dependent transport would be detri-
mental to axon health, it is less clear whether enhanced transport
would be similarly harmful. We hypothesize that if activity-boost-
ing mutations in Kif21a can cause CFEOM (Cheng et al., 2014),
then increasing Kif21a activity by an alternative method would re-
sult in a similar phenotype. Here, we find that the B-tubulin-R380C
mutation enhances multiple parameters of kinesin-dependent
transport both in vitro and in vivo. This increase occurs via a funda-
mentally different mechanism than that observed in CFEOM-caus-
ing Kif21a mutations. We also directly confirm that the D417H
mutation disrupts kinesin function. Using molecular modeling we
reveal how R380C allosterically impacts the structural elements in
kinesin that mediate processive motility. Our results unify the ap-
parently disparate models for how mutations in tubulin or kinesin
result in CFEOM by showing that different tubulin mutations,
which result in similar phenotypic outcomes, either inhibit or en-
hance kinesin activity. They also highlight the role of the microtu-
bule track in regulating the molecular motions of kinesin needed
for processive motility.

RESULTS

B-tubulin-R380C increases kinesin binding and productive
engagement on microtubules

The CFEOM tubulin mutations examined to date support a mecha-
nism of disrupted kinesin interaction with the mutant-containing
microtubules (Tischfield et al., 2010; Cederquist et al., 2012; Niwa
et al., 2013; Minoura et al., 2016). Strikingly, and opposite to those
CFEOM tubulin mutations, the B-tubulin R380C substitution signifi-
cantly enhances microtubule localization of the kinesin Kip3 in yeast
cells (Figure 1A; Tischfield et al., 2010). This prompted us to exam-
ine whether the B-tubulin R380C mutation may function to enhance
kinesin activity.

To quantify kinesin activity in vitro we established a total internal
reflection fluorescence (TIRF) microscopy-based assay (Supplemen-
tal Figure S1A). Microtubules were assembled from purified wild-
type and B-R380C yeast tubulin (Supplemental Figure S1B). Another
B-tubulin mutation, D417H, was utilized as a representative CFEOM
mutation that disrupts kinesin interaction (Figure 1A). Mouse Kif21a,
which is highly conserved with human Kif21a (Supplemental Figure
S1F), fused to GFP was expressed in HEK293T cells and dilute, clari-
fied extracts were applied to flow chambers containing GMPCPP-
stabilized microtubules (Cheng et al., 2014). Photobleaching analy-
sis demonstrated our assay monitors dimeric Kif21a-GFP and not
higher order clusters and/or aggregates functioning together (Sup-
plemental Figure S1, C-E). Kinesin interaction and motility on micro-
tubules was quantified from kymographs (Figure 1B). Compared to
wildtype microtubules, we found that R380C produces a 29% in-
crease in Kif21a binding frequency (Figure 1E). Moreover, more than
twice the number of binding events detected on R380C microtu-
bules result in productive motility (Figure 1E). By contrast, the
D417H mutation severely diminishes overall binding and motility
events (Figure 1E).

Several classes of kinesins are autoinhibited by intramolecular
interactions between the motor domain and distal regions of the
extended stalk and tail (Figure 1C; Coy et al., 1999; Friedman and
Vale, 1999; Stock et al., 1999). A subset of Kif21a CFEOM muta-
tions are known to disrupt the autoinhibitory interaction between
the motor domain and the third coiled-coil region of the stalk
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B-tubulin-R380C increases kinesin binding and productive engagement on microtubules. (A) Top: maximum
projected Z-stack images of Kip3-3YFP (red) on wildtype and mutant microtubules labeled with CFP-Tub1 (o-tubulin,
green) in yeast cells. White arrowheads denote representative astral microtubule plus-ends. Signal intensity adjusted
equally in all images for comparison. Bottom: graph shows mean Kip3-3YFP levels at astral microtubule plus-ends. Scale
bar = 2 pm. (B) Events during kinesin-microtubule interaction (left) and representative kymograph of Kif21a-GFP activity
on a microtubule in vitro monitored by TIRF microscopy (center). Representative kinesin events are indicated by asterisks
and colors on the marked kymograph (right). (C and D) Head-to-tail interaction autoinhibits full-length Kif21a (C) but not
the truncated Kif21a-917 (D). (E and F) Binding frequency and percent of binding events that result in processive motility
for (E) Kif21a and (F) truncated Kif21a-917. In (A) n = 202 plus-ends from two independent clones on two independent
days for each genotype. For (E) n= 353, 310, and 179 from 31, 28, and 31 microtubules, for (F) n=302, 375, and 123
from 26, 30, and 30 microtubules for Tub2, Tub2-R380C, and Tub2-D417H, respectively. For all panels graphs depict
mean + SEM; asterisks denote p values compared with Tub2; * p < 0.05, ** p < 0.01, and *** p < 0.001 by unpaired
Student’s t test. See also Supplemental Figure S1.

(Cheng et al., 2014; Bianchi et al., 2016). This autoinhibition can be To gain insight into the mechanism by which R380C tubulin in-
constitutively removed by truncation at position 917 before the  creases kinesin activity we tested kif21a-917 in our TIRF assay. We
third coiled-coil, referred to as Kif21a-917 (Figure 1D; Supplemen- reasoned that if R380C functions to antagonize autoinhibition of
tal Figure S1G; Cheng et al., 2014). Kif21a, then removal of the distal stalk and tail in Kif21a-917, which
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precludes autoinhibition, should eliminate the increased activity on
R380C compared with wildtype microtubules. As expected, binding
of Kif21a-917 to wildtype microtubules is increased ~100-fold rela-
tive to full-length Kif21a (compare Figure 1, E and F). Strikingly, de-
spite this 100-fold increase, the binding frequency of Kif21a-917 is
further elevated another 31% on R380C over wildtype microtubules
(Figure 1F).

Whereas only ~30% of full-length Kif21a binding events result in
productive motility on wildtype microtubules, that percentage is
doubled to 61% for Kif21a-917, as expected for an uninhibited mo-
tor (compare Figure 1, E and F). On R380C microtubules, the per-
centage of Kif21a-917 binding events that result in productive motil-
ity is further increased by 30% (Figure 1F). Opposite to the effect of
R380C, the D417H mutation severely inhibits both the overall bind-
ing as well as the initiation of productive motility following Kif21a-917
binding to the microtubule (Figure 1F).

Considering the binding rate and the percentage of those
events that result in processive motility, at identical Kif21a concen-
trations, nearly three times as many productive interactions occur
on R380C compared with wildtype microtubules (0.042 + 0.004 vs.
0.016 +£0.002 um~'min~!, mean + SEM, respectively). For the consti-
tutively active Kif21a-917, the number of productive interactions on
R380C remains almost twice as high as that on wildtype microtu-
bules (6.06 £ 0.02 vs. 3.56 £ 0.02 pm~'min~", mean + SEM, respec-
tively). In contrast, both full-length and truncated Kif21a display
significantly fewer productive interactions on D417H relative to
wildtype microtubules (Figure 1, E and F).

These results demonstrate that the R380C mutation increases
the binding frequency as well as the fraction of encounters that re-
sult in productive motility of Kif21a along the microtubule. A similar
level of activation occurs with Kif21a-917, which does not undergo
the known head-to-tail autoinhibition (Cheng et al., 2014; Bianchi
etal., 2016). Thus, the effect of R380C is independent of this Kif21a
autoinhibition mechanism.

B-tubulin-R380C increases the processive run length of Kif21a
We next asked whether the tubulin R380C mutation affects other
parameters of kinesin function. Following productive binding Kif21a
undergoes processive plus-end-directed motility along the microtu-
bule. During this process, chemomechanical coupling between the
two motor domains ensures at least one is securely bound to the
microtubule while they alternately advance from the trailing to the
leading position. In this way kinesin can take many processive
“steps” toward the plus-end before disengaging the microtubule.

For both Kif21a and the truncated Kif21a-917, individual run
lengths form lognormal distributions. For full-length Kif21a on wild-
type microtubules, the “geomean” of the distribution, or midpoint
at which half the runs are longer, and half shorter, is 0.68 pm. The
“center” of the distribution, or run length with the highest frequency
is 0.29 pm (Figure 2A). The distribution of Kif21a run lengths on
R380C microtubules is significantly skewed toward longer distances
(p = 0.039 by K-S test; Figure 2A). Although the geomean of run
lengths is only slightly elevated, the center of the distribution is 61%
higher than on wildtype microtubules with distinct 95% confidence
intervals (0.27-0.30 vs. 0.45-0.48 pm for wildtype and R380C, re-
spectively; Figure 2A). This reveals that R380C enhances run length,
and with full-length Kif21a the effect may be observed predomi-
nantly on shorter runs. Compared to wildtype, run lengths on
D417H microtubules are significantly reduced (p = 0.0043 by K-S
test; Figure 2A). The geomean and center are both reduced ~30%
(95% confidence interval 0.16-0.23 vs. 0.27-0.30 for D417H and
wildtype, respectively).

4 | A Luchniak et al.

Consistent with the lack of autoinhibition, run lengths of the
truncated Kif21a-917 are significantly increased compared with
full-length Kif21a. On wildtype microtubules Kif21a-917 runs dis-
play a geomean of 4.03 ym and center of 1.56 pm, compared with
0.68 and 0.29, respectively, for full-length Kif21a (Figure 2; Supple-
mental Figure S2A). The distribution of Kif21a-917 run lengths is
significantly altered on R380C and D417H microtubules (p = 0.041
and <0.0001 by K-S test for wildtype vs. R380C and D417H, re-
spectively). The center of the run lengths is increased 13% on
R380C and decreased 68% on D417H microtubules (Supplemental
Figure S2A).

When the ionic strength of the buffer is increased by addition of
100 mM KClI, the geomean and center of Kif21a-917 run lengths on
wildtype microtubules is somewhat decreased to 1.74 and 0.63 ym,
respectively (Figure 2B). Under these more stringent binding condi-
tions, however, the effect of R380C on run length distribution is
even more apparent (p = 0.004 by K-S test). Compared to wild-
type, the geomean is increased 30% and the center is 56% higher
(Figure 2B; 95% CI for center = 0.54-0.71 vs. 0.90-1.05 pm for
wildtype and R380C, respectively). Compared to wildtype, the dis-
tribution is shifted toward shorter run lengths on D417H microtu-
bules (p < 0.0001 by K-S test), with both center and geomean re-
duced by ~45% (Figure 2B).

The length distributions of wildtype, R380C and D417 microtu-
bules analyzed in these assays are statistically indistinguishable un-
der all conditions tested, which shows that polymer length is not a
limiting factor responsible for the observed changes in run lengths
(Supplemental Figure S3). Altogether the results demonstrate that
B-tubulin-R380C enhances Kif21a run length. As with productive
binding rates, the influence of R380C is opposite to that of D417H,
which sharply decreases run length. These effects are also seen with
truncated Kif21a-917. Thus, the mechanisms by which R380C and
D417H alter run length are independent of the autoinhibition medi-
ated by the distal stalk region.

B-tubulin-R380C does not significantly alter the velocity

of Kif21a

We did not observe a statistically significant change in the geomean
of velocities on R380C relative to wildtype microtubules with the
full-length or truncated Kif21a constructs (Supplemental Figure
S2B). The D417H mutation, however, reduces velocity by 30-65%
for full-length Kif21a and Kif21a-917 (Supplemental Figure S2B).
The reduced velocity on D417H microtubules is statistically signifi-
cant for Kif21a-917 under both lower and higher ionic strength con-
ditions (p < 0.0001 for both by K-S test). Thus, R380C does not
significantly alter Kif21a velocity, whereas the motor is clearly slower
on microtubules harboring the D417H mutation.

B-tubulin-R380C significantly increases the plus-end dwell
time of Kif21a

When a kinesin reaches the end of a microtubule it can remain
bound, transiently “dwelling” before disengaging. Compared to
wildtype, this dwell time is doubled when Kif21a encounters the end
of an R380C microtubule (Figure 2C). With truncated Kif21a-917 the
dwell time increases by 45% on R380C relative to wildtype microtu-
bules, and is also nearly doubled under the more stringent, high salt
binding conditions (Figure 2C). The dwell time on D417H microtu-
bules could not be reliably determined due to the small number of
kinesin molecules successfully reaching the end of these polymers.
The longer dwell times are consistent with increased binding affin-
ity, and/or more efficient chemomechanical coupling between the
kinesin motor domains on R380C microtubules.

Molecular Biology of the Cell
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FIGURE 2: B-tubulin-R380C increases Kif21a processive run length and plus-end dwell time. Distribution of run lengths
on wildtype and mutant microtubules for (A) full-length Kif21a, and for (B) truncated Kif21a-917 under increased ionic
strength conditions. Based on lognormal curve fits, geomean (geometric mean) = median, or characteristic run length,
center = run length with highest frequency. (C) Representative kymograph (left) showing Kif21a-GFP “dwell” (yellow
asterisk) at microtubule plus-end. Graphs depict dwell times (mean £ SEM). For (A and B) p values shown are calculated
based on the comparison with wildtype Tub2 using Kolmogorov-Smirnov test. In (A) n= 514, 348, and 85 from 163, 61,
and 86 microtubules over three experiments, and in (B) n =438, 595, and 60 from 56, 50, and 49 microtubules over two
trials for Tub2, Tub2-R380C, and Tub2-D417H, respectively. In (C) for Kif21a n = 61, 40, Kif21a-917 n=70, 72, and
Kif21a-917 (high salt) n =48, 51 from four experiments for each; * p < 0.05, ** p < 0.01 by unpaired Student'’s t test.

See also Supplemental Figures S2 and S3.

B-tubulin-R380C allosterically impacts kinesin regions critical
for chemomechanical activity and processive motility

Processive kinesin motility requires efficient chemomechanical cou-
pling between the two motor heads. Binding to the microtubule
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induces allosteric changes in kinesin that coordinate ATP hydrolysis
and thus, are essential for processivity (Figure 3, A and B; Sindelar
and Downing, 2010; Gigant et al., 2013; Atherton et al., 2014,
Shang et al., 2014). The R380C substitution is located away from the
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kinesin—-microtubule binding interface, on the distal side of the kine-
sin-binding tubulin helixes 011 and 12, yet it increases kinesin bind-
ing and processivity nonetheless (Figure 3A). We hypothesize that
R380C alters the dynamic interaction and allosteric changes in-
duced in kinesin during microtubule binding. To investigate this
possibility, we carried out molecular dynamics (MD) simulations and
elastic network modeling analyses of kinesin bound to tubulin and
the microtubule, respectively.

To increase atomic precision in our default structure we used
that obtained from the single isotype Tub1/Tub2 heterodimer de-
termined in microtubules (Howes et al., 2017), which also corre-
sponds to the tubulin utilized for the in vitro assays reported here.
There is currently no structure reported for the motor domain of
any Kif21a family member. Thus, we utilized the ~5 A resolution
structure of the microtubule-bound, plus-end directed motor
KifSb (Shang et al., 2014), that belongs to the same kinesin-1 fam-
ily that we show below, in Figure 4, is upregulated by R380C tubu-
lin. The Kif5b structure was docked onto two independently re-
laxed wildtype tubulin structures and two independently relaxed
R380C tubulin structures (Shang et al., 2014). Each of these com-
plexes was further relaxed in two independent MD simulations
over another 200 ns, generating four wildtype and four R380C ki-
nesin-docked tubulin structures. These four independently re-
laxed structures for each tubulin isotype were used to determine
the root-mean-square fluctuation (RMSF) for each alpha carbon
atom. When kinesin interacts with R380C tubulin, five segments of
the motor domain display large RMSF changes relative to those of
the motor bound to wildtype tubulin (Figure 3C). While three of
these segments are near the microtubule binding surface, another
two, amino acid numbers 18-34 and 95-105, are relatively distant
from the binding surface and, although 95-105 is adjacent to the
P-loop, neither is known to be directly important for kinesin trans-
location (Figure 3D).

Strikingly, the other three kinesin segments that display altered
RMSF play key roles in the chemomechanical cycle and processive
motility (Figure 3E). Helix 04 forms the main microtubule binding
structure of kinesin and settles into the groove between the o- and
B-tubulin subunits (Figure 3, A and B). Microtubule binding pro-
motes stabilization of the end of a4 that leads into the loop 11/
switch Il motif (Sindelar and Downing, 2010; Gigant et al., 2013;
Atherton et al., 2014; Shang et al., 2014). The microtubule binding
state is thus transmitted via conformational changes in loop 11/
switch Il to regulate the hydrolysis of ATP (Figure 3B; Sindelar and

Downing, 2010; Gigant et al., 2013; Atherton et al., 2014; Shang
et al., 2014). Loop 11, which is a critical component of switch Il dis-
plays decreased flexibility when the kinesin is bound to the R380C
tubulin in comparison with wildtype (Figure 3, C and E). Helix a6
links microtubule binding and ATP hydrolysis to the repositioning of
the neck linker to thrust the trailing motor head into the leading
position (Rice et al., 2003; Sindelar and Downing, 2010; Gigant
et al., 2013; Atherton et al., 2014; Shang et al., 2014). This region
shows increased flexibility when bound to the R380C tubulin
(Figure 3, C and E). Moreover, the end of a4 that is distant to loop
11/switch Il must undergo a conformational change to allow the
neck linker, attached to 06, to reorient during the stepping motion
(Figure 3F; Gigant et al., 2013; Shang et al., 2014). Notably, this re-
gion of a4 experiences increased mobility when bound to R380C
tubulin (Figure 3, C and E).

TUBB3-R380C increases kinesin-dependent transport

in cells.

The kinesin motor domain and tubulin, along with the region around
arginine-380 in B-tubulin, are highly conserved (Tischfield et al.,
2010). Consistent with this strong conservation, our data show that
the R380C substitution in yeast tubulin not only enhances microtu-
bule localization of the kinesin Kip3 in yeast but also increases the
binding and transport activity of mammalian Kif21a. We next inves-
tigated if the kinesin-boosting effect of R380C is conserved in hu-
man tubulin and whether the substitution would impact kinesin-de-
pendent transport in a cellular context. To address these questions,
we quantified kinesin-dependent peroxisome transport in
Drosophila S2 cells (Ally et al., 2009).

The CFEOM-causing R380C and D417H mutations have been
described in human B-tubulin isotype Tubb3. Thus, we transfected
S2 cells with constructs encoding either wildtype human Tubb3,
Tubb3-R380C, or Tubb3-D417H to quantify the effects of the mu-
tant tubulin on peroxisome movements. In S2 cells peroxisomes are
transported toward microtubule plus-ends by kinesin-1, while dy-
nein is responsible for minus-end directed movements (Kural et al.,
2005). To focus only on microtubule-dependent transport, we
treated cells with cytochalasin D to depolymerize the actin cytoskel-
eton and eliminate any contribution from actin-dependent motors.
S2 cells treated with cytochalasin D develop many-micron long,
microtubule-rich extensions (Figure 4A; Lu et al., 2013). These long,
thin projections have been shown to contain polarized microtubules
organized with their minus-ends toward and plus-ends projected

FIGURE 3: B-tubulin-R380C allosterically impacts kinesin regions critical for chemomechanical activity and processive
motility. (A) Ribbon and space filling model of kinesin (Kif5b) bound to tubulin. B-tubulin-R380 (blue) is positioned away
from the binding interface. Kinesin 04 (magenta) and 0.6 (cyan) helices and ATP (gold) are colored. (B) Two different
views of kinesin highlighting in various colors structural elements critical for chemomechanical activity and processive
motility. (C) RMSF of amino acids in the structure of kinesin-ATP bound to wildtype versus R380C microtubules. (D and
E) Views of kinesin highlighting regions of altered RMSF (red) that are either (D) not known to be important or (E) critical
for kinesin activity. ATP shown in yellow and neck linker in black. (F) Schematic model of kinesin structural changes
during chemomechanical cycle. Top row: When not bound to the microtubule, ADP-bound kinesin stochastically
undergoes seesaw motion with the bulky side chains (L258, L261) of the 04 helix (magenta) acting as the “fulcrum”
(triangle; Sindelar and Downing, 2010). Bottom row: Microtubule binding of the leading kinesin head positions the a4
helix along the interface of the o and B-tubulin subunits and promotes extension of the N-terminal end of the helix (light
magenta) and structural ordering of the loop 11/switch Il motif (L11; orange), which sterically hinders seesaw motion
and keeps the neck linker (NL; green) in the disordered configuration. In the ATP bound state, kinesin seesaws into the
alternate configuration with a movement of 0.6 helix (blue) relative to 04, and an extension of the C-terminal end of 06
(green) that allows the connected neck linker to dock along the motor domain in the ordered conformation (solid green
line), generating the power stroke to thrust the previously trailing motor head into the leading position. (Fourniol and
Moores, 2010; Sindelar and Downing, 2010; Gigant et al., 2013; Atherton et al., 2014; Shang et al., 2014).
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FIGURE 4: TUBB3-R380C increases kinesin-dependent transport in S2 cells. (A) Schematic of GFP-labeled peroxisomes
(green circles) in cytochalasin D-treated S2 cells. (B) Snapshots from time-lapse images of GFP-labeled peroxisome
(white, arrowhead) in S2 cell projection. (C) Representative kymograph of peroxisome transport in S2 cell projections.
(D-H) Parameters of peroxisome transport in cells expressing wildtype Tubb3, Tubb3-R380C, or Tubb3-D417H as
indicated. Expression of wildtype Tubb3 did not significantly alter peroxisome transport compared with control S2 cells
lacking Tubb3 expression (see Supplemental Figure S4). In (D) run length for Tubb3 = 0.5387 + 0.025 pm (mean + SEM)
and in (E) velocity = 0.148 + 0.006 pm/s (mean + SEM). For Tubb3, Tubb3-R380C, and Tubb3-D417H in (D) n=1121, 216,
and 494, in (E) n= 1119, 216, and 492, in (F) n= 235, 63, and 108, in (G) n= 235, 63, and 108, and in (H) n= 206, 63, and
108 from 51, 29, and 35 cells, respectively, from at least two independent experiments. For all panels graphs depict
mean + SEM; asterisks denote p values compared with Tubb3; * p < 0.05, ** p <0.01, and *** p < 0.001 by unpaired

Student’s t test. See also Supplemental Figure S4.

outward from the cell body (Kural et al., 2005). We monitored an-
terograde movement of GFP-labeled peroxisomes within the pro-
jections by time-lapse microscopy and quantified parameters of ki-
nesin-dependent transport on microtubules (Figure 4, B and C; Ally
et al., 2009).

Relative to wildtype Tubb3, in cells expressing Tubb3-R380C
the plus-end directed run length, defined as a segment of con-
tinuous peroxisome movement, is increased by 35% (Figure 4D).
In cells expressing Tubb3-D417H it is decreased by ~30% (Figure
4D). While R380C does not significantly alter the velocity of per-
oxisome movement, D417H markedly reduces the speed of trans-
port (Figure 4E). The distribution of cellular projection lengths in
cells expressing the R380C or D417H mutants are comparable to
those in cells expressing wildtype Tubb3 (Supplemental
Figure S4A). Thus, potential differences in projection lengths can-
not explain the observed increase and decrease of peroxisome
run lengths on R380C and D417H microtubules, respectively. The
D417H substitution also reduces the percent time peroxisomes
spend in motion, which is countered by an increased frequency of
changing from a moving to stationary state, or pausing, and total
time spent paused (Figure 4, F and G; Supplemental Figure S4B).
The R380C substitution, in contrast, decreases the frequency of
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peroxisome pausing by 50% (Figure 4G). Peroxisomes traveling
on Tubb3-R380C microtubules also continue traveling in the
same direction longer than they do on wildtype Tubb3 microtu-
bules (Figure 4, G and H). We did not observe a noticeable ac-
cumulation of peroxisomes at the tips of projections in cells ex-
pressing R380C compared with wildtype Tubb3. Notably, none of
the transport parameters are significantly altered between control
S2 cells and those expressing wildtype Tubb3 (Supplemental
Figure S4, C-H).

These data show that relative to wildtype Tubb3, the D417H sub-
stitution diminishes kinesin-dependent peroxisome movement. This
is consistent with previous reports showing reduced kinesin localiza-
tion to D417H-containing microtubules in yeast and mouse cells, as
well as decreased transport of vesicles and mitochondria in mouse
hippocampal neurons (Tischfield et al., 2010; Niwa et al., 2013).
Opposite to the effect of D417H, and consistent with the increased
kinesin localization observed in yeast cells, the R380C substitution
enhances kinesin-dependent peroxisome transport when expressed
in S2 cells. Finally, both mutations alter peroxisome movement in a
dominant manner.

Altogether these results show that substitution of the conserved
arginine 380 residue with cysteine increases multiple parameters of
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kinesin activity resulting in boosted kinesin-dependent transport in
a cellular context. Conversely, most parameters of kinesin-depen-
dent transport are decreased by the D417H mutation.

Molecular modeling reveals more effective
protofilament-aligned motion on R380C microtubules

To examine the molecular motions of kinesin bound to the microtu-
bule we built a model of the Kif5b kinesin motor domain bound to
a segment of 13 protofilament microtubule assembled from either
wildtype or R380C Tub1/Tub2 tubulin heterodimers (See Supple-
mental Material). Elastic network modeling with NOLB (nonlinear
rigid block normal mode analysis) is used to reveal the normal-
mode of protein motions, with the first few modes likely represent-
ing the action of the most prevalent movements (Hoffmann and
Grudinin, 2017). This approach using the entire kinesin-microtu-
bule structure reveals that the first three modes of internal motions
of the kinesin relative to the microtubule are a longitudinal “rock-
ing” (Supplemental Movie 1), a lateral “tilting” (Supplemental
Movie 2), and a “twisting” that reflects a rotation of the motor do-
main relative to the underlying tubulin subunit (Supplemental
Movie 3). Consistent with this, a tilting motion of ~12-15° has been
proposed as a key component of the ATP-dependent enzymatic
cycle of kinesin from static structures (Figure 3F; Sindelar and
Downing, 2010; Gigant et al., 2013; Atherton et al., 2014; Shang
et al., 2014). Our results further reveal that the directionality of the
primary kinesin motions is significantly altered on R380C microtu-
bules (Figure 5). By using a reference vector that connects the cen-
ters of adjacent tubulin heterodimers along a single protofilament,
it is seen that the longitudinal rocking motion is offset by 52° on
wildtype but only 11° on the R380C microtubules. Thus, the direc-
tion in this rocking motion is nearly parallel to the protofilament
when kinesin is bound to the R380C polymer (Figure 5A), that is,
more aligned with the direction of translocation. On the wildtype
microtubules the tilting motion is offset by 43° from this reference
vector, while on R380C it is nearly perpendicular with an 88° offset
(Figure 5B). The direction of the twisting motion is altered relatively
little with an overlap of 35% for wildtype and 30% for the R380C
microtubules, respectively (Figure 5C).

Strikingly, when the first 100 normal modes of kinesin motion are
considered, the overlap of the cumulative motion with the longitu-
dinal reference vector on wildtype microtubules is 23.5%. On R380C
microtubules, cumulative kinesin motion is more aligned with the
protofilament and overlap with the reference vector increases to
62.1%. This indicates a significant change in the direction of the net
cumulative motion with longitudinally-directed motions of the
motor domain favored on R380C in comparison with wildtype mi-
crotubules. Altogether, the computations show that R380C induces
allosteric changes in kinesin and enhances the processivity-directed
motion of the kinesin-microtubule interaction.

DISCUSSION

Kinesins and microtubules exploit a highly conserved interaction to
underlie a wide range of biological functions. Our data show that
the R380C substitution in yeast B-tubulin enhances kinesin localiza-
tion on microtubules in budding yeast. It also increases multiple pa-
rameters of mouse Kif21a activity on these microtubules in vitro.
Additionally, the same R380C substitution in human B-tubulin, when
expressed in Drosophila S2 cells, promotes kinesin-dependent per-
oxisome transport. One possible limitation of our study may be the
use of yeast tubulin to measure mammalian Kif21a activity in vitro
and for MD simulations in silico. Differences between yeast and
human tubulin could potentially influence the allosteric mechanism
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proposed here for regulation of kinesin activity by the R380C sulbsti-
tution. Yet, the enhanced kinesin activity is observed with tubulins
and kinesins from multiple species, that is, mouse or Drosophila ki-
nesin with yeast or human tubulin, respectively. Thus, these differ-
ences may also be a strength, revealing a conserved effect of R380C
on kinesin motor activity. This is in stark contrast to the conserved
impact of D417H which, like R380C, also causes CFEOM but se-
verely diminishes kinesin activity in all these contexts.

The kinesin motor domain, tubulin, and specifically B-tubulin
residues R380 and D417 are highly conserved (Tischfield et al.,
2010). The D417H substitution disrupts a conserved interaction at
the tubulin-motor interface needed for tight kinesin binding to the
microtubule (Uchimura et al., 2006). Our data show that R380C also
alters conserved tubulin-motor interactions, but in a manner that
enhances productive binding and kinesin activity. Substituting -
tubulin R380 with any amino acid does not produce the same effect.
In contrast to R380C, the R380A mutation does not alter the in vitro
binding frequency, run length, or velocity of HK560, a truncated hu-
man kinesin-1 construct (Uchimura et al., 2010). Yet it lowers the
microtubule binding strength of the nucleotide free- and AMP-PNP-
bound form of the kinesin, while increasing the unbinding force rela-
tive to the stall force of the AMP-PNP-bound motor. Thus arginine
380 may influence microtubule—kinesin interactions in a nucleotide-
sensitive manner, while the substitution with alanine or cysteine dif-
ferentially affects this allosteric communication.

B-tubulin-R380C increases kinesin activity by a dominant
mechanism that is different from that of CFEOM-causing
Kif21a mutations

While CFEOM-causing mutations in Kif21a activate the mutant mo-
tor on wildtype microtubules, the B-tubulin-R380C mutation con-
versely activates wildtype kinesins on the mutant polymer. Although
both scenarios result in CFEOM, the underlying mechanisms of ki-
nesin activation are distinct. Mutations in Kif21a function to attenu-
ate the intramolecular head-to-tail interactions that normally autoin-
hibit the motor (Cheng et al., 2014). In contrast, the effect of
B-tubulin-R380C is observed independent of tail-mediated autoin-
hibition. Relative to full-length motor, the basal activity of tail-trun-
cated Kif21a-917, which lacks autoinhibition, is increased on normal
microtubules. Notably, Kif21a-917 activity is further enhanced on
B-tubulin-R380C microtubules (Figures 1 and 2). This excessive acti-
vation is independent of the kinesin tail, and thus the head-to-tail
autoinhibition mechanism. Instead, kinesin activation by B-tubulin-
R380C is likely mediated through the motor domain.

We cannot exclude the possibility that, rather than B-tubulin-
R380C enhancing kinesin activity directly, another factor present in
the tubulin preparations or HEK293T and S2 cells stimulates motor
activity in the context of R380C microtubules. A contaminating
protein(s) enriched in the R380C tubulin preparation could function
to enhance kinesin activity. Alternatively, a factor present in all tubu-
lin preps, or in the HEK293T cell lysates could increase motor activ-
ity specifically on R380C microtubules. However, a factor similarly
capable of boosting kinesin transport specifically on R380C tubb3-
containing microtubules would also be required in S2 cells, which
decreases the likelihood of this scenario. Thus, we favor the hypoth-
esis that R380C directly impacts kinesin function.

Unlike B-tubulin D417, the R380 residue is not located at the
microtubule-motor binding interface. Instead, it lies on the under-
side of helix a11 on B-tubulin (Figure 3A). Thus, it does not directly
contact kinesin. Previous work showed that, although Tubb3-R380C
folds less efficiently than wildtype in reconstituted in vitro transcrip-
tion/translation assays, R380C mutant tubulin heterodimers are
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FIGURE 5: B-tubulin-R380C allosterically alters motions of the motor domain during kinesin—
microtubule interaction, and a unifying model for tubulin and Kif21a CFEOM mutations. (A-D)
Change in the first three modes of nonrigid body kinesin motion when bound to wildtype versus
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nonetheless formed in vivo and copolymer-
ize into cellular microtubules (Tischfield
et al., 2010). In our yeast assay the diploid
cells are heterozygous for B-tubulin-R380C
or -D417H, thus each represents only a frac-
tion of cellular tubulin yet is sufficient to al-
ter microtubule-kinesin interaction. For in
vitro TIRF assays tubulin was purified from
cells overexpressing wildtype o-tubulin and
mutant B-tubulin, which leads to enrichment
of the overexpressed, mutant heterodimers
(Johnson et al., 2011). In the S2 cell assays,
TUBB3 was transiently expressed in the
presence of the full complement of
Drosophila B-tubulins. Quantitative immu-
nostaining revealed cells transfected with
wildtype or mutant TUBB3 expressed ~5%
more total tubulin than those nontrans-
fected (see Materials and Methods). Thus,
Tubb3-R380C likely comprises a limited pro-
portion of the microtubule subunits. Never-
theless, even at these levels it increases

in the same protofilament shown as dashed
red arrow. The angle of the kinesin motion
relative to the reference vector is indicated
for each case. (C) The directionality of
twisting motion on the microtubule is
indicated by the curved arrow. The percent
overlap of the twisting motion with the
longitudinal reference vector on wildtype and
R380C microtubules is indicated. (D) The
angle of kinesin “tilting” motion relative to a
reference vector (brown) tracking the long
axis of 04 (red) is indicated for wildtype and
R380C microtubules. (E) A unifying model for
tubulin and Kif21a CFEOM mutations. (i)
Intracellular transport levels are balanced
when wildtype kinesin operates on wildtype
microtubules in healthy axons. (i) Tubb3-
D417H and other B-tubulin mutations
diminish kinesin transport in axonal
compartments and result in CFEOM
(Tischfield et al., 2010; Cederquist et al.,
2012; Niwa et al., 2013; Minoura et al., 2016).
(iii) Kif21a mutations that have been
examined increase its activity on wildtype
microtubules in axons and cause CFEOM
(Cheng et al., 2014). (iv) Tubb3-R380C also
increases kinesin-dependent transport in
axons and produces CFEOM. Notably, there
are multiple scenarios in which excess kinesin
activation could lead to diminished cargo
delivery in axons (see discussion). Kif21a
mutations primarily cause isolated CFEOM
(Yamada et al., 2003), while those in tubulin
mainly cause CFEOM with additional axon
disorders (Tischfield et al., 2010; Cederquist
et al., 2012), presumably because disrupting
Kif21a predominantly affects its cargoes,
whereas altering the microtubule can perturb
the delivery of materials by a range of
kinesins, as well as microtubule dynamics and
interaction with MAPs. See also
Supplemental Movies S1-4.
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kinesin-dependent peroxisome transport. These findings are consis-
tent with the observation that R380C and D417H both demonstrate
gain-of-function mechanisms and cause disease while comprising
only a fraction of cellular B-tubulin (Tischfield et al., 2010). Consider-
ing its position away from the binding interface, the R380C substitu-
tion most likely introduces structural changes that allosterically im-
pact motor function. The fact that it acts at substoichiometric levels
suggests R380C may potentially influence neighboring tubulin sub-
units to enhance kinesin activity on the surrounding polymer. In-
deed, there is emerging evidence that allosteric communication
within the microtubule can drive cooperative kinesin binding and
processivity (Peet et al., 2018; Shima et al., 2018; Wijeratne et al.,
2022).

R380C does more than simply increase the binding affinity of
Kif21a, as in vivo and in vitro assays show it enhances multiple
parameters of kinesin activity. Rather than gain efficiency in a spe-
cific aspect of the enzymatic cycle, R380C may bolster the overall
chemomechanical process. In other words, it enhances the coordi-
nated cycle between the two motor heads needed for processive
motility. The R380C microtubule serves as a better substrate, or
partner, for kinesin transport. Because the R380 residue does not
contact kinesin directly, this is likely accomplished via allosteric
effects.

The B-tubulin-R380C substitution allosterically induces
changes in bound kinesin

There are two major categories of molecular motions required for
processive kinesin motility. In the first category, conformational
changes within the motor domain link the microtubule interaction
status with ATP binding and hydrolysis (Sindelar and Downing, 2010;
Gigant et al., 2013; Atherton et al., 2014; Shang et al., 2014, Benoit
et al., 2021). In the second category, the changes within a motor
domain are coupled with the larger scale molecular motions needed
to coordinate the binding and release of the two motor domains to
the microtubule (Toprak et al., 2009; Hancock, 2016). Our molecular
modeling shows B-tubulin-R380C allosterically impacts both catego-
ries of kinesin motion. First, our MD simulations reveal RMSF
changes concentrated in elements that are critical for the kinesin
chemomechanical cycle, namely helices a4, a6, and loop 11/switch
II. During the chemomechanical cycle, binding of the motor to the
microtubule both licenses that motor domain for ATP binding and
hydrolysis, as well as promotes release of the other, now trailing
head (Hancock, 2016). Helix a4 constitutes the major binding ele-
ment, and microtubule binding status is transmitted from 04 to the
nucleotide binding pocket via loop 11, which itself makes up part of
the Switch Il motif. Microtubule binding induces extension and sta-
bilization of the end of a4, also known as the switch relay, leading
into loop 11 (Gigant et al., 2013; Atherton et al., 2014; Shang et al.,
2014). This in turn stabilizes loop 11 in a short helical structure that
converts switch Il to the closed, or ATP hydrolysis-competent state
(Gigant et al., 2013; Atherton et al., 2014; Shang et al., 2014). Our
RMSF data indicate that R380C stabilizes loop 11 in the microtu-
bule-bound confirmation (Figure 3). This could serve to promote
microtubule binding and/or more efficiently couple microtubule in-
teraction to ATP binding and/or hydrolysis. Although it is debated
whether ATP binding or hydrolysis is the trigger, it is widely held that
this leads to a critical rearrangement of the neck linker connecting
the two motor domains that propels the freshly detached trailing
motor ahead of the tightly bound leading domain, thus positioning
it to locate the next available tubulin subunit (Hancock, 2016; Benoit
et al., 2023). This rearrangement, or “docking” of the neck linker
requires coordinated movements of a6 and a4, at the end opposite
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to loop 11 (Figure 3F; Gigant et al., 2013; Atherton et al., 2014;
Shang et al., 2014). Our modeling reveals that R380C promotes in-
creased flexibility specifically in these elements (Figure 3). This flex-
ibility may simply allow the neck linker to more readily reposition
upon ATP binding or hydrolysis. It's also possible, however, that pro-
ductive microtubule binding specifically induces flexibility in these
elements to facilitate neck linker repositioning. Similarly, productive
microtubule binding may further reinforce the stabilization of loop
11 to promote ATP hydrolysis. Together our activity assays and
molecular modeling show that R380C induces structural changes in
tubulin that allosterically influence key chemomechanical elements
in kinesin and that this influence is likely responsible for enhancing
motor transport.

Our elastic network modeling of kinesin interacting with the mi-
crotubule further reveals that R380C impacts the second category of
movements, the large-scale motions that coordinate the enzymatic
cycles of both motors to produce processive motility. Notably, dur-
ing the chemomechanical cycle, a kinesin tilting motion plays a key
role linking microtubule binding and nucleotide status, via 04 and
loop 11, to changes in a6 and neck linker docking (Figure 3F; Sinde-
lar and Downing, 2010; Gigant et al., 2013; Atherton et al., 2014;
Shang et al., 2014). This tilting creates a “seesaw” effect of the mo-
tor relative to a4 and tubulin. The tilting motion we observe could
facilitate this seesaw motion and, indeed, the amplitude of overall
motor domain tilting exceeds that of 04 itself relative to the underly-
ing microtubule (Supplemental Movie S4). Moreover, on wildtype
microtubules the tilting motion is offset from a vector tracking the
long axis of a4 by 43°, but on R380C the offset is reduced to only
12° (Figure 5D). Thus, R380C may promote efficient chemome-
chanical coupling between microtubule binding, ATP hydrolysis,
and neck linker docking.

For the chemomechanical cycles of both motors to remain coor-
dinated during processive motility there must be communication
between them. This is likely transmitted via strain through the con-
necting neck linker or through the microtubule polymer, or a combi-
nation thereof. During a processive step, the newly trailing head is
already tightly bound to the microtubule and, thus, unlikely to en-
gage in a rearward motion to introduce strain through the neck
linker. The newly leading head, on the other hand, could readily
undergo forward or rotational movement upon tight microtubule
binding to produce tension through the neck linker and signal the
trailing head to detach. The rotational motion we detect by elastic
network modeling could facilitate a movement that extends the
neck linker (Figure 5C). Such a rotation by the leading head would
also displace the tether location plus-endward and could account
for the counterclockwise torque observed in the kinesin stepping
mechanism (Yajima and Cross, 2005). Finally, the longitudinal mo-
tion of kinesin is highly aligned with the protofilament on R380C
compared with wildtype microtubules. Movement along this vector
could facilitate trailing motor detachment when it comes under pull-
ing forces as the leading head establishes tight binding. Overall, the
cumulative direction of the first 100 normal modes of motion clearly
demonstrates R380C has a significant impact on kinesin movement.
More specifically, the first three modes are altered in a manner con-
sistent with enhanced kinesin activity and processive motility. These
elastic network modeling results further support a model in which
R380C induces allosteric changes in bound kinesin that promote
enhanced motor activity and transport.

The role of microtubule allostery in supporting kinesin function is
becoming clear. Multiple studies suggest that kinesin binding can
allosterically alter microtubule structure to promote binding and
processivity of other motors in the region (Vilfan et al., 2001;
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Muto et al., 2005; Shima et al., 2018; Wijeratne et al., 2022). Such
cooperative binding may at least partially underlie the preferential
use of subsets of microtubules for directional transport (Nakata and
Hirokawa, 2003; Reed et al., 2006; Nakata et al., 2011; Tas et al.,
2017; Shima et al., 2018). Our data now show that the microtubule
itself can influence the kinesin traveling on it. Thus, there is bidirec-
tional allosteric regulation between the microtubule and kinesin,
which can likely be transmitted through neighboring tubulin subunits
within the microtubule. This further supports the idea that during pro-
cessive motility, the binding status of the two motor domains is com-
municated, at least in part via the microtubule, perhaps by enhancing
neck linker strain or by promoting various conformational or interac-
tion states.

The increased binding and productive encounter frequencies re-
sulting from R380C suggest it favors a tubulin conformation that is
needed for efficient chemomechanical cycling of kinesin. If so, why
have microtubules not adapted to this more optimal conformation?
One potential reason may be that doing so would compromise the
structural integrity of tubulin, or the microtubule, that is necessary
under some conditions. Another likely explanation is that microtu-
bules must support a range of activities, and further optimizing kine-
sin function may concomitantly perturb other function(s) (Nsamba
et al., 2021). Suboptimal kinesin function may be a limitation im-
posed by the need to accommodate the molecular mechanisms of
other important microtubule-associated proteins (MAPs) and regu-
latory factors.

Decreased or increased kinesin activity results in similar
disease phenotypes

Our findings reveal that, similarly to CFEOM-causing Kif21a muta-
tions, those in Tubb3 can also enhance kinesin transport. Kif21a
CFEOM mutations in mice and humans increase microtubule bind-
ing along with the percent encounters that result in productive mo-
tility (Cheng et al., 2014; Bianchi et al., 2016). Tubb3 mutations also
cause CFEOM in mice and humans, yet in sharp contrast they gen-
erally disrupt kinesin interaction with microtubules (Tischfield et al.,
2010; Minoura et al., 2016). R380C resolves this dichotomy and
reveals that while the majority of CFEOM-causing mutations in
tubulin genes decrease kinesin activity, for instance D417H, a subset
of Tubb3 mutations enhance kinesin-mediated transport. Altogether
this strengthens the paradigm that altered kinesin activity underlies
the mechanism(s) driving tubulin-associated CFEOM (Figure 5E).
One significant difference is that while mutations in Kif21a result
primarily in CFEOM, those in Tubb3 and Tubb2b cause CFEOM ac-
companied with a spectrum of additional neuronal phenotypes that
generally segregate with the specific substitution (Tischfield et al.,
2010; Chew et al., 2013; MacKinnon et al., 2014; Balasubramanian
et al., 2015; Whitman et al., 2014, 2016).

There are several potential reasons why tubulin CFEOM muta-
tions display a broad spectrum of neuronal phenotypes. Com-
pared to Kif21a mutations, which likely affect cargoes of that mo-
tor, changes to the underlying microtubule tracks produced by
tubulin mutations could influence the materials transported by a
range of kinesins. Mutations may also differentially influence spe-
cific kinesins, resulting in unique imbalances in their cumulative
activities. Many CFEOM tubulin mutations, including R380C, also
affect the dynamic properties of microtubules (Tischfield et al.,
2010). Additionally, B-tubulin-R380C makes direct interactions with
doublecortin (DCX), a neuronal-specific MAP important for healthy
brain development (Cushion et al., 2013; Cook et al., 2020). Sev-
eral other mutations are known to influence MAP binding (Hoff
et al., 2022; Cushion et al., 2023). Thus, the observed phenotypic
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spectrum may reflect various combinations of altered microtubule
dynamics, MAP function and kinesin activities. Similar aspects likely
explain why Kif21a mutations mainly result in CFEOM type 1 while
those in Tubb3 and Tubb2b produce type 3, distinguished by dis-
tinct patterns of failed ocular muscle innervation (Yamada et al.,
2004; Whitman et al., 2014).

Our results bolster an emerging body of evidence linking either
inhibited or excessive kinesin activity to similar disease states. The
majority of tubulin CFEOM mutations disrupt kinesin activity yet,
Kif21a mutations promote CFEOM by a gain-of-function mecha-
nism activating transport (Tischfield et al., 2010; Cederquist et al.,
2012; Niwa et al., 2013; Cheng et al., 2014; Bianchi et al., 2016;
Minoura et al., 2016). We now show B-tubulin-R380C activates kine-
sin, through a different molecular mechanism, and also produces
CFEOM. A similar relationship is seen with hereditary spastic para-
plegia (HSP), which can result from mutations in the kinesin-3 family
members Kif1a and Kif1c (Gabrych et al., 2019). While many kine-
sin-3 HSP mutations are loss of function and inhibit activity (Lee
et al., 2015; Nieh et al., 2015; Cheon et al., 2017), several are gain-
of-function producing increased binding rates and hypermotility
(Chiba et al., 2019). Additionally, Kif21b mutations that result in
neurodevelopmental disorders associated with brain malformations
and microcephaly (Asselin et al., 2020), and mutations in Kif5a that
cause amyotrophic lateral sclerosis, or ALS (Baron et al., 2022;
Soustelle et al., 2023), were recently shown to relieve autoinhibition
and activate transport by these motors. It is readily apparent how
loss of kinesin-mediated transport can disrupt cellular processes
and cause disease. These recent results reveal the hazards of exces-
sive kinesin activity, and highlight the importance of balance, or ho-
meostasis, in microtubule-mediated transport systems for cellular
and organismal health.

There are multiple models for how increased kinesin activity
could disrupt cellular homeostasis. It may simply deliver excessive
cargo that, at increased concentration, overwhelms signaling path-
ways or disrupts downstream mechanisms. Problems could also
result if the complementary transport systems, such as dynein, can-
not sufficiently deliver increased payloads, including plus-end di-
rected motors, back toward microtubule minus-ends. Increased
transport activity could possibly result in “traffic jams” within the
axon, decreasing overall efficiency. Alternatively, prematurely ac-
tive kinesins may depart without sufficient cargo loading and ef-
fectively result in deficient delivery. Moreover, constitutively active
kinesins may potentially be resistant to dynein-mediated recycling,
resulting in a dearth of available kinesin motors in cargo-loading
areas, again causing deficient delivery. It is striking how inhibition
or increased activity of kinesin are associated with similar pheno-
types, but also noteworthy that several of these models of in-
creased activation may, like inhibition, lead to diminished delivery.
Charcot-Marie-Tooth disease type 2A is known to result from loss of
function mutations in the kinesin Kiflb (Zhao et al., 2001) while
additional mutations in a range of kinesins are at least genetically
associated with various disease phenotypes, or so-called kinesin-
opathies (Kalantari and Filges, 2020). Although most remain
uncharacterized, it may be important to determine the functions of
these pathogenic mutations. This is likely to uncover additional ac-
tivating mutations in kinesin and, quite likely, dynein motors (Marzo
et al., 2019) resulting in human disease. With tubulin mutations, it
will be important to determine whether specific substitutions affect
all kinesins to a similar extent, or differentially influence unique sub-
sets of motors. Such knowledge will provide valuable insights for
understanding the cellular etiology of the TUBB3 syndromes as
well as other tubulinopathies.
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MATERIALS AND METHODS

Construction of plasmids and yeast strains

Plasmids for galactose-induced overexpression of wildtype yeast
tubulin containing an internal polyHis affinity tag on o-tubulin (Tub1)
were previously described (Sirajuddin et al., 2014). The R380C and
D417H mutations were introduced into B-tubulin (Tub2) on these
plasmids using Quickchange site-directed mutagenesis (Agilent
Technologies) and verified by Sanger sequencing. The o-tubulin
plasmid, GAL-TUB1(His)-URA3, and specific wildtype or mutant 3-
tubulin plasmid, GAL-TUB2-TRP1, were co-transformed into wild-
type diploid yeast for overexpression of the desired tubulin variant.
Plasmids for expression of GFP-tagged mouse Kif21a, either full
length (Kif21a) or truncated (Kif21a-917) were previously described
and used without modification for expression in HEK293T cells
(Cheng et al., 2014). To generate plasmids for Drosophila S2 cell
peroxisome motility assays, the wildtype human TUBB3 gene was
amplified by PCR from the Marathon-ready human fetal brain cDNA
library (Clontech) without the stop codon. The gene was then re-
combined into the DONR221 (Invitrogen) vector before subcloned
into pcDNA3.2/V5-DEST (Invitrogen) in-frame with the C-terminal
V5 epitope tag and with the start codon in the context of a subopti-
mal Kozak sequence. The final sequence was verified by Sanger
sequencing. Disease-associated mutations were introduced using
site-directed mutagenesis (Agilent Technologies) and the entire
gene sequence reverified. For expression in S2 cells, the tubulin
genes were subcloned into the pMT/V5-His A (Invitrogen) plasmid
and the sequence reverified. The plasmid expressing Drosophila
eGFP-SKL to visualize peroxisomes in S2 cells was previously
published (Kural et al., 2005; Lu et al., 2013). Yeast strains used
for localization of Kip3-3YFP on wildtype, R380C and D417H micro-
tubules marked with CFP-Tub1 (o-tubulin) were also described
previously (Tischfield et al., 2010).

Quantification of Kinesin localization in yeast cells

Kip3-3YFP localization on astral microtubule plus-ends was quanti-
fied as done previously (Cederquist et al., 2012). Briefly, cells ex-
pressing KIP3-3YFP and CFP-TUBT were grown to log phase at
30°C in SC media with 0.2 mM adenine, then imaged at room tem-
perature on a Zeiss Axiolmager M2 microscope using a 63X Pan
Fluor 1.4 N.A. objective leading to a Coolsnap HQ2 camera (Photo-
metrics). Three-dimensional stacks encompassing the cell were ac-
quired at 0.75 pm step size and used to make maximum projection
images in which all identifiable CFP-microtubule plus-ends in G1
cells were marked with an equal-diameter circle. The YFP signal in-
side each circle was quantified and the average YFP background
obtained from the cytosol was subtracted to determine the plus-
end associated Kip3-3YFP signal. The average Kip3-3YFP localiza-
tion was obtained from four trials using two individual clones for
each genotype. Images were captured and processed using Slide-
Book software (Intelligent Imaging Innovations).

Preparation of proteins for in vitro assays

Wildtype and mutant yeast tubulin was expressed and purified es-
sentially as previously described (Johnson et al., 2011). Briefly, hap-
loid yeast cotransformed with high copy plasmids encoding GAL1-
TUB2(6xHis)-URA3 and GAL1-TUB2-TRP1 (or mutant TUB2) was
grown in selective medium (CSM-Ura-Trp) overnight and used to in-
oculate 2 x 15 L of YPGL (2% peptone, 1% yeast extract, 3% glycerol,
2% lactate) at a ratio 1:15 (inoculum:YPGL). Each 16 L culture was
grown in a plastic carboy with aeration at 30°C for 24 h before add-
ing galactose at 2% final concentration, to induce tubulin expression
from the GALT promoters. After an additional 8 h at 30°C with
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aeration, cells were harvested, washed with water, snap frozen in lig-
uid nitrogen and stored at —-80°C. For tubulin purification cell pellets
were thawed and resuspended at 50% wt/vol in ice cold lysis buffer
(50 mM HEPES pH 7.4, 500 mM NaCl, 10 mM MgSQ,, 30 mM imid-
azole, 1 mM PMSF, 50 pM GTP), then lysed by 10 passes through a
microfluidizer. Cell lysates were centrifuged 30 min at 17,000g at 4°C
to remove cell debris. All subsequent steps were carried out at 4°C
and fractions were kept on ice. The clarified cell lysate was mixed
with 10 ml Ni-NTA resin and incubated 30 min with tumbling. The
volume was split and resin loaded onto two gravity columns with the
flow through reapplied once onto the column. The resin was washed
first with lysis buffer without PMSF, then with low salt buffer (25 mM
HEPES pH 7.4, 1 mM MgSQy4, 30 mM imidazole, 50 uM GTP). Finally,
protein was released with elution buffer (25 mM PIPES pH 6.9, 1 mM
MgSQOy, 250 mM imidazole, 50 pM GTP). Fractions containing pro-
tein were pulled together and applied onto a 1 ml Mono S column
(GE Healthcare) preequilibrated with binding buffer (25 mM PIPES
pH 6.9, 2 mM MgSQO,, 1 mM EGTA, 50 uM GTP). After washing with
the same buffer, protein was eluted with a 30-column volume linear
gradient of NaCl (buffer A: 25 mM PIPES pH 6.9, 2 mM MgSQy,
1 mM EGTA, 50 pM GTP, buffer B: 25 mM PIPES pH 6.9, 2 mM
MgSQOy, 1 mM EGTA, 1 M NaCl, 50 uM GTP). Eluted fractions were
analyzed by SDS-PAGE and those containing purified tubulin were
pooled together and dialyzed against buffer A containing 200 mM
NaCl and subsequently against buffer A. The purified tubulin was
then concentrated using Amicon Ultra-4 centrifugal filters (3000 Da
cut-off; Millipore). Protein concentration was measured using the
Bradford method and 10% glycerol was added before snap freezing
in liquid nitrogen. Tubulin was stored in liquid nitrogen until use.

Mouse Kif21a-GFP and Kif21a-917-GFP were expressed and
prepared as previously described (Cheng et al., 2014). Briefly,
vectors encoding GFP-fused full length or truncated Kif21a were
transfected into HEK293T cells using lipofectamine. Approximately
40 h after transfection cells were lysed in BRB80 (80 mM K-PIPES,
1 mM EGTA, 1 mM MgCly, pH6.8) supplemented with 2 mM Mg-
ATP, 1% Triton, and protease inhibitor (Complete; Roche). Lysates
were cleared by centrifugation at 100,000g at 4°C and then snap
frozen in small aliquots and stored until use.

A rigor mutant of truncated, dimeric kinesin Kif5B fused with a
C-terminal poly-lysine and 6xHis tags (K560-G234A-polyK-6xHis)
was expressed in BL21 (DE3) cells at 24°C. Protein expression was
induced for 9 h with 0.1 mM isopropyl B-p-1-thiogalactopyranoside
(IPTG; Sigma-Aldrich). Purification was carried out at 4°C as
previously described (Case et al., 1997; Rice et al., 1999) and 20%
glycerol was added before snap freezing the kinesin in liquid nitro-
gen and storing at -80°C.

In vitro TIRF microscopy assay
Microtubules were assembled from purified yeast tubulin at 2.3 uM
final concentration supplemented with 8% rhodamine-labeled por-
cine tubulin (Cytoskeleton) at 30°C in polymerization buffer (BRB8O;
pH 6.8) with 2 mM GTP and 10% DMSO for 20 min. Subsequently,
epothilone B was added to 20 uM and incubation continued for
30 min to stabilize microtubules before pelleting by centrifugation for
10 min at 100,000g. Microtubules were resuspended in warm poly-
merization buffer containing epothilone B and used the same day.
The kinesin motility assays were performed in microchannels
prepared from glass coverslips and slides sealed with double-sided
tape. Glass was precleaned using sequential rounds of sonication in
detergent solution, TM KOH, water, and then ethanol. Microchan-
nels were equilibrated with BRB8O, incubated with 1.75 pg/ml K560-
G234A-polyK-6xHis in BRB80 for 20 min at room temperature, then
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washed with BRB80. They were then blocked with 8 mg/ml casein in
10 mM Tris-HCI, pH 8.0 for 10 min, washed with BRB8O, then
blocked with 1% Pluronic F127 and 0.05 mg/ml casein in BRB8O for
30 min at room temperature. Stabilized microtubules were diluted in
polymerization buffer and 30 ul was introduced into an assay chan-
nel and incubated 10 min at room temperature to allow attachment.
Unbound microtubules were washed away by perfusing with five
channel volumes of polymerization buffer prior to equilibrating with
another two channel volumes of motility buffer (30 mM K-PIPES pH
6.8, 2 mM MgCl,, 1 mM EGTA, 25 mM KCI, 1 mM DTT, 0.125 mg/
ml casein, 2 mM Mg-ATP). Full length mouse Kif21a-GFP or trun-
cated Kif21-917-GFP was diluted in motility buffer also containing
an oxygen scavenger mix (20 mM glucose, 200pg/ml glucose oxi-
dase, 400pg/ml catalase, 0.5% B-mercaptoethanol) and 20 pM ep-
othilone B, and three channel volumes perfused into the chamber.
Alternatively, 100 mM KCl was included in the equilibrating and re-
action mix for "high salt” conditions. Channels were sealed and in-
cubated at 28°C in the dark for 10 min to allow reactions to reach
steady-state. Assay chambers were used to record 2-4 time lapse
images (2-s interval for 10 min) and discarded at a maximum of
60 min post kinesin addition.

Images were acquired using an Andor iXon3 897 EMCCD cam-
era mounted on a Nikon ECLIPSE-Ti inverted microscope equipped
with a CFI Apo 1.45 NA 100 x oil immersion TIRF objective (Nikon).
A laser merge module (Spectral Applied Research) controlled exci-
tation from 50 mW solid-state lasers (Coherent Technology) at 488
and 561 nm wavelengths delivered through fiber optics with a mo-
torized TIRF illuminator at 7 and 2% laser power, respectively. An
optical beam splitter was installed in the emission light path allow-
ing for simultaneous imaging in both channels. Images were
acquired every 2 s using 100 ms exposure and EM gain of 200.

To record photobleaching steps, full-length Kif21a-GFP or
Kif21a-917-GFP was added to the flow chamber in PEM buffer. Un-
bound kinesin was washed out with 100 pl PEM and molecules
adhered to the coverslip surface were imaged on a Nikon TiE
through-the-objective TIRF microscope using an ApoTIRF 1.49 NA
100 x oil immersion objective. 400 images were collected at a rate
of 2 Hz on an Andor iXon888 EMCCD camera.

Analysis of TIRF microscopy assay

Image analysis was performed using ImageJ software (Schneider
et al., 2012). Briefly, tetraspec beads were used to calculate the
offset and register the images between channels, and the time-
lapse images were subsequently drift-corrected. For analysis, only
microtubules longer than 5 um were included and at least two mi-
crotubules were randomly selected from each time-lapse and used
to generate kymographs depicting kinesin signal intensity along
the microtubule over time with ImageJ (Schneider et al., 2012). The
binding rate of Kif21a-GFP and Kif21a-917-GFP on wildtype and
mutant microtubules was determined by scoring the appearance of
all new kinesin-GFP foci in the kymograph divided by the length of
the microtubule and time encompassed by the kymograph. Proces-
sive movement was defined as kinesin moving > 0.17 ym in a di-
rected manner after binding to the microtubule. Run length was
determined by the distance of directed movement by kinesin along
the microtubule. Velocity was defined as the distance traveled over
time. Some kinesin display changes in instantaneous velocity dur-
ing a single event, while some occasionally pause. Thus, velocity
represents the time-averaged displacement of processive mole-
cules. Pauses at the beginning or end of kinesin tracks were omit-
ted. Dwell time was calculated as the time the kinesin remained
associated with the microtubule after reaching the plus-end.
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Instances in which more than one kinesin occupied the plus-end
were excluded.

To analyze photobleaching steps, stationary fluorescent foci
were manually identified and intensity plot profiles over time were
generated for each single focus using ImageJ (Schneider et al.,
2012). For each region, a neighboring area without detectable
GFP signal was used to determine the background intensity that
was subtracted from the intensity of each fluorescent focus. Foci
that photobleached completely during the time-lapse were used to
score the number of photobleaching steps in each focus.

S2 cell transport assay

The S2 cell assay was performed as described previously (Kural
et al., 2005; Lu et al., 2013). Drosophila S2 cells were maintained in
Insect-Xpress protein free insect cell medium (Lonza, Walkersville,
MD) at 25°C in a humidified incubator. On the day of transfection
cells were plated in 24-well plates (Sigma, St. Louis, Missouri) and
incubated at 25°C for ~1 h to allow adherence to the plate surface,
then transfected using Effectene (Qiagen) according to the manu-
facturer’s protocol with 4:1 M ratio of the tubulin expression plasmid
to the pAC-eGFP-SKL plasmid (Kuli¢ et al., 2008). Twenty-four hours
posttransfection the expression of tubulin was induced by addition
of 0.2 mM copper sulfate for 48 h. Cells were then replated onto
Concanavalin A (ConA)-coated coverslips in medium containing
5 uM cytochalasin D to depolymerize actin filaments for 30 min.
Time-lapse imaging of peroxisomes at 1 s intervals over 60 s was
done with a Nikon U-2000 microscope with a 100 x 1.49 N.A. lens,
a 1.5X intermediate magnifier, and a Cascade Il EMCCD camera
controlled by Metamorph software (Molecular Devices).

The cotransfection efficiency of the human TUBB3-V5- and the
Drosophila eGFP-SKL-containing plasmids, and the incorporation of
wildtype or mutant Tubb3 into cellular microtubules were verified by
immunostaining. After 30 min on ConA-treated coverslips, the trans-
fected cells were fixed in —20°C methanol for 10 min, blocked in 1%
bovine serum albumin, 0.1% Triton X-100 in phosphate-buffered sa-
line (PBS) for 30 min, then incubated with mouse anti-V5 antibody
(46-0705, Invitrogen) and rabbit anti-GFP antibody (Y414554, ABM) at
1:5000 and 1:1000, respectively, for 2 h at room temperature, washed
with PBS, treated with Alexa-555-labeled-antimouse (A-21422, Invit-
rogen) and Alexa-633-labeled-antirabbit (A-21070, Invitrogen) sec-
ondary antibodies at 1:500 for 1 h at room temperature, washed with
PBS then incubated with FITC-conjugated monoclonal anti-o-tubulin
antibody DM1A (F2168, Sigma), and finally washed again with PBS
before being mounted in ProLong anti-fade media (P36982, Invitro-
gen) and imaged with a Leica TCS SP2 scanning confocal microscope
with a 63 x 1.40 N.A. oil objective using Las_AF Leica confocal soft-
ware. Cotransfection was scored as the number of GFP-SKL positive
cells that were also positive for Tubb3-V5, either wildtype or mutant,
and was >80%. Total tubulin levels were determined by quantifying
anti-o-tubulin DM1A signal in cells fixed without prior extraction of
soluble tubulin, and was 3-7% higher in cells transfected with mutant
or wildtype TUBB3-V5 plasmids, relative to their nontransfected
neighbors (anti-V5 positive and negative cells, respectively).

Analysis of S2 cell transport assay

Cytochalasin D-treated S2 cells plated on ConA-coated slides form
long, thin projections, of which those < 1 pm wide house micro-
tubules that are >90% oriented with their plus-ends towards the pro-
jection tips and minus-ends towards the cell body (Kural et al., 2005;
Ally et al., 2009; Lu et al., 2013; Winding et al., 2016). Projections
< ~1 pm wide were selected for analysis, which were of similar
lengths in cells transfected with wildtype, R380C, or D417H tubulin
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(Supplemental Figure S4). KymoAnalyzer was used to analyze move-
ments by tracing from the base of each projection to its tip with the
polyline tool to generate kymographs (Neumann et al., 2017). The
kymographs were then blinded and in each kymograph, the trajec-
tory of each peroxisome was manually traced with the polyline tool.
Plus-end directed run length for peroxisomes was defined as the dis-
tance of continuous movement > 350 nm at constant velocity toward
the projection tip. Time in motion was calculated as the cumulative
time each peroxisome was undergoing unidirectional movement.
Time paused was defined as the percent time peroxisomes that dis-
played at least one continuous unidirectional movement were not in
motion. Peroxisomes that displayed no directed movements during
the duration of the time-lapse were classified as nonmotile and, as
such, were not considered paused and were excluded from other
calculations. Pause frequency was determined as the rate at which
motile peroxisomes stopped moving and entered the paused state.
The frequency of switch is the rate at which a motile peroxisome that
has traveled > 350 nm at constant velocity in one direction then trav-
els > 350 nm at constant velocity in the opposite direction.

MD simulations and elastic network modeling

Structures for yeast tubulin within a microtubule polymerized using
GTP (PDB ID: 5W3F) and human kinesin-1 KIF5B (PDB 1D:3J8Y) were
obtained from the protein data bank (PDB; Berman et al., 2000). For
detailed information see Supplemental Material. Briefly, the tubulin
R380C mutation was introduced using PyMOL (Schrodinger). Wild-
type and R380C tubulin structures were relaxed via two indepen-
dent MD simulations for each using GROMACS (Pronk et al., 2013).
Kinesin was docked to the four relaxed tubulin structures using
HADDOCK and for each, a single lowest energy structure of the
bottom intermolecular energy cluster was selected for analysis
(Dominguez et al., 2003; Vries et al., 2010). Each of the docked
structures was relaxed to remove inappropriate contacts using two
independent MD simulations, resulting in four wildtype tubulin-ki-
nesin, and four R380C tubulin-kinesin structures. The RMSF for each
structure were computed using the rms tool in GROMACS, and
used to determine the quadratic mean RMSF for wildtype and
R380C complexes (Kuzmanic and Zagrovic, 2010).

The relaxed structures of wildtype and R380C tubulin were as-
sembled to construct a five heterodimer long, 13 protofilament mi-
crotubule segment using Chimera (Pettersen et al., 2004). A central
heterodimer was then replaced with the respective kinesin-bound
tubulin-GDP structure determined above. All-atom structures of
the kinesin bound to wildtype and R380C microtubules were used
to estimate kinesin motion dynamics using nonlinear rigid block
normal-mode modeling (NOLB; Hoffmann and Grudinin, 2017).
Linear changes in normal modes of motion were determined by
calculating the pseudo eigenvectors between the center of mass of
the initial and final conformation states across the mode. Changes
in motion direction were determined by defining a linear pseudo
eigenvector for each atom across the curvilinear path of kinesin mo-
tion using 0.05 motion amplitude. Reference vectors were defined
as connecting the all-atom centroid coordinates of two longitudinal
tubulin dimers in the kinesin-bound protofilament, or the alpha-
carbon coordinates of kinesin residues 246 and 270 at the ends of
helix a4. Percent overlap measures the difference between the
pseudo eigenvector and reference vector.

Statistical analysis and reproducibility

Statistical analyses were carried out using Prism7 (GraphPad) or R
statistical software (R-Core-Team, 2020). The unpaired Student's
t test was used to analyze data from the peroxisome transport
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assays. The Kolmogorov-Smirnov test was used to assess statistical
significance of run length data that did not fit a normal distribution.
Microtubule length distributions in TIRF microscopy assays were
compared using the unpaired t test. The relevant statistical tests, p
values, sample sizes, number of trials, SEM (standard error of mean),
and SD are indicated in the corresponding figure legends. * p <
0.05, ** p<0.01, *** p<0.001, ns = not statistically significant.
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