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ABSTRACT KIF3C is one subunit of the functional microtubule-based kinesin-2 KIFBAC motor, an anterograde cargo trans-
porter in neurons. However, KIF3C has also been implicated as an injury-specific kinesin that is a key regulator of axonal growth
and regeneration by promoting microtubule dynamics for reorganization at the neuronal growth cone. To test its potential role as
a modulator of microtubule dynamics in vitro, an engineered homodimeric KIF3CC was incorporated into a dynamic microtubule
assay and examined by total internal reflection fluorescence microscopy. The results reveal that KIF3CC is targeted to the micro-
tubule plus-end, acts as a potent catastrophe factor through an increase in microtubule catastrophe frequency, and does so by
elimination of the dependence of the catastrophe rate on microtubule lifetime. Moreover, KIF3CC accelerates the catastrophe
rate without altering the microtubule growth rate. Therefore, the ATP-promoted KIF3CC mechanism of catastrophe is different
from the well-described catastrophe factors kinesin-13 MCAK and kinesin-8 Kip3/KIF18A. The properties of KIF3CC were not
shared by heterodimeric KIFBAC and required the unique KIF3C-specific sequence extension in loop L11 at the microtubule
interface. At the microtubule plus-end, the presence of KIF3CC resulted in modulation of the tapered structure typically seen
in growing dynamic microtubules to microtubule blunt plus-ends. Overall our results implicate homodimeric KIF3CC as a unique

promoter of microtubule catastrophe and substantiate its physiological role in cytoskeletal remodeling.

INTRODUCTION

The microtubule (MT) cytoskeleton is an organized array of
rodlike tubulin polymers that supports long-range motor-
driven cargo transport. Yet at the same time these MTs
can be highly dynamic and exhibit significant rearrange-
ments that drive cytoskeleton reorganization. In neurons,
these dynamic properties have fundamental roles in cell
polarity specification, axon differentiation, and growth.
Although KIF3C has largely been regarded as the partner
of KIF3A to generate the heterodimeric KIF3AC for cargo
transport, a number of studies have alluded to a develop-
mentally regulated subpopulation of homodimeric KIF3C
with proposed roles in the regulation of MT dynamics,
particularly in axon regeneration after injury and in neuronal
growth cone remodeling (1-3).

A recent study by Gumy et al. (2) showed that in response
to injury, KIF3C was locally translated in rat embryonic
sensory axons and growth cones yet was transported from
the cell body to growth cones in adult neurons in a manner
dependent upon EB3. Depletion of KIF3C in adult neurons
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resulted in an increase in stable, overgrown, and looped
MTs indicating that KIF3C functioned as a MT-destabiliz-
ing factor. The authors also reported that in the absence of
KIF3C either by RNA interference or KIF3C gene knock-
out in adult neurons, axonal outgrowth was impaired
in vitro with regeneration after injury delayed both in vitro
and in vivo. Yet a report by Yang et al. (4) showed that
KIF3C knock-out mice were viable, apparently developed
normally, and were able to reproduce.

Although these earlier studies provide evidence that KIF3C
promotes MT dynamics, questions remain. Can KIF3C truly
function independently from KIF3A as a homodimer
(KIF3CC)? If so, does its function require ATP turnover as
expected of a kinesin motor? What is its mechanism of action
to remodel the MT cytoskeleton at the site of injury? For
example, is KIF3C a catastrophe factor functioning similarly
to kinesin-8 (Kip3/KIF18A) and kinesin-13 (MCAK)? More-
over, KIF3C unlike other kinesins, contains a signature motif
conserved in mammalian species, a 25-residue insert in loop
L11 of the catalytic motor domain (5-7). Is this loop L11
motif involved in the promotion of MT dynamics by homodi-
meric KIF3CC? To address these questions directly and quan-
titatively, we examined the capability of homodimeric
KIF3CC to promote MT dynamics in vitro.
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Each MT is polarized in such a way that a relatively stable
MT minus-end acts as a seed for extension from the dy-
namic MT plus-end (8). MT plus-ends undergo a stochastic
cycle termed “dynamic instability” in which they alternate
between phases of steady growth and rapid disassembly,
termed “catastrophe”. Whereas growth phases generate out-
ward forces to drive cell migration or mitosis, catastrophe is
critical to MT length regulation for rearrangement of the
MT cytoskeleton in response to cellular cues (9).

The transition between growth and catastrophe is deter-
mined by the nucleotide state of the tubulin subunits
(10,11) and involves a process termed “MT aging”. Growth
from the MT plus-end occurs by the longitudinal incorpora-
tion of GTP-bound tubulin subunits to each of the 13 proto-
filaments that make up a MT polymer. As the MT continues
to grow, incorporated subunits gradually hydrolyze their
GTP to GDP as new GTP-tubulin subunits are added to
the tip. The GTP cap that forms at the MT plus-end protects
the growing MT and supports the continuation of the growth
phase. However, the integrity of the GTP cap is compro-
mised as it ages over time and becomes gradually less
capable of sustaining MT growth. Various mechanisms for
MT aging have been proposed, but it is generally considered
a multistep process that involves the accumulation of errors.
These errors can include premature GTP hydrolysis within
the GTP cap or loss of a GTP-tubulin subunit, either of
which can destabilize the polymer and inevitably lead to
catastrophe at the MT plus-end (12-16).

The rate of accumulation of MT aging errors can be
altered through additional proteins termed “catastrophe fac-
tors” that influence the frequency of MT catastrophe. Some
members of the kinesin superfamily of MT motors including
kinesin-8 (Kip3/KIF18A) and kinesin-13 (MCAK) have
been identified as catastrophe factors. The mechanisms
they employ and their downstream cellular outcomes differ
greatly: MCAK eliminates the aging process to impact
mitotic spindle length, and Kip3/KIF18A accelerates aging
to influence spindle positioning and chromosome alignment
(17-23).

Previously, we reported that an engineered KIF3CC
homodimer in single-molecule quantum-dot (Qdot) assays
operated as a slow processive motor capable of traveling
only 0.5 um on average along a MT at an exceedingly
slow ATP turnover rate of 1 s~ ' for each 8 nm step (5).
This behavior was in stark contrast to heterodimeric
KIF3AB and KIF3AC motors that traveled on average
1.6 and 1.2 um, respectively, toward the MT plus-end, and
at much faster rates, as expected for cargo transporters. In
these experiments, KIF3CC-promoted MT dynamics were
not observed because the MTs were stabilized with pacli-
taxel, which masked the MT-destabilizing properties of
KIF3CC. Thus, the question remains of whether KIF3CC
can influence MT dynamics.

To test the hypothesis that homodimeric KIF3CC can
promote MT dynamics, total internal reflection fluorescence
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(TIRF) microscopy experiments were performed using the
engineered KIF3CC previously characterized (5). The re-
sults show that KIF3CC is targeted to the MT plus-end,
acts as a MT catastrophe factor through an increase of MT
catastrophe frequency, and does so while also eliminating
the MT aging process. These properties were not evident
for the heterodimeric counterpart, KIF3AC, and are also
dependent upon the KIF3C-specific extension of loop L11.
The impact of KIF3CC on MT catastrophe involves at least
in part a regulation of MT plus-end architecture, where in
the presence of KIF3CC the MT tips are blunt rather than
tapered. Furthermore, the localization of KIF3CC-Qdot
motors suggests that multiple KIF3CC dimers are likely
working concurrently at the MT plus-end to spur catastro-
phe. These results support the existence of a cellular sub-
population of KIF3CC that is expressed in response to
injury to remodel the MT cytoskeleton.

MATERIALS AND METHODS
Mus musculus KIF3 proteins

The KIF3CC, KIF3AC, and KIF3ACALI1 proteins used herein were
designed, expressed, and purified as previously described (5,24). See also
the Supporting Material and Methods. Briefly, the KIF3A and KIF3C
contain the native sequence of the N-terminal motor domain, neck linker,
and helix «7 that are then fused with an in-register dimerization motif to
stabilize the native coiled-coil and C-terminal purification tags (Hisg for
homodimers; Hisg and Strepll for heterodimers). Before experiments, all
motors were clarified with a 10-min high speed centrifugation spin at
4°C (Optima TLX Ultracentrifuge TLA-100 rotor at 313,000 x g; Beckman
Coulter, Brea, CA). All motor concentrations reported for these assays are
for the dimer concentrations.

Dynamic MTs and extension assay

To generate GMPCPP-stabilized MT seeds, unlabeled bovine tubulin and
lyophilized X-rhodamine tubulin (Cytoskeleton, Denver, CO) were diluted
to 20 uM in PMES8O buffer (80 mM PIPES, pH 6.9 with KOH, 5 mM
MgCl,, and 1 mM EGTA). Both tubulin stocks were then mixed in a 1:1
ratio in the presence of 1 mM GMPCPP and incubated in the dark for
15 min at room temperature, followed by further elongation at 37°C for
6 min. The seeds were then sheared with a 30G x 1/2” needle to generate
a stock of seeds for microscopy that were stored in the dark at room tem-
perature. Perfusion chambers were made from an acid-washed, silanized
coverslip (22 x 22 mm) mounted on an acid-washed nonsilanized slide
(22 x 60 mm) separated by strips of double-sided tape to generate a
10 uL flow cell. Each perfusion chamber was first treated with 0.4% rat
anti-a-tubulin (ABD Serotec, Raleigh, NC) for 5 min followed by blocking
the chamber with 5% Pluronic F-127 (Sigma-Aldrich, St. Louis, MO) for
5 min. GMPCPP-seeds were then diluted fresh for each slide in PMESO
with 10 mM DTT to ~60 nM (1:300, optimized for seed distribution density
on the imaging surface) and flowed into the chamber for an 8-min incuba-
tion in the dark at room temperature. The perfusion chamber was then trans-
ferred to an incubated microscope stage to equilibrate to 37°C for an
additional 2 min. Unbound GMPCPP seeds were washed out with
prewarmed Blocking Mix (PME80, 0.5 mg/mL casein, 2 mM MgATP,
10 mM 2-mercaptoethanol, 0.3 mg/mL glucose oxidase, 0.2 mg/mL cata-
lase, and 25 mM glucose). Seeds were then briefly primed for extension
by flowing in 2x chamber volume of prewarmed Priming Mix (PMESO0,
10 uM unlabeled tubulin, 0.4 mg/mL casein, 2 mM MgATP, | mM GTP,



20 mM DTT, 0.3 mg/mL glucose oxidase, 0.2 mg/mL catalase, and 25 mM
glucose). MT extension was then initiated with prewarmed Extension Mix
(Priming Mix that contained 10 uM tubulin consisting of a mixture of a
1:8.5 ratio of X-rhodamine labeled to unlabeled tubulin). KIF3 motors
were introduced to the chamber as a component of the Extension Mix.
Chambers were sealed and imaged with TIRF microscopy using an Inverted
Axio Observer Z1 MOT microscope with a 100x oil 1.46 N.A. Plan-Apo-
chromat objective (Carl Zeiss Microscopy, Jena, Germany). MTs were
imaged at 561 nm (2% laser power, 80 ms exposure) every 2 s for 10 min.

For the AMPPNP control, 2 mM MgATP in the assay mix was replaced
accordingly with 2 mM MgAMPPNP. For the no nucleotide control,
apyrase treatment could not be used due to the requirement of MgGTP
for MT dynamics. Instead, for this control, MgATP in the assay was
replaced with PMESO buffer.

Data analysis

Seeds were selected for analysis that were 1-3 um long, that were separated
from other seeds on the chamber surface, and whose extensions did not cross
any other MTs during the time course of the video. MT lifetime data were
collected through kymograph analysis of MT seeds (MultipleKymograph
plugin for Imagel; National Institutes of Health, Bethesda, MD). These
data were corroborated with an additional analysis using the TipTracker
algorithm for the software MATLAB (The MathWorks, Natick, MA), as
further described below (25-27).

Gamma fit of MT lifetime data

Cumulative distribution plots and probability density function (PDF) plots (17)
were evaluated using the Distribution Fitting application within the Statistics
Toolbox of MATLAB (R2016av. 9.0.0) as described (17) to determine the step
parameter values and aging rate for all experimental conditions (Figs. 1 and 2).

First, each unbinned dataset was imported as a vector into the MATLAB
Distribution Fitting application for analysis. Within the fitting tool, a
gamma fit was applied to each dataset. The relationship of the PDF plot
of the dataset (dF(t)/dt) to a gamma function (I'(n)) is given by

dr(t)
a  T(n) ’

T 1 e—rt
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where r is the rate of accumulation of MT aging errors and »n is the number
of aging steps before catastrophe. From this equation, the Distribution
Fitting application provided the maximum likelihood estimates for each
of the gamma-fit parameters (step and rate). Additionally, each fit was
accompanied by quantification of mean + SE as well as confidence inter-
vals for the fit (Figs. 1 and 2).

To analyze the step parameter as a function of KIF3CC concentration,
each datapoint was plotted with a Hill slope fit to the data according to

a—d
()

where d is the minimum step parameter, a represents the maximum step
parameter value, c is the K,/ xirscc, and b is the Hill slope (Fig. 2).

y =d-+ (2)

Catastrophe frequency

Population catastrophe frequency values were calculated as the number of
catastrophe events that occur per minute in each condition, as determined
by kymograph analysis of dynamic MT assays (Fig. | F).
Time-dependent catastrophe frequency, f(f), kinetically examines the
age-dependence of MT catastrophe by calculating a ratio of the population
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of MTs that undergoes catastrophe by a certain MT lifetime to the popula-
tion of MTs that reach that specific lifetime (17) (Fig. 2 C). This parameter
was calculated by

o) = 0 ®

where F(t) is the cumulative distribution for each MT lifetime, f. First,
cumulative distribution plots of each dataset were compiled, and the values
along each plot were then used to calculate catastrophe frequency according
to the equation above. The calculated catastrophe frequency values were
then plotted as a function of MT lifetime for each condition tested. Subse-
quently, fits to the data were performed within the Curve Fitting tool of
MATLAB using a single exponential,

flx) = Axe ™+, @)

where A is amplitude of the plot, k is the rate constant, and C is the limit of
the catastrophe frequency as the plot approaches infinity. The best fit from
this equation was determined with Levenberg-Marquardt nonlinear least-
squared analysis. The individual datapoints that are shown along the plot,
as well as the corresponding error bars (mean * SE), represent values
calculated from 20 s bins of the f(#) data (Fig. 2 C).

TipTracker for MT tip analysis

For analysis of tip structure of growing MT extensions, the TipTracker
algorithm (v. 3) for MATLAB was used with no modifications made to
the original script and analysis conducted as previously described
(26,27). However, the use of TipTracker for analysis of the data presented
herein required a higher signal-to-noise ratio at the MT tip than could be
achieved with the previously described MT labeling method. Therefore,
the labeling ratios used for the MT seed and extension mix were reversed.
Rather than the bright seeds and dim extensions reported elsewhere in this
text, the experiments conducted for analysis with TipTracker were
performed with dim MT seeds (1:8.5 ratio of X-rhodamine labeled to unla-
beled tubulin) and more highly fluorescent extensions (1:2 ratio of X-rhoda-
mine labeled to unlabeled tubulin). These labeling ratios were then
incorporated into the polymerization of GMPCPP seeds and for the exten-
sion mix previously described. From the acquired videos, regions of interest
that contained a single MT seed were blindly selected and scaled to
32 nm/pixel for characterization with TipTracker (25). During subsequent
evaluation, any region of interest that contained a dynamic MT that crossed
other MT seeds or extensions during the time of the experiment were
eliminated from further analysis due to possible interference on MT growth
and catastrophe from such interactions. In total, TipTracker was used to
analyze 25 regions of interest for KIF3CC and 36 regions of interest for
the no-motor control (see Fig. 4).

The tip structure estimation in TipTracker fits a Gaussian survival func-
tion to the decrease in fluorescence intensity from maximum signal along
the MT extension to background (25-27). Along with this profile a quanti-
fication of the standard deviation of the taper profile is determined, which is
the result of two contributing factors: the fluorescence signal of the MT
taper itself, and the point spread function of the microscope. The data points
on the plot of fluorescence deviation versus MT extension length reported
here are corrected standard deviation values that remove the contribution
from point spread function and are comparable to the tip standard deviation
previously reported (25,27). Tip structures that are more blunt have low
fluorescence deviation values that result from little variation in protofila-
ment lengths and therefore a steep drop in fluorescence signal at the MT
plus-end. Tip structures that are tapered have higher fluorescence deviation
values that result from a larger distribution of protofilament lengths at the
MT plus-end and therefore a larger distance over which the fluorescence
signal gradually drops (see Fig. 4 A, inset; and Fig. 4 B).

Biophysical Journal 113, 1845-1857, October 17, 2017 1847



Guzik-Lendrum et al.

Growth Catastrophe
_Seed Seed Extension _ Seed
+
TIRF
B Example 1
S
9]
=
o
=
(@]
(®]
™
L
X
=
c
o
Yo}
¢ Keoe 1 [ 50nM KIF3CC ’ |
KIF3CC oun ° 3
F s U I No Motor oYy ;:;""."‘.‘“
£ 082 Nucleotide » o0t®
3 V° [AMPPNP = ]
B
~ 0.6 [ o
[a] o 222 4
[ %
>
100 § 0.4 /KI}ESC\C 1
£ / KIF3AC
g'%2 J KIFsccaL11] ]
0 1 , 0 200 400
= 0 100 MZI(_)OL_f . 300 400 500
1S
= 40 50nM KIF3CC ]
= Step Parameter: 1.0 £ 0.1
o 308 No Motor ]
300 é. Step Parameter: 2.6 £ 0.2
2 20 ¢ i
©
° ®
o © 10f ]
©
0 |
1 um 400 0o 1 2 0 100 200 300 400 500 600
Extension (um) MT Lifetime (s)
F Catastrophe Frequency (min-)
No Motor 0.24 £ 0.01
KIF3CC (50 nM) 0.47 £ 0.04
No Nucleotide 0.27 £ 0.01
2 mM MgAMPPNP 0.24 £ 0.01
KIF3AB (50 nM) 0.24 +0.01
KIF3AC (50 nM) 0.24 £ 0.01
KIF3CCAL11 (50 nM) 0.26 £ 0.01

The length of MT extensions immediately before catastrophe was deter-
mined from the length of the MT in the video frame immediately before the
start of the catastrophe event, measured from the end of the seed to the MT
tip. Representative MT extensions were then binned by length = 200 nm,
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FIGURE 1 KIF3CC enhances MT dynamics and
shortens MT lifetimes. (A) Illustration of MT
dynamics as examined with TIRF microscopy. A
brightly labeled GMPCPP seed acts as the initiation
point for a dim plus-end extension grown in the
presence of 1 mM MgGTP. The seed remains stable
throughout the assay. Both growth and catastrophe
events occur from the MT plus-end and retract back
to the MT seed. (B) Two representative examples of
dynamic MTs from each of the no-motor
and +50 nM KIF3CC conditions. Extension phases
begin at 0 s with the initiation of extension and end
with the timestamp immediately before a catastro-
phe event. Extension lengths are also provided in
the lower right of each panel. White arrowheads
denote the end of the GMPCPP seed and outlined
arrowheads show the location of the tip of the
extension. See also Table 1. Scale bar represents
2 um. (C) Kymograph of MT dynamics (left)
from a representative MT seed in the presence of
50 nM KIF3CC, shown over the first 400 s of
data acquisition. The location of the MT plus-tip
was determined by the MATLAB TipTracker algo-
rithm for the same seed (right). An additional
TipTracker analysis from a representative seed of
the no-motor control is provided for comparison
(gray). For the TipTracker plot, the x axis provides
only the length of the MT extension, with 0 um
representing the plus-end of the GMPCPP seed.
(D) Plot of cumulative distribution as a function
of MT lifetime in the presence of 50 nM KIF3CC
(N = 252) and 2 mM MgATP compared with
control conditions: no motor, no nucleotide (&J;
MgATP was left out of the reaction mix), and
with 2 mM MgAMPPNP. Further comparison of
KIF3CC with other kinesin-2 motors, KIF3AB
and KIF3AC and KIF3CCALI11 each at 50 nM
dimer and 2 mM MgATP, are provided as insets.
For all comparisons, the analysis included between
177 and 230 extensions. See also Fig. S1 for further
examination of KIF3AC. (E) MT lifetime datasets
from 50 nM KIF3CC and the no-motor control
(N = 230) represented with a PDF plot. The gamma
fit of the data provided the step parameter that gives
a quantification of the number of aging steps that
are accumulated before MT catastrophe in each
condition. (F) Table of values for the population
catastrophe frequency for each dataset calculated
as the number of catastrophe events that occur per
min in each condition. See Table 1 for N values
for each dataset. Values reported are mean *+ SE.
To see this figure in color, go online.

such that the 2-um extension trace represents a bin of MT extensions
ranging from 1.8 to 2.2 um. In the raw data images, this bin size corre-
sponds to 2.5 pixels (160 nm/pixel). Due to slight variations in the illumi-
nation of replicate experiments, the fluorescence intensity values of the
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FIGURE 2 Low concentrations of KIF3CC alter MT dynamics.
(A) Datasets of cumulative distribution as a function of MT lifetime at
decreasing concentrations of KIF3CC. The 50 nM KIF3CC trace is
repeated from Fig. 1. &, 0 nM KIF3CC in the reaction mixture.
(B) Step parameter plot as a function of KIF3CC concentration. The
step parameters were determined from the gamma function of PDF plots
from each MT lifetime dataset. The Hill slope fit of the step parameter
data provides a K, xirzcc of 2.13 £ 0.03 nM, reported as mean + SE.
(C) Time-dependent MT catastrophe frequency plotted as a function of
MT lifetime for a subset of the titration data with KIF3CC from 0 nM
() to 5 nM. Fit lines represent a single exponential equation using
the nonlinear least-squares method, with error bars representing
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plots of intensity versus MT extension length were normalized from O to 1.
The normalized intensity plots from each representative MT within a binned
population were aligned based on the datapoint representing 0.96 for
normalized fluorescence intensity. This method of alignment allowed for
the calculation of an average intensity value along the MT extension length,
as well as a calculation of mean + SE as illustrated by error bars. For both
the no-motor control and the 50 nM KIF3CC condition, each binned
population of MTs contained an average of six representative extensions,
with the exception of the 3 um bin for KIF3CC for which there were
only three representative extensions within the pool of data analyzed
(see Fig. 4).

Qdot localization

To visualize individual motors in MT dynamics assays (see Fig. 5), the
concentration of motor needed to be far lower than the required saturating
concentrations of KIF3CC used for catastrophe stimulation. Therefore, we
used spiking experiments in which only a subpopulation (8%) of the
KIF3CC present in the reaction mix was labeled with quantum dots (28).
Full details of the spiking process are found in the Supporting Materials
and Methods. Briefly, 100 nM QdoteKIF3 complex was supplemented
with KIF3 dimer to a final concentration of 1.2 uM dimer. This working
stock was incorporated into the Extension Mix to yield a final total chamber
concentration of 50 nM KIF3 (including 4 nM QdoteKIF3 complex). Qdots
were visualized at 488 nm (5% laser power, 35 ms exposure) in conjunction
with MT imaging as described above.

RESULTS
KIF3CC enhances MT dynamics

To first test the hypothesis that KIF3CC influences MT
behavior, we adapted assays established to study dynamic
MTs in vitro using TIRF microscopy (17,21). MTs were
extended from GMPCPP-stabilized seeds in a perfusion
chamber (Fig. 1). Upon addition of an Extension Mix con-
taining 10 uM tubulin (labeling ratio of 1:8.5 of X-Rhoda-
mine-labeled to unlabeled-tubulin) and 1 mM MgGTP
plus 2 mM MgATP, we observed MT dynamics that con-
sisted of alternating phases of extensive growth followed
by catastrophe events that rapidly shortened the extension
back to the seed. In two representative examples of exten-
sions of a no-motor control, the growth phase continued
for a period of 1.5-3.5 min with extensions ranging from
0.6 to 2.4 um (Fig. 1, A and B).

‘When 50 nM KIF3CC was included in the extension mix,
the observed dynamics shifted considerably. In lieu of the
long extension phases seen in the no-motor control, the ma-
jority of the KIF3CC-promoted extensions were limited to
1 min, and their lengths were ~0.5 um (Fig. 1 B). A direct
comparison of the dynamics of two representative MT seeds
is provided in Fig. 1 C (right panel), which shows the loca-
tion of each MT tip tracked over time. The rates of both MT
growth and shortening were consistent in both conditions.
However, in the absence of motor, the seed displayed

mean = SE. (D) Table of compiled step parameters from the KIF3CC
titration shown in (B). See also Table S1. To see this figure in color,
go online.
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consistent growth phases that approached 2 um whereas the
addition of 50 nM KIF3CC limited the length of growth
events (Movies S1 and S2; Table 1). We did not observe
rescue events at the conditions used for these assays. There-
fore, the presence of KIF3CC seemingly spurred catastro-
phe, interrupted the growth phase resulting in shorter MT
lengths, and ultimately increased the number of dynamic
events during the same time period.

MT catastrophe occurs at earlier MT ages in the
presence of KIF3CC

The difference in MT dynamic behavior in the analysis of
KIF3CC could be further examined through analysis of
“MT lifetime”, a term for the length of time a MT extension
grows before catastrophe. One approach is to plot a cumula-
tive distribution as a function of MT lifetime, whereby each
MT lifetime datapoint is represented as the fraction (from
0 to 1) of the MT population that undergoes catastrophe
by each time point. Previous work established that camula-
tive distribution plots are a robust tool for detecting condi-
tion-dependent behavior differences in a population of
aging MTs (17). Typically, these plots show a lag in the
initial phase of MT lifetime where the cumulative distribu-
tion remains close to zero because the MT GTP cap is intact.
As a function of time, errors accumulate increasing the
probability of catastrophe.

Disruption to MT dynamics by catastrophe factors has
been reliably detected as an increase in the population of
MTs that undergo catastrophe even at the earliest time
points of MT extension (17). The cumulative distribution

plot of MT dynamics in the presence of 50 nM KIF3CC
features a prominent increase in the population of MTs
undergoing catastrophe at early MT lifetimes (Fig. 1 D).
This is in contrast to MTs in the absence of KIF3CC that
exhibit the previously described lag phase at early time
points in the MT lifetime curve. These results both qualita-
tively and quantitatively reveal that MTs in the presence of
KIF3CC are susceptible to early catastrophe events.

To test whether ATP turnover was required for KIF3CC to
promote MT catastrophe, the ATPase cycle was disrupted
with modifications to our assay conditions: one condition
to omit ATP from the extension mix, and one to replace
ATP with the nonhydrolyzable ATP analog AMPPNP.
Both of these conditions resulted in MT dynamics that revert
to the behavior of the no-motor control, thus confirming that
KIF3CC does in fact require ATP turnover to promote the
observed MT dynamics (Fig. | D).

We asked whether other members of the kinesin-2 sub-
family could stimulate catastrophe. MTs in the presence of
either 50 nM KIF3AB or KIF3AC exhibited the same lag
phase for catastrophe observed in controls (Fig. | D, inset;
Movie S3). However, KIF3AC has a lower affinity for
MTs (Kizmr = 133 nM) than that of KIF3CC at 44 nM
(5). Possibly, the concentration of KIF3AC used for these
experiments was not sufficiently high for MT binding. To
test this hypothesis directly, experiments were performed
at 0.5, 1, and 2 uM KIF3AC (Fig. SI A). Even when the
concentration of KIF3AC was increased >10-fold the
K1 vt the MT dynamics did not change and the lag phase
in the cumulative distribution plot was comparable to the
other controls. These results confirm that the catastrophe

TABLE 1 Dynamic MT Parameters for Growth and Catastrophe

Growth Shortening Catastrophe
N Rate (nm/s) Duration (s) Length (um) Rate (nm/s) Duration (s) Frequency (minfl)
No motor 230 16.8 = 0.3 1652 = 6.8 2.5 + 0.1 352.7 = 10.8 79 =03 0.24 + 0.01
KIF3CC (50 nM) 252 245 £ 0.8 952 £ 6.6 1.5 = 0.1 513.6 = 20.7 29 = 0.1 0.47 = 0.04
No nucleotide 194 16.7 = 0.4 174.1 £ 7.5 2.6 + 0.1 474.0 = 149 6.0 = 0.2 0.27 = 0.01
2 mM MgAMPPNP 229 194 = 04 183.6 = 7.4 33 + 0.1 709.4 + 20.0 49 + 0.2 0.24 + 0.01
KIF3AB (50 nM) 201 173 £ 04 1537 £ 6.9 24 + 0.1 460.6 + 154 6.0 = 0.3 0.24 + 0.01
KIF3AC (50 nM) 177 18.1 £ 0.5 1463 = 6.7 23 + 0.1 4544 + 142 5.8 0.2 0.24 + 0.01
KIF3CCALI11 (50 nM) 186 19.5 £ 0.5 162.1 = 6.9 2.8 = 0.1 451.6 = 14.8 7.6 =03 0.26 + 0.01
KIF3CC

1 nM 189 204 + 04 156.6 = 7.0 2.8 + 0.1 3754 + 14.8 89 + 04 0.26 = 0.01
1.5 1M 187 20.2 £ 0.5 150.8 = 6.5 2.6 = 0.1 403.1 = 11.5 7.1 = 0.2 0.27 £ 0.01
2 nM 330 18.8 = 0.5 179.6 = 6.0 2.8 = 0.1 3107 = 7.2 9.9 + 03 0.29 = 0.01
2.25 nM 207 21.8 £ 0.5 1250 £ 7.3 2.2 + 0.1 402.9 + 13.7 5.8 0.2 0.31 = 0.02
2.5 1M 209 16.2 £ 1.1 127.7 = 7.6 24 + 0.1 320.6 = 9.0 8.6 = 04 0.32 + 0.02
5 nM 228 172 £ 1.1 1162 = 74 1.9 = 0.1 2589 = 6.3 7.8 =+ 04 0.36 = 0.02
10 nM 256 16.8 = 1.0 123.1 = 7.5 2.5 + 0.1 353.5 = 10.1 74 0.3 0.37 £ 0.02
25 nM 211 15.6 = 1.1 1023 = 6.9 2.0 = 0.1 356.3 = 12.6 64 =03 0.45 = 0.02
50 nM* 252 245 = 0.8 952 = 6.6 1.5 = 0.1 513.6 = 20.7 29 = 0.1 0.47 = 0.04

Table of growth and catastrophe parameters from all control and KIF3CC titration assays performed herein. The data were compiled from kymograph anal-
ysis of the plus-ends of dynamic MT seeds over a period of 10 min. The number of MT seeds used for each condition ranged from 34 to 39 seeds from three

replicate days of experiments. All values are reported mean *+ SE.
“Data for 50 nM KIF3CC are presented twice on this table.
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promotion of MTs by KIF3CC is unique to the homodimer,
and heterodimeric KIF3AC and KIF3AB do not promote
MT catastrophe.

We also examined whether the KIF3C-specific extension
of loop L11 was required for KIF3CC-promoted MT
dynamics. The L11 flexible surface loop is extended by 25
residues in KIF3C and is located at the MT-motor interface.
In earlier studies, results showed that truncation of this
extension to a length characteristic of other kinesins
increased the processive run length of both KIF3AC and
KIF3CC (5). To test the role of loop L11 in MT catastrophe,
we used the KIF3CCAL11 homodimer in which the L11
sequence of each polypeptide was shortened (Movie S4).
In the presence of 50 nM KIF3CCAL11, the cumulative dis-
tribution plots exhibited the lag phase seen in the no-motor
control (Fig. 1 D, inset). Thus, the characteristic extension
of the KIF3C loop L11 appears critical for KIF3CC-pro-
moted MT catastrophe.

To explore the mechanism by which KIF3CC promotes
MT catastrophe, the MT lifetime data were plotted as a
PDF. The use of a PDF plot provides the percent of catastro-
phe events that occur at each MT lifetime. The relationship
of the PDF dataset (dF(¢)/df) to a gamma function (I'(n)) can
be used to derive parameters for the shape of a gamma func-
tion, a quantification of both the number of aging steps that
are accumulated before catastrophe and the rate of their
accumulation, according to Eq. 1. From this fit, the no-mo-
tor control exhibits 2.6 = 0.2 aging steps (Fig. 1 E), in
agreement with previous reports of MT aging (17). In
contrast, MTs in the presence of KIF3CC show a shift to a
high likelihood of catastrophe at early MT lifetimes
(Fig. 1 E), resulting in a step parameter value of
1.0 £ 0.1 (fit with a 95% confidence interval) (Fig. 1, D
and E; Table S1).

This analysis indicates that the presence of homodimeric
KIF3CC results in dynamic MTs that exhibit growth phases
interrupted by a higher frequency of catastrophe events
(Fig. 1 F; Table 1). Furthermore, this increased catastrophe
frequency is linked to a prevalence of MT catastrophe events
at early MT lifetimes, which is at least in part due to the
shortening of a typically multistep MT aging process to a
single step in the presence of KIF3CC.

KIF3CC is a potent stimulator of MT catastrophe

The concentration of 50 nM KIF3CC was chosen based on
experiments in which all the MTs in the field of view show
similar KIF3CC-promoted MT dynamics. At this concentra-
tion, every MT has KIF3CC bound with at least 16 motors
per MT (Supporting Material). However, the use of this
concentration of KIF3CC raised the question of what con-
centration of KIF3CC was required to stimulate MT catas-
trophe. Cumulative distribution plots were compiled from
a titration of KIF3CC from 1 to 50 nM, and these results
confirmed that lower concentrations of the motor also alter

KIF3CC Promotes Microtubule Dynamics

MT dynamics (Fig. 2 A). Interestingly even at just 2.5 nM,
KIF3CC could stimulate MTs to undergo catastrophe at
early MT lifetimes. Note that the data analysis for each
KIF3CC concentration included the entire MT population,
although not every MT in the field of view showed the
same behavior. The step parameter values for each concen-
tration in the titration were determined from the gamma dis-
tribution of the PDF plots. The values were then compiled as
a function of KIF3CC concentration (Fig. 2 B), and a Hill
slope model fit to the data provided the K, xkirscc at
2.1 nM KIF3CC. These results reveal that KIF3CC is a
potent MT catastrophe factor that requires only a small con-
centration of motor to promote MT catastrophe. However,
this experiment does not provide information about the
number of KIF3CC dimers at the MT plus-end for
catastrophe.

The kinetics of the MT aging process can be examined with
a calculation of time-dependent catastrophe frequency.
Unlike a population catastrophe frequency parameter
(Fig. 1 F; Table 1) that looks at all catastrophe events during
the entire time of acquisition, the time-dependent catastrophe
frequency examines the MT age-dependence of MT
catastrophe. Calculations of the time-dependent catastrophe
frequency quantify the population of MTs that undergo a ca-
tastrophe by a certain MT lifetime versus the MTs that reach
that lifetime without a catastrophe event. A direct examina-
tion of the time-dependent catastrophe frequency for each
dataset in the KIF3CC titration (Fig. 2 C) shows that in the
absence of KIF3CC, the catastrophe rate is zero for short
MT lifetimes and asymptotically approaches 0.014 s~'. As
the concentration of KIF3CC increases, the time-dependent
catastrophe frequency increases at much shorter MT life-
times. The addition of 2 nM KIF3CC into the assay illustrates
a transition in these data where the time-dependent catastro-
phe frequency curvature dampens, and the maximum rate of
catastrophe decreases to 0.010s™ ! With 2.5 nM KIF3CC, the
rate drops to 0.008 s~ ' and the curve flattens because the
catastrophe frequency becomes independent of MT lifetime.
These data indicate that even in the presence of low concen-
trations of KIF3CC, the MT aging process is eliminated as
catastrophe shifts from a multistep aging process to elimina-
tion of MT aging (Fig. 2 D), which is reminiscent of MT
catastrophe in the presence of MCAK (17,29).

To examine the MT aging process kinetically, the rate of
accumulation of MT aging errors was pursued. This rate
parameter, along with the step parameter that tells the number
of aging errors that accumulate before catastrophe, comes
from the gamma fit of the original PDF plots of MT lifetime
data. A plot of the rate of error accumulation versus KIF3CC
concentration exhibits an increase at low KIF3CC concentra-
tions that reaches a maximum rate of 0.01 s~' at 20 nM
KIF3CC (Fig. 3 A). In contrast, KIF3CC has little impact
on the growth rate of polymerizing MTs (Fig. 3 B).

When compared with the characteristics of MT catastro-
phe in the presence of MCAK or Kip3, the combination of
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FIGURE 3 KIF3CC accelerates the rate parameter for catastrophe but
not MT elongation. (A) Plot of the rate parameter for MT catastrophe
plotted as a function of KIF3CC concentration from 0 to 50 nM dimer.
Each data point reports the rate parameter determined by the gamma fit
of the PDF plot for MT lifetime data. The nonlinear least-squared fit is
shown, which provides a maximum rate of accumulation of MT aging steps.
See also Fig. 2 D for N values of each data point. All data are shown
mean * SE. (B) Rate of growth at the MT plus-end (nm/s) in the dynamic
MT assay at 37°C for 10 min as determined from kymograph analysis,
plotted as a function of KIF3CC dimer concentration. Error bars represent
mean *+ SE. See also Table | for calculated rates and N values for each
condition.

KIF3CC-induced characteristics suggests a different mecha-
nism for catastrophe promotion (Table 2). Although Kip3
was shown to accelerate the rate of accumulation of MT aging
steps, it does so without altering the number of steps required
to induce MT catastrophe (17). The MCAK mechanism
involves a decrease in the number of required steps to spur

MT catastrophe but without a change in the rate of accumu-
lation of errors (17). The results for the KIF3CC step param-
eter and catastrophe frequency reported here reveal that
KIF3CC promotion of MT catastrophe results from a combi-
nation of properties. It decreases the number of MT aging
errors that accumulate before MT catastrophe to a single
step, and also accelerates the rate parameter of MT catastro-
phe to eliminate the MT aging process without an impact on
the rate of growth at the elongating MT plus-end.

MT tips appear blunt in the presence of KIF3CC

Recent work from Coombes et al. (25) suggested that in
addition to the accumulation of errors in the protective
GTP cap, a structural change at the MT tip precedes catas-
trophe. For this finding, the authors measured the depletion
of the fluorescence signal at the MT tip to detect MT tip
structure according to protofilament length. They reported
that in short MT extensions, the fluorescence signal
exhibited an abrupt drop in intensity at the MT tip. The
interpretation of this drop was that during a short growth
phase, the protofilaments are approximately similar in
length extending from the MT seed and thus the fluores-
cence signal of each protofilament end is approximately
the same distance away from the MT seed. Alternatively,
MTs that grow for longer times exhibited a fluorescence
signal decrease that gradually depleted, which was inter-
preted as variability in each of the 13 protofilament lengths
due to variability in protofilament elongation. This behavior
ultimately leads to a tapered structure at the tips of long MT
extensions (Fig. 4 A, illustration). The authors subsequently
applied this method to probe MT tip structure in the pres-
ence of MCAK (25). We pursued this experimental
approach to assess the impact of KIF3CC on the MT tip
structure.

The depletion of the X-rhodamine-tubulin fluorescence
signal for MTs in both the absence and presence of KIF3CC
was calculated as the fluorescence deviation, which reports
half of the distance over which the fluorescence signal
decreases from maximum fluorescence intensity to back-
ground. For the shortest MT extensions, both the absence

TABLE 2 The Mechanism Employed by KIF3CC Is Distinct from Other Catastrophe Factors

MCAK (Kinesin-13)*

Kip3/KIF18A (Kinesin-8)" KIF3CC (Kinesin-2)

MT tip localization tip recognition
motility
plus-end targeting
catastrophe factor

structural features

Mechanism of
influencing MT

bilateral diffusion

curls protofilaments

yes yes
processivity no
yes yes
yes yes

detects curved subunits eliminates tip taper

dynamics method of MT disassembly catastrophe depolymerization by cooperative catastrophe
removal of subunits
Impact on MT aging change number of MT aging steps decreases no change decreases
rate of catastrophe no impact accelerates accelerates
Rescue events no no

“Summarized MCAK results from (17,29,34-36,38-40).
®Summarized Kip3/KIF18A results from (17,21,28,33,37).
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FIGURE 4 KIF3CC modulates the taper of extending MT tips.
(A) Compiled data for tip fluorescence deviation measurements for the no-mo-
tor control and 50 nM KIF3CC as a function of extension length. Data were
collected using the TipTracker algorithm for MATLAB on inversely labeled
MTs (bright extensions at a ratio of 1:2 of X-Rhodamine labeled to unlabeled
tubulin; dim seeds with a ratio of 1:8.5 of X-Rhodamine labeled to unlabeled
tubulin). Fluorescence deviation was defined as half of the distance over
which the fluorescence signal depletes at the MT tip from maximum intensity
to background, as shown by the red bar in the overlay of representative 3-um
MT extension profiles from the KIF3CC (red) and no motor (gray) conditions
(inset). As illustrated, the presence of KIF3CC results in protofilaments with a
lower fluorescence deviation than the no-motor control. (B) Average MT
extension profiles for increasing extension lengths, illustrated by a progressive
grayscale value with short MT extensions (0.5 wm) in black and the longest
extensions (up to 5 um) in light gray. Normalized intensity values are plotted
as a function of MT extension length in the no-motor control and in the pres-
ence of 50 nM KIF3CC. Datapoints along each trace for the no-motor control
as well as the 0.5-2 um extension traces for KIF3CC represent the average of
six extensions. The 3-um trace for KIF3CC was limited to N = 3 due to the
limited population that reach this range. Error bars represent mean + SE of
the normalized intensity values from the averaged traces. (C) Distribution
of the population of MT extension lengths in the absence and presence of
50nM KIF3CC. This bar graph represents the dataset used to estimate fluores-
cence deviations in (A). To see this figure in color, go online.

and presence of KIF3CC have fluorescence deviation values
at ~125 nm (Fig. 4 A). Comparable to previous reports, MTs
in the absence of motor show an increase in the length of

KIF3CC Promotes Microtubule Dynamics

fluorescence deviation at increasing extension lengths
because of high variability in length for each of the 13 pro-
tofilaments (25,30). In contrast, the presence of 50 nM
KIF3CC resulted in a steep drop in fluorescence at the
MT plus-end with fluorescence deviations that remain
around 125-140 nm even at extensions up to 3 um.

The difference in the depletion of the fluorescence signal
in these two conditions is made evident by a plot of the MT
tip fluorescence intensity. A direct comparison of the pro-
files from representative 3-um extensions in both the pres-
ence and absence of KIF3CC illustrate the structural
impact of KIF3CC that alters the MT tip taper despite sig-
nificant MT extension (Fig. 4 A, inset). In further compari-
sons of profiles from different length extensions, the
evolution of tip structure as a function of MT elongation
becomes evident (Fig. 4 B). The gradual loss of fluorescence
signal in the MT tips from long (4-5 um) extensions in the
no-motor control contrasts starkly with the steep drop in
fluorescence signal of MT tips in the presence of KIF3CC.
This steep drop in fluorescence signal is sustained at all
lengths of MT extensions that were observed in the presence
of KIF3CC. Furthermore, the population of MTs that is
capable of reaching long extension lengths differs greatly
in the absence and in the presence of KIF3CC, as seen by
the distribution of extension lengths observed in each condi-
tion (Fig. 4 C). Notably, the extension lengths of MTs in the
presence of KIF3CC are limited such that only a handful of
extensions are capable of reaching 3 um.

One interpretation of these data could be that the correla-
tion between blunt MT tips and KIF3CC is an indication that
KIF3CC identifies blunt MT plus-ends for catastrophe.
However, the fluorescence deviation measurements in com-
bination with the shift in catastrophe frequency to early MT
lifetimes (Fig. 1) reveals KIF3CC as a potent catastrophe
factor that limits the extent of MT growth before catastro-
phe, and thereby hinders the development of a characteristi-
cally tapered tip structure. Therefore, the data indicate that
the KIF3CC-induced MT catastrophe occurs at least in
part through restrictions on both the length that MT exten-
sions can reach before they undergo catastrophe and on
the tip structure of the protofilaments immediately before
catastrophe.

Catastrophe events correlate with brief KIF3CC
MT tip-localization events

Tip localization is a likely target for the KIF3CC mechanism
if tip structure is altered. We adapted a single molecule
assay using Qdots to visualize the KIF3CC in relation to
the dynamic MTs in our TIRF assay. For continuation of
our dataset, these experiments contained a final concentra-
tion of 50 nM KIF3CC. However, for visualization in the
single molecule regime, the pool of motor was spiked
with a subpopulation (4 nM; 8% of the total motor concen-
tration) of Qdot-labeled KIF3CC (28).
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KIF3CC was found at the plus-end of dynamic MTs, and
its association was followed on average ~8 s later by MT
catastrophe (Fig. 5 A, top section; Fig. 5 C). A quantification
of these Qdot tip localizations determined that 10.6 = 0.1%
of all catastrophe events was preceded by KIF3CC landing
at the MT plus-tip, in close agreement with our 8% labeling
ratio. Based on these results, we conclude that it is highly
likely that each catastrophe event in saturating KIF3CC co-
incides with localization of the motor at the MT plus-end.
However, this experimental design cannot determine
whether a single KIF3CC at the MT plus-tip is responsible
for each catastrophe event or multiple KIF3CC motors.
Rather, the labeling ratio leads us to hypothesize that
although we see only a single Qdot at the MT tip before
catastrophe in saturating motor conditions, there is likely a
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FIGURE 5 Catastrophe occurs upon arrival of KIF3CC at the tip and not
as a result of lattice binding. (A) Representative dual-channel images of
Qdot-motor complexes (green) with dynamic MTs (red; brightly labeled
GMPCPP MT seeds with dim MT extensions) at three timepoints. In the
presence of 50 nM KIF3CC (top 2 rows), KIF3AC (middle row), or
KIF3CCALL11 (bottom row), the three timepoints for each set correspond
to the frame before motor binding, the frame during which the motor binds
to the MT, and the first frame immediately after the initiation of MT catas-
trophe. Timestamps for each image are provided relative to the beginning of
the raw data image acquisition. Scale bars represent 1 um. (B) Representa-
tive dual-channel kymograph of two KIF3CC motors bound along the MT
lattice and one KIF3CC binding at the tip of a growing MT extension lead-
ing to MT catastrophe (*). See also Fig. S2 for additional lattice loading
examples. Scale bars represent 1 um on x axis and 60 s on the y axis.
(C) Histogram of residence time before catastrophe for KIF3CC motors
that land on the MT plus-end in the Qdot localization assay. On 34 MT
seeds observed over a period of 10 min, 16 events out of a total of 151
catastrophe events (10.6%) exhibited Qdot binding at the MT plus-end
that coincided with MT catastrophe. The average residence time mean =+
SE is reported from a single exponential fit to the data. To see this figure
in color, go online.
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larger number of additional unlabeled motors interacting
simultaneously at the tip to promote MT disassembly.
KIF3CC-Qdots also associated along the MT lattice
where they were observed to move processively, albeit
slowly, toward the dynamic MT plus-end. These lattice-
bound motors allowed us to determine the average velocity
of KIF3CC on dynamic MTs at 7.7 £ 0.3 nm/s (Fig. S2 A).
This value is in agreement with our previously published
8 nm/s velocity for KIF3CC on paclitaxel-stabilized MTs
(5). On average, each extending MT had ~1 lattice-bound
Qdot (Fig. S2 B). However, the presence of Qdots along
the lattice did not seem to affect catastrophe events at the
MT plus-ends, either on MTs with a single lattice-bound
Qdot or in rare instances where multiple Qdots were seen
bound along a MT lattice (Fig. 5 B; Fig. S2 C). Moreover,
KIF3CC-Qdots were not localized at MT minus-ends, and
MT dynamics at the MT minus-ends were not observed.

Homodimerization and loop L11 are central to
KIF3CC catastrophe promotion

Because KIF3C can heterodimerize with KIF3A, we exam-
ined whether KIF3AC can localize to MT plus tips and pro-
mote MT catastrophe (Fig. 5 A, middle; Fig. S1). KIF3AC
motors were seen landing along the MT lattice where they
moved rapidly and processively toward the dynamic MT
plus-end. Neither the movement of KIF3AC along the
lattice nor its interaction with the MT tip correlated with
catastrophe. Rather, MT extension continued both for
substantial lengths and times even after the KIF3AC-Qdot
had run the full length of the MT. This result further estab-
lishes that the heterodimeric KIF3AC does not promote MT
catastrophe and moreover that KIF3C in a heterodimeric
association is not sufficient for catastrophe promotion.

KIF3CCAL11, like KIF3CC, landed both on the MT
lattice and at the dynamic MT plus-end. When tip binding
occurred, only 2.2 = 0.4% of these events were immedi-
ately followed by catastrophe. In the remaining tip binding
events, KIF3CCALI1 seemingly posed no barrier to
continued MT extension (Fig. 5 A, bottom). Along with cu-
mulative distribution plots (Fig. 1 D), these imaging data
provide further proof that the loop L11 extension unique
to KIF3C is a structural motif required for KIF3CC-induced
MT catastrophe and promotion of MT dynamics.

DISCUSSION
Kinesin-2 KIF3CC is a novel catastrophe factor

Our previous work explored the single molecule motility
and the presteady-state kinetics of KIF3CC to gain a better
understanding of the motile properties of KIF3C in the
context of the KIF3AC heterodimer (5,31). The analysis
presented here expands our understanding of one member
of the kinesin-2 subfamily, revealing that homodimeric



KIF3CC acts as a catastrophe factor, substantiating its pro-
posed physiological role for regulation of MT dynamics in
neuronal growth cones. Moreover, this analysis provides
further insight into the mechanochemical diversity that
can be achieved within the kinesin-superfamily. The homo-
dimeric kinesin-2 KIF17 was previously shown to regulate
MT length through protection of the MT plus-end to
dampen MT dynamics leading to long MT growth phases
and inhibition of depolymerization (32). However, to the
best of our knowledge, the results presented here are the first
direct evidence of a kinesin-2 operating in the opposite
manner, as a catastrophe factor that stimulates and acceler-
ates MT catastrophe.

As examined herein, the mechanism used by KIF3CC to
enhance the frequency of MT catastrophe involves a combi-
nation of increasing the rate of the catastrophe parameter
(Fig. 3 A) and eliminating the stepwise aging process that
normally leads to MT catastrophe (Fig. 1), without altering
the rate of growth at the MT plus-end (Fig. 3 B). Among the
kinesins classified as catastrophe factors, KIF3CC appears
to use a mechanism that is altogether distinct from the
mechanisms employed by either kinesin-8 (Kip3/KIF18A)
or kinesin-13 (MCAK) for promotion of MT catastrophe
(Table 2).

A recently published study of Kip3/kinesin-8 identified
its loop L11 as a critical component to Kip3 MT depolymer-
ization activity (33). Although the data reported herein also
identify L.11 as being critical for MT catastrophe promotion
by KIF3CC, there are notable differences. The sequences of
loop L11 of Kip3 and KIF3C are entirely different, with
Kip3 featuring a string of basic residues in contrast to the
significantly extended length of KIF3C’s loop L11 that is
highly enriched in glycines, serines, and prolines (5,33).
Specifically, there are no notable features or motifs within
the two loop L11 sequences that are shared or that would
suggest a shared mechanism for their influence on MTs.

Our previous work on loop L11 in KIF3C showed that
shortening the extended sequence to the length seen in other
kinesins resulted in an increase in MT affinity. Compared to
the other heterodimeric and engineered homodimeric KIF3
motors, KIF3CC itself has a high MT affinity (KMt =
44 nM (5)) that was further increased by shortening loop
L11. Both Kip3 and MCAK have high MT affinities for
certain attributes of their function: the Kip3 affinity is perti-
nent, as the motors move processively toward the MT plus-
end and exhibit preferential binding for curved tubulin to
cooperatively remove one tubulin dimer at a time, whereas
MCAK has a high affinity for a binding site at the MT
plus-tip where it applies torque to curl protofilaments
away from the polymer structure (28,33-36). Although
not known at this time, the high affinity of KIF3CC and
its extended loop L11 may play a role in targeting KIF3CC
to the plus-end tip of MTs. The data reported here imply that
tip recognition and plus-end localization are likely critical
elements for the KIF3CC mechanism.

KIF3CC Promotes Microtubule Dynamics

It is unlikely, however, that KIF3CC utilizes its proces-
sive movement for such plus-end localization. Although
the slow processivity of KIF3CC agrees with the single
molecule data on paclitaxel-stabilized MTs (5), the motility
of KIF3CC is not fast enough to deliver this catastrophe
factor to the MT plus-end to drive MT dynamics where
the rate of the growth is ~20 nm/s (Table 1). This KIF3CC
characteristic itself is highly inconsistent with the mecha-
nism employed by Kip3, whereby the velocity of the motors
exceeds the MT growth rate and thus lattice loading of the
motor leads to MT plus-end localization over time (28,37).

MT tip localization by MCAK also differs from KIF3CC.
Although they are similar in their elimination of the MT ag-
ing process, the rapid random diffusive search used by
MCAK to reach either the MT-plus or minus-end to promote
catastrophe (38-40) contrasts with KIF3CC. KIF3CC-pro-
moted catastrophe was not observed at the MT minus-end
nor were KIF3CC motors localized to the MT minus-end.

With such a slow processive motor and with no apparent
impact of lattice-bound KIF3CC on MT catastrophe
(Fig. S2), how can KIF3CC efficiently arrive at the MT
plus-end to stimulate MT catastrophe? One possibility is
through association with a MT-end binding protein. The
MT depolymerizing kinesin-8 Kif18B, for example, directly
associates with EB1 to establish its association with the MT
plus-end (22). The tip localization of KIF3C itself has been
reported to be in part driven through an association to the
MT plus-end binding protein EB3 in neurons (2). However,
our data imply that KIF3CC may have some inherent ability
to detect the MT plus-end because no EB3 is present.
Furthermore, our motor constructs encode a C-terminal
truncation that eliminates the EB3-binding site on KIF3C.
Despite these considerations, KIF3CC can still readily
detect the MT tip and initiate MT catastrophe in our mini-
mal component in vitro system.

KIF3CC as a potent stimulator of MT dynamics in
cells

The data reported herein show that once KIF3CC arrives at
the MT plus-end, it acts as a robust stimulator of MT catas-
trophe with a unique mechanism of catastrophe promotion.
The work published by Gumy et al. (2) showed that catastro-
phe frequency increased as a result of KIF3C gene overex-
pression. Our results substantiate that report and also point
out that only a modest concentration of the KIF3C gene
product would need to homodimerize to exert this effect.
This mechanism bolsters KIF3CC’s proposed role at the
growth cone where rapid MT restructuring and remodeling
are required.

We expect, however, that the complexity of the neuronal
milieu likely requires additional targeting and regulatory
mechanisms beyond the inherent properties of the KIF3C
motor to ensure efficient delivery of the motor to the MT
plus-end. Future work will need to confirm the cellular
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presence of homodimeric KIF3CC and directly explore its
impact on the dynamics of an intact MT cytoskeleton.

SUPPORTING MATERIAL

Supporting Materials and Methods, two figures, one table, and four movies are
available at http://www.biophysj.org/biophysj/supplemental/S0006-3495(17)
31027-5.
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SUPPORTING MATERIALS AND METHODS
Homodimeric and Heterodimeric KIF3 Motor Constructs

The Mus musculus KIF3A, KIF3B and KIF3C plasmids that were used herein for expression of
the KIF3CC, KIF3AC, and KIF3AB motors, as well as the truncation of KIF3C that generated
KIF3CCAL11, were described in detail previously (1, 2). Briefly, to generate stable dimers of
KIF3CC, KIF3AC and KIF3CCAL11, a segment of the dimerization motif from EB1 was fused as
an in-register extension of the native coiled-coil to the C-terminus of the construct. Previous
work has established that the C-terminal addition of this segment of EB1 sequence to the
KIF3AC motor did not enhance MT binding nor did it alter run length of KIF3AC (2). The
polypeptide for KIF3CC contained the native N-terminal motor domain sequence, native neck
linker, and native a7 helix, with a C-terminally fused EB1 sequence that matched the coiled-coil
registry of the helix (bold), TEV protease site (italicized) with linker residues (plain font), and a
Hisg-tag (underlined).

KIF3C: KIF3C(Met'-Leu®®)-
DFYFGKLRNIELICQENEGENDPVLQRIVDILYATDETTSENLYFQGASHHHHHHHH (predicted
M.W. = 49,759)

KIF3AC was the product of co-expressing the KIF3C plasmid detailed above with a similarly-
designed KIF3A plasmid that replaced the Hisg-tag with a Strepll affinity purification tag
(underlined):

KIF3A-EB1: KIF3A(Met'-Leu®)-
DFYFGKLRNIELICQENEGENDPVLQRIVDILYATDETTSENLYFQGASNWSHPQFEK
(predicted M.W. = 48,559)

For KIF3CCAL11, the plasmid for the native KIF3C with the EB1 fusion was modified to delete
the KIF3C-specific extension of Loop L11 (Asn®°-Ser®®!), as well as to incorporate a KIF3C-
specific substitution at Pro®®® with Ala (predicted M.W. = 47,689) as previously described (2).

For KIF3AB, the stable heterodimer was generated through the use of a synthetic
heterodimerization domain (SHD) motif instead of EB1. The SHD created strong heterodimeric
associations through a pairwise affiliation between an acidic motif and a basic motif on either
construct that established heterodimeric KIF3AB complexes during expression, minimized the
probability of homodimerization, and stabilized the native coiled-coils of the heterodimeric
motors (1). In these constructs, KIF3A contained an acidic fusion helix (AHD, bold) and KIF3B
contained a basic fusion helix (BHD, bold) followed by a TEV protease site (italicized) and linker
residues (plain font), with C-terminally fused Strepll and Hisg-affinity tags on KIF3A and KIF3B,
respectively (both underlined).
KIF3A-AHD: KIF3A(Met'-Glu*"®)-LEKEIAALEKEIAALEKTTSENL YFQGASNWSHPQFEK
(predicted M.W. = 46,341)

KIF3B-BHD: KIF3B(Met'-Lys®*"")-LKEKIAALKEKIAALKETTSENL YFQGASHHHHHHHH
(predicted M.W. = 45,790)

Protein Expression and Purification
All KIF3 motors were bacterially expressed as previously reported (2) in E. coli BL21-CodonPlus

(DE3)-RIL cells (Stratagene, La Jolla, CA). Homodimers were expressed in bacteria
transformed with single plasmids followed by selection on lysogeny broth (LB) plates containing



100 pg/mL ampicillin and 10 upg/mL chloramphenicol. Heterodimers resulted from co-
transformation of two plasmids into bacteria that were then grown on LB selection plates
containing 100 pg/mL ampicillin, 50 pg/mL kanamycin, and 10 pg/mL chloramphenicol. Positive
colonies were selected and grown in LB culture at 37°C to Aggo Of ~0.5. Cultures were then
chilled in an ice bath to 16°C for 20 min before expression was induced with the addition of 0.1
mM isopropyl B-D-1-thiogalactopyranoside (IPTG). Cultures were maintained at 16°C with
shaking at 185 rpm for ~16-18 h. Cells were then collected by centrifugation (Sorvall Evolution
Centrifuge; Sorvall SLC-6000 rotor, 4400 x g at 4°C for 30 min) and resuspended with gentle
stirring at 4°C for 60 min in lysis buffer (10 mM sodium phosphate buffer, pH 7.2, 300 mM NacCl,
2 mM MgCl,, 0.1 mM EGTA, 10 mM PMSF, 1 mM DTT, 0.2 mM ATP and 30 mM imidazole at a
ratio of 1 g cells to 3 mL lysis buffer. Resuspended cell pellets were then frozen in liquid N, and
stored at -80°C prior to purification. Upon thawing, the frozen cell suspension was adjusted to a
ratio of 1 g cells to 10 mL lysis buffer plus 0.1 mg/mL lysozyme, incubated in an ice bath with
stirring for 30 min followed by lysis through a series of three freeze/thaw cycles that alternate
between liquid N, and a 37°C water bath. The cell lysate was clarified by ultracentrifugation
(Beckman Coulter Optima TLX Ultracentrifuge; Beckman Ti45 rotor at 125,000 x g) and the
supernatant loaded onto a HisTrap FF Ni*-NTA column (GE Lifesciences, Piscataway, NJ) that
had been pre-equilibrated with Ni** Binding Buffer (20 mM sodium phosphate buffer, pH 7.2,
300 mM NaCl, 2 mM MgCl,, 0.1 mM EGTA, 1 mM DTT, 0.2 mM ATP, and 30 mM imidazole).
The loaded column continued to wash with Ni** Binding Buffer until the absorbance reached
baseline. The protein was then eluted with a linear gradient (Ni** Binding Buffer at 30 mM
imidazole to 300 mM imidazole, pH 7.2).

For homodimeric motors (KIF3CC and KIF3CCAL11) with Hisg tagged protein, positive fractions
from the Ni**-NTA column were pooled and concentrated, and were further purified by gel
filtration on an HPLC gel filtration column (Superose™ 10/300, GE Lifesciences, Piscataway,
NJ) on a Beckman Coulter System Gold HPLC (Fullerton, CA). Elution was detected by intrinsic
fluorescence (Jasco FP-2020, Victoria, British Columbia) in 20 mM HEPES, pH 7.2 with KOH,
0.1 mM EDTA, 0.1 mM EGTA, 5 mM magnesium acetate, 50 mM potassium acetate, 1 mM DTT
plus 200 mM NacCl.

For heterodimeric motors (KIF3AC and KIF3AB), the Ni**-NTA column selected for any complex
that included a copy of KIF3B or KIF3C. To isolate purified heterodimers, the pool of Hisg-
tagged proteins was subjected to purification for the Strepll tag on KIF3A to ensure both
proteins were present in each purified heterodimeric complex. First, positive fractions from the
Ni#**-NTA column were pooled and transferred to a StrepllTactin™ column (GE Lifesciences)
that had been pre-equilibrated with Strepll Column Buffer (20 mM sodium phosphate buffer, pH
7.2, 300 mM NaCl, 2 mM MgCl,, 0.1 mM EGTA, 1 mM DTT, 0.2 mM ATP). The loaded column
was washed with Strepll Column Buffer until the absorbance reached baseline, followed by
elution of the heterodimeric motors (Strepll Column Buffer with 2.5 mM desthiobiotin). Fractions
were run on an SDS-PAGE gel and only the fractions with a 1:1 ratio of the KIF3 polypeptides
were pooled, concentrated, and dialyzed overnight at 4°C against 20 mM HEPES, pH 7.2 with
KOH, 0.1 mM EGTA, 5 mM magnesium acetate, 50 mM potassium acetate, 1 mM DTT, 5%
sucrose, and 100 mM NaCl.

Qdot Spiking for Single Molecule Localization

Imaging single motors within the dynamic MT assay requires single molecule concentrations of
motor. However, working with such low motor concentrations also resulted in a large number of



MTs that behaved as though no KIF3CC motor was bound. Thus, we adapted a previously
published technique (6) that maintains the saturating concentration of KIF3CC used for our
initial experiments (50 nM KIF3CC) while also visualizing single motors. In this method, termed
spiking, the pool of KIF3CC motors in the microscopy chamber with dynamic MTs were spiked
with a small subpopulation of KIF3CC that had been labeled with Qdots.

For the spiking experiments, Qdots (525-Streptavidin conjugate, Life Technologies, Carlsbad,
CA) were first mixed at a 4:1 ratio with biotinylated Penta-His antibody (Qiagen, Valencia, CA) in
PMES8O0. This initial mixture combined 7.8 uL of Qdots (1.0 mM stock) with 1.5 uL of antibody
(1.3 mM stock) and 2.7 uL 5x PME80 (400 mM PIPES, pH 6.9, 25 mM MgCl,, and 5 mM
EGTA). This resulted in concentrations of 650 nM Qdots and 162.5 nM antibody, which were
then incubated for 60 min at room temperature to generate Qdoteantibody complexes.

In a separate tube, KIF3 motors were prepared by an initial dilution to 500 nM in ATPase buffer
(20 mM HEPES, pH 7.2 with KOH, 0.1 mM EDTA, 0.1 mM EGTA, 5 mM magnesium acetate, 50
mM potassium acetate, 1 mM DTT, 5% sucrose). After the incubation of Qdoteantibody complex
was complete, 6.2 uL of the Qdoteantibody complex was combined with 2 uL of 500 nM
KIF3CC, which resulted in a Labeled Stock intermediate that diluted the Qdoteantibody
complexes to 126 nM and incorporated 122 nM KIF3CC. This Labeled Stock was incubated for
60 min on ice to allow enough time for the motors to occupy all potential binding sites.
Ultimately, the Labeled Stock generated the pool of motors that became the subpopulation of
KIF3CC visualized by the single molecule assay.

Once the Labeled Stock incubation was complete, it was used to “spike” unlabeled KIF3CC. For
this process, a separate dilution of motor was made at 6.1 uM KIF3CC of which 1.8 uL was
supplemented with the full volume (8.2 uL) of Labeled Stock. This reaction mix generated 10 uL
of Working Stock solution, that contained both the visible subpopulation of 100 nM KIF3CC
(bound to Qdoteantibody complex, itself at 103 nM in the Working Stock) and an additional 1.1
uM unlabeled KIF3CC, thus, generating a total combined concentration of 1.2 uM KIF3CC
(labeled and unlabeled combined) in the Working Stock. This Working Stock was then added to
the MT Extension Mix used for stimulating MT dynamics (1.3 uL of Working Stock at 1.2 uM
KIF3CC into a final volume of 31 uL Extension Mix). Each preparation of Extension Mix
generated three microscopy chambers (10 uL of Extension Mix into each chamber) with the final
motor concentration at 50 nM KIF3CC, spiked with 4 nM QdoteantibodyeKIF3CC that can be
visualized at 488 nm in each microscopy chamber. This method was also used for the other
KIF3 motors localized with the spiking assay.

Note that this method differs significantly from our traditional Qdot assay, which relies on a 1:10
ratio of motors to Qdots to ensure single motor binding to each Qdot (2). Instead, the method
reported here starts with excess Qdots incubated with a limiting concentration of antibody. This
creates a condition in which only a subpopulation of Qdots is competent to bind Hiss-tagged
motors. The concentration of motor to be labeled was thus determined based on the
concentration of available Qdoteantibody complexes to saturate the competent Qdoteantibody
complex.



SUPPORTING DATA ANALYSIS

Quantification of KIF3CC at the MT plus end

Percentage of KIF3CC visible by TIRF microscopy:
[KIF3CC]: 50 nM KIF3CC dimer in microscopy chamber, which includes 4 nM QdoteKIF3CC

4 nM QdoteKIF3CC per 50 nM KIF3CC total = 8% of population visible.
Therefore, 92% of the KIF3CC population is not detectable.

Two calculations for KIF3CC load on MTs:

*Note that Qdots and Qdot-motor complexes bind to the non-silanized surface of the perfusion
chamber. Therefore, both methods provide a lower limit to the estimate of motors present per MT.

1) As determined by the average number of Qdots per MT extension
Analysis was conducted from data collected over 3 days of replicate experiments, using 2
Fields of View (FOV) from each day = total 6 FOVs
Counts were taken from the first extension off of each MT seed

Compiled data from each FOV:

Total number of QdoteKIF3CC =911
Total number of initial MT extensions = 682

911 QdoteKIF3CC per 682 MTs = 1.3 QdoteKIF3CC per MT

Extrapolated for total population of KIF3CC:
Labeling ratio: 92% unlabeled KIF3CC / 8% QdoteKIF3CC
= 11.5 unlabeled KIF3CC per 1 QdoteKIF3CC

1.3 QdoteKIF3CC per MT x 11.5 labeling ratio
= 14.95 unlabeled KIF3CC + 1.3 QdoteKIF3CC

=16.25 KIF3CC motors per MT

2) As determined by average counts of Qdots and MTs per FOV
Analysis was conducted from data collected over 3 days of replicate experiments, using 3
Fields of View (FOV) from each day = total 9 FOVs
Counts were taken from the first extension off of each MT seed

Averages from compiled data:
Average number of QdoteKIF3CC per FOV =152
Average number of initial MT extensions per FOV = 114

Extrapolated for total population of KIF3CC:
Labeling ratio: 92% unlabeled KIF3CC / 8% QdoteKIF3CC
= 11.5 unlabeled KIF3CC per 1 QdoteKIF3CC

152 QdoteKIF3CC per FOV x 11.5
= 1748 unlabeled KIF3CC + 152 QdoteKIF3CC
= 1900 KIF3CC motors per FOV /114 MTs

=16.7 KIF3CC motors per MT



Figure S1, related to Figure 1. Heterodimeric KIF3AC Does Not promote MT Catastrophe.
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(A) Cumulative Distribution plot as a function of MT lifetime in the presence of varying
concentrations of KIF3AC (Kyur = 133 nM) in comparison to 50 nM KIF3CC (Kyzur = 44 nM),
each at 2 mM MgATP (2). See also Fig. 1D for additional Cumulative Distribution plot
comparisons to the KIF3CC dataset. (B) The gamma fit (Eq. 1) applied to each MT lifetime data
set (Probability Density Function plot) provided the step parameters for the titration of KIF3AC in
the dynamic MT assay. The population catastrophe frequency values were calculated as the
number of catastrophe events that occur per minute in the presence of each motor
concentration. All values reported as + SEM, and N values correlate to those in panel A.



Figure S2, related to Figure 5. KIF3CC Binds the MT Lattice but Resides for Short Periods
of Time at the MT Plus-Tip.
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(A) Histogram of the velocity of lattice-bound KIF3CC motors moving processively during MT extension
events. A Gaussian fit to the data provides the average velocity at 7.7 + 0.3 nm/s, reported as + SEM.
See also Fig. 5B. (B) Histogram of the number of QdoteKIF3CC complexes bound along the lattice of
dynamic MT extensions. Lattice-bound Qdots were defined separately from tip-associated events or
those associated with the GMPCPP-stabilized seed. The height of each histogram bin represents the
number of MT extensions that were observed to have from 0 to 5 lattice-bound Qdots immediately prior to
catastrophe. Out of a total of 151 MT extensions that occurred from 34 seeds over 10 min, there were 60
MT extensions with no lattice-bound Qdots (bin 0) prior to catastrophe and 91 MT extensions with lattice-
bound Qdots. Combined, a total of 129 lattice-bound Qdots were observed. Each visible QdoteKIF3CC
represents ~8% of the population of KIF3CC motors in these experiments. Thus, the presence of lattice-
bound Qdots implies considerable KIF3CC coverage along the MT lattice and that this lattice-bound
population of KIF3CC does not inhibit MT extension nor does it promote catastrophe. (C) Representative
dual-channel images of KIF3CC (green) bound along the dynamic MT lattice (red; brightly labeled
GMPCPP seeds with dimly labeled MT extensions). Four time points are provided for each example. In
the absence of a visible tip localization event (top row), the first two time points correspond to the growing
MT extension prior to a Qdot landing on the MT and the frame during which the Qdot lands and begins
moving processively along the MT lattice. In examples with a visible MT tip localization event (bottom 2
rows), the first two time points correspond to a frame with KIF3CC-Qdots processively stepping along the
MT followed by the frame during which the Qdot landed on the MT plus-end. For all examples shown, the
third and fourth time points correspond to: the frame immediately after the initiation of MT catastrophe,
and the endpoint of catastrophe at the GMPCPP seed. The timestamps on each image are relative to the
beginning of the raw data image acquisition (0:00). Scale bars, 1 um.



Table S1, related to Figure 2. Compiled Step Parameters for KIF3CC and Controls.

Step Parameter N
No Motor 2.62+0.23 230
KIF3CC (50 nM) 1.00 £ 0.08 252
No Nucleotide 2.67 +£0.26 194
2 mM MgAMPPNP 2.60+0.23 229
KIF3AB (50 nM) 2.62+0.25 201
KIF3AC (50 nM) 2.70+0.27 177
KIF3CCAL11 (50 nM) 272 +0.26 186

Compiled step parameter values representing the number of MT aging steps accumulated for
each condition prior to catastrophe. These values were determined from the gamma fit of the
PDF plots of raw MT lifetime data. All values are reported as + SEM from the fit.



Movie S1. MT dynamics in the absence of KIF3CC
in conditions with 10 pM tubulin (1:8.5 labeling
ratio), 1 mM MgGTP and 2 mM MgATP. Average
rate of elongation 16.8 £ 0.3 nm/s with an average
length of 2.5 £ 0.1 um. Video playback speed at
120x real-time.

Movie S2. MT dynamics are altered by the
presence of 50 nM KIF3CC dimer, with extension
conditions including 10 uM tubulin (1:8.5 labeling
ratio)) 1 mM MgGTP and 2 mM MgATP. The
average rate of elongation is 24.5 + 0.8 nm/s and
average length 1.5 + 0.1 um. Video playback speed
at 120x real-time. Two MTs are shown.

Movie S3. MT dynamics are unaffected by the
presence of 50 nM KIF3AC. Extension conditions
include 10 uM tubulin (1:8.5 labeling ratio), 1 mM
MgGTP and 2 mM MgATP. Average elongation
rate 18.1 £ 0.5 nm/s, average length 2.3 + 0.1 um.
Video playback speed at 120x real-time.

Movie S4. MT dynamics are unaffected by the
presence of 50 nM KIF3CCAL11 in which the
extended loop L11 of both KIF3C motors has been
truncated to the length seen throughout the rest of
the kinesin superfamily. Extension conditions
include 10 uM tubulin (1:8.5 labeling ratio), 1 mM
MgGTP and 2 mM MgATP. Average elongation
rate 19.5 £+ 0.5 nm/s, average length 2.8 £ 0.1 um.
Video playback speed at 120x real-time.
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