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Kinesin-14 molecular motors represent an essential class of pro-
teins that bind microtubules and walk toward their minus-ends.
Previous studies have described important roles for Kinesin-14
motors at microtubule minus-ends, but their role in regulating
plus-end dynamics remains controversial. Kinesin-14 motors have
been shown to bind the EB family of microtubule plus-end binding
proteins, suggesting that these minus-end–directed motors could
interact with growing microtubule plus-ends. In this work, we
explored the role of minus-end–directed Kinesin-14 motor forces
in controlling plus-end microtubule dynamics. In cells, a Kinesin-14
mutant with reduced affinity to EB proteins led to increased micro-
tubule lengths. Cell-free biophysical microscopy assays were per-
formed using Kinesin-14 motors and an EB family marker of
growing microtubule plus-ends, Mal3, which revealed that when
Kinesin-14 motors bound to Mal3 at growing microtubule plus-
ends, the motors subsequently walked toward the minus-end, and
Mal3 was pulled away from the growing microtubule tip. Strik-
ingly, these interactions resulted in an approximately twofold
decrease in the expected postinteraction microtubule lifetime. Fur-
thermore, generic minus-end–directed tension forces, generated
by tethering growing plus-ends to the coverslip using λ-DNA, led
to an approximately sevenfold decrease in the expected postinter-
action microtubule growth length. In contrast, the inhibition of
Kinesin-14 minus-end–directed motility led to extended tip interac-
tions and to an increase in the expected postinteraction microtu-
bule lifetime, indicating that plus-ends were stabilized by
nonmotile Kinesin-14 motors. Together, we find that Kinesin-14
motors participate in a force balance at microtubule plus-ends to
regulate microtubule lengths in cells.
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M icrotubules are tubular filaments that represent a crucial
component of the cellular cytoskeleton. Microtubules

contribute to the cell’s ability to change shape and size through-
out its lifespan and play a fundamental role in cell division by
establishing a mitotic spindle. Dynamic microtubule length
changes are essential to the many functions of microtubules in
cell growth, division, and differentiation (1). Microtubules
undergo alternating periods of growth and shortening known as
dynamic instability. This behavior is important for microtubule
function in the cell, as it allows for rapid restructuring of the
microtubule cytoskeleton (2). Here, microtubules tend to grow
for an extended period of time and then suddenly and stochas-
tically switch to a rapid shortening state (3). This switch from
slow growth to rapid shortening, while critical for the ability of
cells to rapidly restructure their microtubule cytoskeleton, is
termed “catastrophe.”

Dynamic instability can be controlled by forces generated from
the microtubules themselves. For example, a large, force-
dependent increase in the frequency of catastrophe events is

observed when microtubules polymerize against a microfabricated
barrier (4), which could occur when growing microtubules contact
intracellular obstructions or a cell cortex. In contrast, microtubule
shortening is stalled when microtubule plus-ends are captured by
cortex-tethered dynein, leading to a pulling force in the direction
of growth (5). Similarly, pulling on the microtubule plus-end in
the direction of growth via an external force has been shown to
contribute to elongation of the microtubules at the plus-ends (6).
This type of tension-based pulling may occur in the context of a
mitotic spindle, in which dynamic microtubule tips are tethered to
chromosomes via a multiprotein kinetochore complex (7, 8).

Kinesin-14 motors comprise a family of kinesin motor pro-
teins that generate ATP-dependent forces to walk along micro-
tubules in the minus-end direction (9). Kinesin-14 motors are
highly conserved in form and function across species, and in
this study, we have focused on the Kinesin-14 of budding yeast
(Kar3 with its binding partner Cik1) and human (HSET) for
our experiments. Kinesin-14 motors contain a secondary diffu-
sive microtubule interaction site at the N terminus that allows
for the cross-linking and sliding of nearby microtubules (10).
Thus, Kinesin-14 motors have important roles in the interaction
between adjacent antiparallel microtubules, such as during
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mitotic spindle assembly (11–13), and for the organization of
microtubule minus-ends into spindle poles (14–19).

Recently, it has been shown that Kinesin-14 molecules are
able to move rapidly and processively along microtubules. For
yeast Kar3/Cik1 Kinesin-14 motors, it has been shown that sin-
gle Kar3/Cik1 molecules are sufficient for processive move-
ment on microtubules (11, 20). However, in contrast, recent
work with HSET demonstrated that clusters of HSET mole-
cules induce rapid, processive movement along microtubules
(18, 21).

A recent in vitro study found that Kinesin-14 motors act to
stabilize the microtubule minus-end by suppressing the tubulin
off rate (19). However, experiments in cells suggest that
Kinesin-14 motors could destabilize microtubules, potentially at
their growing microtubule plus-ends (22, 23). Thus, whether
Kinesin-14 motors could differentially alter the stability of
microtubule plus-ends and minus-ends remains an open ques-
tion. In this study, we sought to investigate the effects of a
minus-end directed motor on the stability of a growing microtu-
bule plus-end.

How could a minus-end–directed Kinesin-14 motor interact
with a growing microtubule plus-end? Importantly, Kinesin-14
motors contain domain(s) that allow for direct binding to plus-
end tip trackers such as EB1 (human) and Mal3 (yeast)
(24–27). Thus, we hypothesized that, even under conditions in
which Kinesin-14 motors can move robustly toward microtu-
bule minus-ends, the binding of Kinesin-14 motors to a plus-
end tip tracker such as Mal3 could allow for interactions with
the growing microtubule plus-end. These interactions could
then exert a minus-end–directed force on the tip tracker, and
on the plus-end tip itself, as the motor moves toward the
minus-end. Thus, by exerting minus-end–directed pulling
forces, Kinesin-14 motors could potentially destabilize the
growing microtubule plus-end. Recent work found that the
EB1–Kinesin-14 complex contributes to the proper organiza-
tion of the metaphase mitotic spindle (25) and that EB1 and
Kinesin-14 complexes work together to guide growth of parallel
microtubules from a common nucleating center (26). However,
the effect of minus-end–directed forces in regulating the
dynamics of growing microtubule plus-ends has not been
explored.

In this study, we found that, after a plus-end interaction,
minus-end–directed Kinesin-14 motors pulled Mal3 from a grow-
ing microtubule end, thus increasing the likelihood of a catastro-
phe event. Similarly, generic minus-end–directed tension forces
led to catastrophe at growing microtubule plus-ends. In contrast,
the inhibition of minus-end–directed Kinesin-14 motility led to
extended tip interactions and the suppression of catastrophe.
Together, our work indicates that Kinesin-14 motors cooperate
with microtubule tip tracking proteins to limit microtubule lengths
by exerting minus-end–directed forces at growing microtubule
plus-ends.

Results
Yeast Kinesin-14 Briefly Binds to the Plus-Ends of Growing Microtu-
bules in the Presence of Mal3. To examine the interaction of
Kinesin-14 motors with growing microtubule plus-ends, we first
purified the Kinesin-14 motor protein Kar3-GFP/Cik1 directly
from log-phase yeast cells (11). Furthermore, as a negative con-
trol, a four-amino-acid mutant of Cik1 containing a string of
four alanine residues in the SxIP EB binding domain was gen-
erated (Cik1-4A), and then the Kar3-GFP/Cik1-4A mutant
protein was also purified directly from mutant log-phase yeast
cells. We expected that the Kar3-GFP/Cik1-4A mutant protein
complex would be less likely to interact with growing microtu-
bule plus-ends because of disruption in its EB binding domain.

To directly probe the interaction between Kinesin-14 motor
proteins and the growing plus-ends of dynamic microtubules,
cell-free biophysical microscopy assays were used. Here, Alexa-
647–labeled microtubules were grown from seed templates
(Fig. 1 A, Top, blue) in the presence of the fission yeast EB pro-
tein Mal3-mCherry (28) (Fig. 1 A, Top, magenta). Furthermore,
either wild-type Kar3-GFP/Cik1 or mutant Kar3-GFP/Cik1-4A
(Fig. 1 A, Top, green) was introduced into flow chambers con-
taining the dynamic microtubules and Mal3-mCherry. The
interaction of the Kinesin-14 motors with the dynamic plus-
ends of the growing microtubules was then observed using total
internal reflection fluorescence (TIRF) microscopy. We
observed the Kar3/Cik1 protein complex briefly interacting with
growing microtubule plus-ends (Fig. 1 A, Bottom Left, white
arrows), which was less frequently observed in experiments
with the Kar3/Cik1-4A protein complexes (Fig. 1 A, Bottom
Right; similar to in yeast cells, SI Appendix, Fig. S1A).

Kymographs were then constructed, and “tip events” were
defined as interactions in which a Kinesin-14 motor occupied
the same pixel coordinates as the dynamic plus-end tip for at
least one imaging frame (Fig. 1 A, Bottom, white arrows; blue
diamonds: non-tip lattice interactions). We calculated the frac-
tion of dynamic plus-end growth cycles in which a tip event
occurred in the presence of the wild-type and the Cik1-4A
mutant proteins and found that the fraction of microtubules
with tip events was ∼2.7-fold higher with wild-type motors than
for the Cik1-4A motors (Fig. 1B, P < 0.00001, Z statistic =
4.963). We note that, overall, the targeting of Kar3-GFP/Cik1-
4A to the dynamic microtubule lattice appears to be reduced as
well, likely because residual Mal3 along the microtubule length
aides in targeting wild-type Kar3–Cik1 to the dynamic microtu-
bule lattice. We conclude that the interaction of Kar3/Cik1 with
growing microtubule plus-ends is facilitated by Kinesin-14 bind-
ing to the EB protein Mal3.

Interaction of Kinesin-14 Motors with Growing Microtubule Plus-
Ends Restricts Microtubule Lengths in Cells. We then asked
whether the interaction of Kinesin-14 motors with dynamic
microtubule plus-ends could alter microtubule lengths in cells.
Because the Cik1-4A mutation disrupts the interaction of
Kinesin-14 motors with growing microtubule plus-ends (Fig.
1B), we compared microtubule lengths in wild-type cells and in
cells that expressed the Cik1-4A mutation.

First, we examined the effect of the Cik1-4A mutant within
the anaphase mitotic spindle. Specifically, we used a cell line
that expressed the Kinesin-5 motor Kip1–GFP along with fluo-
rescent spindle pole markers, and by collecting late anaphase
spindle images, we measured the “midzone” length, which is
the length of overlap between antiparallel interpolar microtu-
bules, visible via the microtubule cross-linking Kip1–GFP
motors (Fig. 1 C and D [orange box, midzone]). The late ana-
phase “midzone length” reflects the length of interpolar micro-
tubules within the anaphase mitotic spindle such that a longer
midzone length reflects an increase in interpolar microtubule
lengths. We quantified late anaphase midzone length using
semiautomated MATLAB code to measure the length of the
bright microtubule overlap zone at the center of late anaphase
spindles (Fig. 1 C and D, orange boxes; Materials and Methods).
We found that the Cik1-4A cells had an ∼24% increase in late
anaphase midzone length relative to wild-type cells (Fig. 1E,
P < 0.0001, Student’s t test), indicating that the interaction of
Kar3/Cik1 with growing microtubule plus-ends acted to shorten
interpolar microtubules during anaphase. Consistent with previ-
ous reports (29–34), we found that the increased midzone
lengths in the Cik1-4A cells also drove a concomitant increase
in pole-to-pole spindle lengths (SI Appendix, Fig. S1 B and C).

Second, we used a tubulin-GFP–expressing yeast cell line to
examine the effect of the Cik1-4A mutation on individual
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cytoplasmic astral microtubules in yeast cells (Fig. 1F, white
arrows). Because yeast undergoes a closed mitosis and Kar3/
Cik1 is transported into the nucleus for cell division, we

generated strains with the Kar3/Cik1 nuclear localization signal
knocked out (nlsΔ; Materials and Methods). Thus, the nlsΔ
strains allowed us to visualize how alterations to the interaction
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of Kinesin-14 motors with growing microtubule plus-ends could
change individual cytoplasmic astral microtubule lengths (Fig.
1F, white arrows). Fluorescence images of yeast cytoplasmic
astral microtubules were collected, and the astral microtubule
length was measured. We found that in cells expressing the
mutant Cik1-4A protein, astral microtubules had a 91%
increase in length relative to wild-type cells (Fig. 1G, P <
0.0001, Student’s t test). Together, our results demonstrate that
the interaction between Kinesin-14 motor proteins and growing
microtubule plus-ends acts to restrict the length of microtu-
bules in cells.

Finally, we collected movies of astral microtubule dynamics
in wild-type and Cik1-4A cells. Here, we tracked growing and
shortening plus-ends (Fig. 1H), and for each microtubule, we
measured the longest growth displacement length that was
observed prior to an extended shortening event. We found that
microtubules in Cik1-4A mutant cells reached greater terminal
lengths prior to a catastrophe event as compared to wild-type
cells (Fig. 1I, P = 0.042). Thus, the interaction between
Kinesin-14 motors and growing microtubule plus-ends restricts
the length of microtubules in cells by limiting the distance that
microtubules grow prior to a catastrophe event.

Pulling of EB Proteins from Growing Microtubule Tips by Kinesin-14
Motors Leads to Catastrophe Events. How could the interaction
between Kinesin-14 motors and growing microtubule plus-ends
limit the distance that microtubules grow prior to a catastrophe
event? Given that Kinesin-14 motor proteins are minus-end
directed and that Cik1 contains an EB binding domain (SxIP)
at its extreme N terminus (25), we hypothesized that Cik1 could
bind to Mal3 at the microtubule plus-end (Fig. 2 A, Left, red/
green), and then Kinesin-14 motor(s) could pull EB tip track-
er(s) from the growing microtubule plus-end as the motor(s)
walked toward the microtubule minus-end, thus disrupting the
configuration of the growing microtubule plus-end (Fig. 2 A,
Right). This disruption could then destabilize the growing plus-
end, leading to catastrophe (Fig. 2A).

To test this idea, we turned to cell-free reconstitution assays.
Specifically, we used purified proteins and collected movies of
Kar3-GFP/Cik1 motors interacting with Mal3-mCherry at
growing microtubule plus-ends (Fig. 2B). While Kar3-GFP/
Cik1 (Fig. 2B, green) frequently bound to the dynamic microtu-
bule lattice (Fig. 2B, blue diamond), interactions with Mal3 at
the growing microtubule plus-end were also observed (Fig. 2B,
yellow arrow). Importantly, we observed that, when the Kar3/
Cik1 motors interacted with Mal3 at the growing microtubule
tip (instances in which the motor fluorescence occupied the
same pixel as the microtubule tip fluorescence for at least one
imaging frame), 87% of these tip interactions resulted in the
minus-end–directed motors actively pulling Mal3 away from
the plus-end tip (Fig. 2B, yellow dashed lines, and Fig. 2C, n =
85 total tip events; Movie S1). In contrast, we observed that, for
the Kar3/Cik1-4A mutant motors with weakened affinity for
Mal3, only 8.6% of the observed tip interactions resulted in the
motors actively pulling Mal3 away from the plus-end tip (Fig.
2C, n = 35 total tip events, P < 0.00001, Z = 6.97; Movie S2).

Importantly, after Mal3 was pulled away from growing
microtubule plus-ends by Kar3/Cik1 motors (Fig. 2B, yellow
dashed lines and yellow arrows), microtubule catastrophe
events frequently followed (Fig. 2B, white dotted line). To
determine whether this type of Mal3 pulling event directly
increased the likelihood of a microtubule catastrophe event,
the time to catastrophe after a Kar3/Cik1 tip interaction was
measured (Fig. 2 B, Left, white arrows). In this instance, a “tip
interaction” was defined as instances in which the motor fluo-
rescence occupied the same pixel as the microtubule tip fluores-
cence for at least one time step followed by the simultaneous
movement of Kinesin-14 and Mal3 molecules away from the

tip, regardless of whether the plus-end Mal3 signal intensity
was changed after the interaction (Fig. 2 B, Left, yellow dashed
lines). Walking events in which the (green) Kinesin-14 motor
did not interact with the same pixel as the microtubule tip were
excluded from the analysis (Fig. 2B, blue diamond). The time
to catastrophe after a tip interaction was calculated by measur-
ing the number of time frames between the initial motor-tip
event and the catastrophe event and then by dividing this value
by the frame rate (in seconds�1) to find the time to catastrophe
in seconds. If multiple tip interactions were observed prior to a
catastrophe event, the number of time frames between the first
tip interaction and the catastrophe event was used.

The time to catastrophe after a Kar3/Cik1 tip interaction was
then compared to control events in which the total microtubule
growth time prior to catastrophe (“catastrophe time”) was mea-
sured for control microtubules that had no Kar3/Cik1 tip inter-
action, and then each of these catastrophe times was multiplied
by a uniformly distributed random number between 0 and 1 to
generate a theoretical “tip interaction” time point. The differ-
ence between this theoretical tip interaction time point and its
associated experimental microtubule catastrophe time repre-
sented the values for the control dataset in each dynamic
microtubule experiment.

We found that, after a Kar3/Cik1 tip interaction, microtu-
bules underwent catastrophe ∼2.3-fold more quickly than was
predicted for the control tip interaction events (Fig. 2D and SI
Appendix, Fig. S2A, P < 0.0001, K-S test). Thus, the interaction
of Kar3/Cik1 with Mal3 at growing microtubule plus-ends, in
which Kar3/Cik1 pulled Mal3 away from the tip, had a dramatic
effect on destabilizing the growing plus-end, leading to
catastrophe.

We then asked whether this behavior would be common to
other Kinesin-14 molecular motors. Thus, we purified the
human Kinesin-14 HSET–GFP (19) (Materials and Methods)
and performed experiments using HSET–GFP. Similar to Kar3/
Cik1 (Fig. 2B), HSET frequently bound to the dynamic micro-
tubule lattice (Fig. 2E, blue diamonds), but interactions of
HSET with Mal3 at the growing microtubule plus-end were
also observed (Fig. 2E, yellow arrows). Similar to the
Kar3–Cik1 analysis, HSET walking events in which the (green)
Kinesin-14 motor did not interact with the same pixel as the
microtubule tip were excluded from the analysis (Fig. 2E, blue
diamonds). We found that HSET interacted with growing
microtubule plus-ends at similar rates to Kar3/Cik1 (SI
Appendix, Fig. S1D, P = 0.896, Z statistic = �0.131). In con-
trast, in the absence of Mal3, HSET rarely interacted with the
growing microtubule tip (SI Appendix, Fig. S1 E and F, P <
0.00001, Z statistic = 4.46).

Importantly, we again observed that, when the HSET motors
interacted with Mal3 at the growing microtubule tip, the motors
pulled Mal3 away from the plus-end tip as they journeyed
toward the minus-end (Fig. 2E, yellow dashed lines, and Movie
S3). Similar to the Kar3/Cik1 experiments, we noted that this
interaction appeared to be quickly followed by a catastrophe
event (Fig. 2E, dotted white lines). We defined a “tip inter-
action” as an event in which Mal3 and the HSET motor(s)
occupied the same pixel coordinates for at least one imaging
frame and then moved simultaneously and together away from
a growing microtubule plus-end (Fig. 2 E, Left, dashed yellow
lines), regardless of the degree of Mal3 signal changes at the
growing microtubule plus-end. We found that catastrophe
events occurred ∼2.5-fold more quickly after an HSET tip
event than was predicted for a control tip interaction (Fig. 2F
and SI Appendix, Fig. S2B, P < 0.0001, K-S test).

We note that, for both Kar3/Cik1 and HSET, we occasionally
observed events in which a tip interaction event was followed
by another tip interaction event before catastrophe (∼23% of
Kar3-Cik1 events, ∼27% of HSET events), including events in
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which the final tip interaction was coincident with the catastro-
phe itself. In order to conservatively characterize the effect of
Kinesin-14 motors on the time to catastrophe, we selected the
earliest tip interaction in our quantification of time to catastro-
phe after interaction.

Previous studies have shown that multiple HSET motors
form a complex to drive processive HSET movement in vitro
(18, 21). In contrast, studies have shown that single Kar3/Cik1
molecules drive processive minus-end–directed motor move-
ment (11, 20). Thus, we compared the fluorescence intensity of
moving Kar3-GFP/Cik1 and HSET–GFP motors (SI Appendix,
Fig. S4 A and B). We found that the SD of fluorescence intensi-
ties for the HSET molecules was ∼64% larger than for the
Kar3-GFP motors, suggesting that, consistent with previous
observations, HSET may form multimotor complexes to
enhance its processivity. Thus, multiple HSET motors could act
as a complex to pull Mal3 away from growing microtubule tips,
perhaps accumulating additional residual Mal3 that is associ-
ated with the lattice as the complex moves toward the minus-
end.

To characterize Kinesin-14 motor movement along the
dynamic microtubule lattice as well as at the growing microtu-
bule tip, we measured Kinesin-14 motor walking velocities both
on the guanoside diphosphate (GDP) lattice of the dynamic
microtubule extensions as well as on the GMPCPP (GTP ana-
log) seeds (SI Appendix, Fig. S4 C–F). We found that the
HSET motors walked ∼39% more slowly on the GMPCPP
seeds as compared to the GDP lattice (SI Appendix, Fig. S4 C
and D), and the Kar3/Cik1 motors walked ∼63% more slowly
(SI Appendix, Fig. S4 E and F). We speculate that the slowing
of the Kinesin-14 motors on the GTP lattice could increase
their duration time at growing microtubule ends, thus increas-
ing the likelihood of interactions with tip-bound Mal3.

Taken together, these results show that, in general, the inter-
action of Kinesin-14 motors with EB proteins at growing plus-
ends directly results in microtubule catastrophe events and that
this is a conserved phenomenon between yeast and human
Kinesin-14 motors.

Kinesin-14 Motors with Inhibited Motility Are Plus-End Tip Trackers
That Stabilize Growing Plus-Ends. The observation that Kinesin-
14 motors pulled EB proteins away from the growing microtu-
bule tip (Fig. 2 B and E) suggests that the motors exert
minus-end–directed forces to tug on protofilaments at the
microtubule plus-end, thus disrupting growth and ultimately
causing a catastrophe event (Fig. 2A). If this model is correct,
we predicted that the inhibition of Kinesin-14 motility would
eliminate this catastrophe effect because of the loss of minus-
end–directed motor forces. Thus, we used AMP-PNP (adenylyl-
imidodiphosphate), which is a slowly hydrolyzable analog of
ATP, to inhibit Kinesin-14 mobility (35). We therefore per-
formed experiments with ATP, AMP-PNP, and with an equal
mixture of ATP and AMP-PNP.

In conditions with excess ATP (4 mM), we observed that
HSET tip interactions were brief (Figs. 2E and 3A, white
arrows). However, in mixed ATP/AMP-PNP (2 mM/2 mM)
conditions, HSET tip interactions were more prolonged, with
HSET tracking the growing microtubule plus-end during the
tip interaction (Fig. 3B, white lines/arrows). Finally, in experi-
ments with only AMP-PNP (4 mM), HSET tip interactions
were much more prolonged, with HSET again tracking the
growing microtubule plus-end during the tip interaction (Fig.
3C, SI Appendix, Fig. S2D, white lines/arrows, and Movie S4;
similar results were observed in Kar3/Cik1, SI Appendix, Fig.
S2E). In summary, we observed an ∼15-fold increase in the
fraction of microtubule growth time in which HSETwas present
at the growing plus-end in AMP-PNP as compared to ATP con-
ditions, with an approximately fivefold increase in mixed AMP-

PNP/ATP conditions as compared to ATP conditions (Fig. 3D,
P < 0.0001, ANOVA). Tip tracking of HSET in AMP-PNP sug-
gests that the HSET motor is mobility inhibited but perhaps
not strongly bound to the microtubule lattice. This behavior
could be due to GTP competition with AMP-PNP or a reduced
affinity of AMP-PNP to Kinesin-14 motor head domains (36,
37). Thus, a single HSET motor head or, alternatively, the sec-
ond microtubule binding domain on the HSET N-terminal tail,
could contribute to persistent binding to and diffusive-like
transport of Kinesin-14 motors on the tips of growing microtu-
bules (20).

We then asked whether the inhibition of HSET mobility
would change HSET’s effect on catastrophe events at the grow-
ing microtubule plus-end. Therefore, we measured the time to
catastrophe after the start of an HSET tip interaction and com-
pared the results for various nucleotide groups to the control
tip interactions. In the presence of ATP, catastrophe events
occurred more quickly after an HSET tip interaction event
than for control interaction events in which a random interac-
tion time was selected on microtubules with no HSET tip inter-
action (Fig. 3E, green). However, strikingly, HSET had the
opposite effect on catastrophe when its mobility was sup-
pressed: for the 100% AMP-PNP experiments, the catastrophe
time after the start of a tip interaction was ∼88% longer than
for the control interaction events and ∼355% longer than for
HSET tip interactions in ATP (Fig. 3E and SI Appendix, Fig.
S2F, red). There was a more moderate growth stabilization
effect for the mixed ATP/AMP-PNP experiments (Fig. 3E and
SI Appendix, Fig. S2F, orange; P < 0.0001, ANOVA). We note
that the control catastrophe times were indistinguishable
between all of the nucleotide conditions (SI Appendix, Fig. S2
G and H, P = 0.673, ANOVA), and so a combined control data
set was used in Fig. 3E (gray).

Thus, under conditions in which Kinesin-14 mobility is inhib-
ited, interactions of Kinesin-14 motor proteins with EB pro-
teins at growing microtubule plus-ends acted to stabilize the
plus-end against catastrophe, which is the opposite effect that
we observed for Kinesin-14 motors in ATP (Fig. 3E). Taken
together, these results indicate that Kinesin-14 participates in a
regulatory force balance at the dynamic microtubule plus-end
tip.

Computational Simulations: Disruption of a Single Protofilament
for ∼10-s Results in Premature Catastrophe. Why do premature
catastrophe events occur following the Kinesin-14
motor–mediated removal of EB protein(s) from the growing
microtubule tip? One possible explanation could be that micro-
tubule protofilament(s) are pulled back by motor/EB com-
plexes, resulting in a curled configuration (Fig. 2 A, Right). The
curling back of protofilament(s), similar to the configuration of
a disassembling microtubule (38), could frustrate the addition
of new tubulin subunits at the curled protofilament ends (39,
40), halting the protofilament growth.

To test this idea, we turned to computational simulations.
Specifically, we adapted a previously described three-
dimensional molecular-scale computational model for microtu-
bule assembly to explore the sensitivity of catastrophe events to
protofilament growth disruptions (41–43). This model explicitly
considers the contribution of protofilaments to overall microtu-
bule growth and catastrophe via lateral and longitudinal bonds
between each tubulin subunit (41–43). In the simulation, each
newly arriving tubulin subunit is stabilized within the growing
microtubule lattice by bonding to the lateral neighbors on
either side of it and by establishing a longitudinal bond with the
tubulin subunit below it. Thus, if protofilaments are curled
back, preventing them from growing coordinately with the
remainder of the microtubule (Fig. 4A, step 2), some of the
newly arriving tubulin subunits would be missing a lateral
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Fig. 3. Kinesin-14 motors with inhibited minus-end motor activity stabilize plus-end growth. (A) In 100% ATP conditions (4 mM), HSET tip interactions
were brief and occurred just prior to catastrophe (white arrow; blue diamond represents non-tip interaction). (B) In a ratio of 50:50 mixed ATP/AMP-PNP
conditions (2 mM/2 mM), HSET tip interactions were prolonged. (C) In 100% AMP-PNP conditions (4 mM), HSET tip interactions were severely prolonged,
and interactions often occurred long before catastrophe (SI Appendix, Fig. S2D and Movie S4). (D) HSET interacts with the plus-end for longer period of
time with inhibited Kinesin-14 mobility (P < 0.0001, ANOVA). (E) Catastrophe is delayed, and microtubule plus-end growth stabilized when HSET motor
activity is suppressed (SI Appendix, Fig. S3F; P < 0.0001, ANOVA). On each box, the central line indicates the median, the bottom and top edges of the
box indicate the 25th and 75th percentiles, and the marker within the box indicates mean.
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least one time step, and then Mal3 and HSET traveled simultaneously away from the growing microtubule plus-end (yellow dashed lines). (Right) Fitting
to the distribution of Mal3 fluorescence loss ratios after HSET plus-end tip interaction. (E) Schematic of DNA tethering experiments. YOYO1-labeled DNA
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distance after a tether interaction as compared to a control tip interaction (SI Appendix, Fig. S3D, P < 0.0001, K-S test). On each box, the central line indi-
cates the median, the bottom and top edges of the box indicate the 25th and 75th percentiles, and the marker within the box indicates mean.
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neighbor. These “neighborless” tubulin subunits would be less
stable in the lattice, as they are missing one lateral bond.

We simulated growth disruption of protofilaments by
“targeting” random protofilament(s) (Fig. 4A, step 1). Here,
“targeted” protofilament(s) would be entirely prevented from
adding new tubulin subunits, thus preventing an increase in
their length, for a specified amount of time (Fig. 4A, step 2).
We then asked whether the targeting of protofilament(s) could
ultimately destabilize the entire growing microtubule plus-end
(Fig. 4A, step 3).

Prior to the start of each simulation, a random time point
was selected for the targeting event to occur (Ttargeted), and the
number of protofilaments to be targeted was defined (Fig. 4A,
step 1, Ntargeted). A random protofilament was selected for tar-
geting, and any additional targeted protofilaments were
assigned to be adjacent to the initial selection, assuming that a
single motor could potentially disrupt multiple adjacent protofi-
laments in a single curling event. Once the simulation started,
tubulin subunits arrived, departed, and were stochastically
hydrolyzed, up until the targeting event occurred. Once the tar-
geting event occurred, growth was excluded from the targeted
protofilament(s) for the duration of the targeting event (Fig.
4A, step 2, Dtargeted) while stochastic hydrolysis continued. For
the initial simulations, the targeting event lasted for 10 ± 1 s
(mean ± SD), after which growth on the targeted protofila-
ment(s) proceeded as normal. This assumption seemed reason-
able, as the experimental Mal3–HSET interactions (in ATP)
lasted for one to two time-lapse intervals at our sampling rate
of 7.5 s per frame. Each simulation ran until a catastrophe
event occurred, at which time, the simulation would end (Fig.
4A, step 3). The difference between the targeting event start
time (Ttargeted) and the catastrophe time at the end of the simu-
lation was recorded for each simulation (Δt) as is shown in the
representative simulation trace in Fig. 4B (Δt, green). To com-
pare the simulation results to the experimental control results
in which a random tip interaction time point was selected on
microtubules with no motor tip interactions, a targeting start
time was selected, but no protofilaments were selected for tar-
geting (Fig. 4C, 0 protofilaments).

We first freely adjusted the tubulin concentration in the sim-
ulation in order to reproduce the control results in the HSET
experiments (Fig. 4C, gray dash lines) and by targeting 0 proto-
filaments in the simulation (Fig. 4C, magenta). Then, we per-
formed simulations in which we gradually increased the number
of targeted protofilaments and plotted the average simulated
time to catastrophe after the start of each targeting event (Fig.
4C, magenta, each data point represents a minimum of 100
simulations). Surprisingly, we found that the best fit between
the HSET ATP experimental data (Fig. 4C, green lines) and
the simulations (Fig. 4C, magenta) was when one protofilament
was disrupted for ∼10 s. Thus, even a substoichiometric tip
interaction for a brief period of time led to a substantial
increase in the likelihood of catastrophe after the targeting
event (Kinesin-14 motor(s) disrupting one protofilament of a
13-protofilament microtubule). We note that the disruption of
two protofilaments for a shorter period of time (∼7 s) could
also reproduce the experimentally observed time to catastrophe
after an HSET tip interaction (SI Appendix, Fig. S3A).

Single Protofilament Disruption by Kinesin-14 Motors Is Consistent
with Mal3 Fluorescence Signal Loss. Based on our simulations
(Fig. 4 A–C), we predicted that the best fit to our experimental
catastrophe data were if the Kinesin-14 motors disrupted
approximately one to two protofilaments at the growing micro-
tubule tip, perhaps by curling them away from the tip (Fig. 4C).
Similarly, if the Kinesin-14 motors pulled Mal3 from the tips of
one to two protofilaments, the loss in Mal3-mCherry

fluorescence intensity after a Kinesin-14 tip interaction would
be expected to be small.

Thus, we experimentally measured the Mal3-mCherry fluo-
rescence in a 2 × 2–pixel box just prior to a Kinesin-14 tip inter-
action and then immediately following the tip interaction (Fig.
4 D, Left, white boxes). We found that the ratio of Mal3 fluores-
cence intensity after a Kinesin-14 tip interaction to the fluores-
cence intensity before the interaction was ∼94% (Fig. 4 D,
Right). Thus, the experimental Mal3 fluorescence loss after a
Kinesin-14 tip interaction is small, consistent with the simula-
tion prediction that the Kinesin-14 motors may disrupt only a
small fraction of protofilaments at the growing microtubule
plus-end, although we note that rapid reassociation of EB pro-
teins could also contribute to this effect.

We note that, when Mal3 and the Kinesin-14 motor(s)
moved together away from a growing microtubule plus-end,
this simultaneous movement was then defined as a tip pulling-
away event (Fig. 4 D, Left, yellow dashed line), regardless of
the degree of Mal3 signal change at the growing microtubule
plus-end. Thus, in our model, we consider Mal3 to be a
“handle” that is associated with protofilament(s) at the growing
microtubule plus-end: when Kinesin-14 molecules bind to and
pull on the Mal3 “handle,” this may allow the Kinesin-14 mole-
cules to exert minus-end–directed forces at the microtubule tip,
thus disrupting the configuration and growth of the tip.

Generic Minus-End–Directed Forces at the Plus-End of Dynamic
Microtubules Lead to Premature Catastrophe Events. To determine
whether our Kinesin-14–EB findings were representative of a
more general phenomenon in which minus-end–directed forces
could alter the dynamics at growing microtubule plus-ends, we
conducted DNA-tethering experiments (44). In these experi-
ments, growing microtubule plus-ends were tethered to imaging
coverslips using a DNA tether (Fig. 4E, green). The effect of
the resultant minus-end–directed force on the likelihood of a
catastrophe event was then measured (Fig. 4 E, Right). Specifi-
cally, we conjugated opposite complementary ends of λ-DNA
with biotin or digoxigenin as previously described (45). Then,
these ends were ligated together to form an 11-kb tether, and
the final tether assembly was stained with a green YOYO1 label
(44, 46). This allowed for the adhering of biotinylated yeast
Dam1 complexes to one end of the tether. Purified Dam1 com-
plexes have been previously shown to track the tips of dynamic
microtubules (47–51) and make load-bearing attachments at
dynamic microtubule ends (6, 52) (Fig. 4 D, Right). The oppo-
site end of the tether, labeled with digoxigenin, was attached to
coverslips prior to the start of the imaging experiment (Fig.
4E, blue).

Thus, as dynamic microtubules grew, their Dam1-bound
plus-ends were caught and tethered by the DNA tethers (Fig. 4
E, Right). As the plus-ends continued to grow, this tether
exerted a minus-end–directed force at the growing microtubule
plus-end (Fig. 4 E, Right). TIRF imaging data were collected,
and kymographs were constructed from videos of microtubules
growing in the presence of tethers, with nontether binding
microtubules used as controls.

In the DNA tether experiments, we observed dynamic micro-
tubule plus-ends interacting with the green DNA–Dam1 tether
assembly (Fig. 4F, white dashed arrow shows direction of
microtubule growth; SI Appendix, Fig. S3B and Movie S5).
Importantly, catastrophe events followed the interaction of
growing plus-ends with the green tethers (Fig. 4G, yellow
arrows). Any direct interaction of a growing microtubule plus-
end with a green DNA tether was scored, and the total growth
distance prior to catastrophe, past the nearest edge of the
tether in the microtubule’s direction of growth (Fig. 4G, white
arrows), was measured. We then compared these tethered
catastrophe distances to control catastrophe distances in which
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a uniformly distributed random interaction point was selected
on control microtubules that had no interactions with a DNA
tether (“control interactions”; Movie S5; Materials and Meth-
ods). We found that the catastrophe distance was curtailed by
approximately sevenfold after a tether interaction, relative to
control (nontether) interactions (Fig. 4H and SI Appendix, Fig.
S3D, P < 0.0001, K-S test).

By calculating the force required to stretch a DNA tether
(Materials and Methods), we generated a plot of theoretical
tether tension as a function of tether stretch distance (SI
Appendix, Fig. S3E). Based on the distance that a plus-end
grew past its DNA tether location prior to catastrophe (Fig. 4E,
white arrows), we predict that, similar to HSET stall forces
(21), the tether tension forces at catastrophe are small, likely
<2 pN (SI Appendix, Fig. S3E).

Taken together, these results demonstrate that generic
minus-end–directed forces exerted at growing microtubule
plus-ends lead to premature catastrophe events, likely because
of the disruption of protofilament growth.

Discussion
The dynamic growth and shrinkage of microtubules is a critical
aspect of many cellular processes, including cell division and
cellular trafficking of cargo. The improper regulation of

microtubule dynamics within cells can have deleterious conse-
quences. Thus, deciphering the mechanisms by which these
processes are regulated is important not only for understanding
normal cellular processes but can also help in the understand-
ing of disease states. The close relationship between microtu-
bules and the Kinesin-14 motor proteins that move along them
has been well established to be important in cell division (9).
We now show that Kinesin-14 motor proteins participate in a
regulatory force–balance interaction at the plus-ends of grow-
ing microtubules. By exerting minus-end–directed forces at
growing microtubule plus-ends, the interaction of Kinesin-14
motors with EB tip trackers leads to the increased likelihood of
catastrophe events.

We found that, in the presence of EB proteins, Kinesin-14
motors can associate with growing microtubule plus-ends
before walking toward the minus-end (Fig. 5, steps 1 to 2).
Notably, minus-end–directed Kinesin-14 motor forces pull EB
proteins off of the growing microtubule tip (Fig. 5, step 3),
leading to an increased likelihood of premature catastrophe
(Fig. 5, step 4). Specifically, by binding EB proteins and pulling
them away from the growing microtubule tip, Kinesin-14
motors may remove tubulin subunits and/or pull back on proto-
filaments at the growing microtubule end (Fig. 5, step 3), caus-
ing catastrophe (Fig. 5, step 4). Consistent with this model, we
found that, in cells, both individual astral microtubules and
bundles of anaphase interpolar microtubules were longer when
the interaction of Kinesin-14 motors with EB proteins was dis-
rupted (Fig. 1). Our results are consistent with a recent report
that demonstrated increased dendritic microtubule bundle
elongation in the absence of the Kinesin-14 motor KIFC3 (22).
Furthermore, Kar3/Cik1 Kinesin-14 motors have been shown to
block microtubule nucleation in yeast and in human cell lines
(17, 53), suggesting that minus-end–directed Kinesin-14 motors
could exert forces to frustrate microtubule plus-end growth.

It has been shown that HSET and free tubulin form hetero-
geneous clusters in solution and that this clustering behavior
increases the processivity of the HSET motor on dynamic
microtubules (18). Consistent with these results, we found that,
in the presence of free tubulin, HSET moves processively along
the dynamic microtubule lattice, regardless of whether or not it
carried an EB protein along with it (Fig. 2). Importantly, het-
erogeneous clustering of HSET with free tubulin would allow
multiple EB molecules to be bound during HSET–EB tip inter-
actions, potentially pulling multiple EB molecules along and
thus more dramatically disrupting the plus-end structure as
HSETwalks away from the tip.

Based on our simulation and DNA-tethering results, we con-
clude that a force balance between growing microtubule plus-
ends and minus-end–directed motor forces can act to regulate
microtubule dynamics. Specifically, by pulling EB proteins from
growing microtubule plus-ends, Kinesin-14 motors proteins
could curl back or disrupt protofilaments at the microtubule
plus-end, thus frustrating their coordinated growth with the
remainder of the protofilaments. Our simulations predict that
an ∼7- to 10-s disruption of one to two protofilaments could
reproduce our experimental results, indicating that brief inter-
actions with rapidly turning over EB proteins are sufficient to
destabilize the growing microtubule plus-end.

We do not expect that the loss of Mal3 from the growing
microtubule end in itself is responsible for a catastrophe event,
as 1) the fractional loss of Mal3 from the growing microtubule
plus-end after a Kinesin-14 interaction event is small (Fig. 4D),
2) Mal3/EB1 at the growing microtubule end is not thought to
stabilize plus-end growth but rather to increase the likelihood
of catastrophe events at growing microtubule ends by accelerat-
ing the hydrolysis rate of GTP-tubulin at the tip of the microtu-
bule (54), and 3) new Mal3 molecules could reassociate quickly
with the growing microtubule tip after a tip removal event.

Growing
microtubule with
Tip Tracker

Association of
Kinesin-14 with
Tip Tracker

Kinesin-14 walks
toward minus end,
pulling on Tip
Tracker

Catastrophe:
Shortening
microtubule

Fminus

Fminus

1

2

3

4

Fig. 5. The model for minus-end–directed regulation of microtubule
dynamics via Kinesin-14 motors. The proposed mechanism by which minus-
end–directed forces could result in a destabilization of the plus-end of
growing microtubules, resulting in catastrophe. Step 1: EB tip tracker asso-
ciates with protofilaments at the growing plus-end tip. Step 2: a Kinesin-
14 motor binds to an EB tip tracker. Step 3: the Kinesin-14 motor begins
walking toward the minus-end, exerting a minus-end–directed force
(Fminus) on the EB tip tracker and, subsequently, on the protofilament(s) to
which the EB protein is bound. This leads to disruption and/or curling of
the protofilament(s). Step 4: the plus-end is destabilized, resulting in
catastrophe.
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However, while the loss of EB proteins at the growing microtu-
bule tip seems unlikely to explain our results, alternative bio-
physical explanations for our results are possible. For example,
the motor-EB complex could act to remove tubulin subunits
from the growing microtubule plus-end, thus exposing GDP-
tubulin subunits and instigating a catastrophe event, analogous
to the “bump off” model for tubulin dimer removal by the plus-
end–directed Kinesin-8 motor Kip3 (55).

A recent in vitro study found that Kinesin-14 motors act to
stabilize the microtubule minus-end by suppressing the tubulin
off rate (19). Strikingly, we found that, when minus-
end–directed mobility was impaired, the Kinesin-14 motors
tracked and similarly stabilized growing microtubule plus-ends.
Thus, we conclude that the ability of Kinesin-14 motors to
destabilize growing microtubule plus-ends depends on their
ability to generate minus-end–directed forces at the growing
microtubule tip. The force required to bend or curl a single
microtubule protofilament is likely ∼1.25 pN (56, 57), and mov-
ing HSET motors have been shown to exert ∼1 to 2 pN of ten-
sion force (21). Thus, while the force exerted by Kinesin-14
motors on the tubulin subunits and EB proteins at the plus-end
tip may be weak and transient, our evidence suggests that
minus-end–directed forces are an important component to reg-
ulating microtubule plus-end growth and catastrophe.

We found that Kinesin-14 motors with inhibited minus-end
motility are guided along in a plus-end direction by associating
with Mal3 proteins at the plus-end of growing microtubules (Fig.
3). In this case, the EB tip tracker “wins” the force balance com-
petition, leading to the opposite effect of the force-generating
motor: plus-end growth is stabilized by motility-inhibited Kinesin-
14 motors that are pulled along with the growing plus-end. This
behavior may be due to a mobility-inhibited but not strongly
bound motor or by a second microtubule binding domain on the
HSET N-terminal tail domain, both of which could contribute to
persistent binding to and diffusive-like transport on microtubules
(21). In this way, the tail binding of HSET to microtubules would
allow HSET to track the growing microtubule plus-end, regardless
of rapid individual EB protein turnover (58–60), as the HSET
molecules could rapidly “trade off” EB binding partners. Alterna-
tively, because Kinesin-14 tails bind to the microtubule lattice
independently of EB proteins, Kinesin-14 motors could trap indi-
vidual EB proteins near to the microtubule tip via tail binding,
increasing their likelihood of rebinding to protofilaments at the
growing microtubule tip.

Similar to our results in AMP-PNP, it has been previously
shown that Kinesin-14 motors can reverse direction and thus
be pulled along by EB1 at growing microtubule plus-ends to
guide the growth of parallel microtubules from mating pro-
jections in budding yeast (26). In this work by Molodtsov
et al., the authors found that Kar3/Cik1 tracked with Mal3 at
growing microtubule plus-ends, similar to our AMP-PNP
results for HSET. In contrast, we found that Kar3/Cik1
pulled Mal3 proteins away from the growing microtubule
plus-end and then traveled processively toward the minus-
end. We suspect that the difference in our results was in the
phosphorylation state of the Kar3/Cik1 motor: we purified
Kar3/Cik1 directly from yeast cells in log phase in the pres-
ence of phosphatase inhibitors, and so the motors are in a
native mitotic phosphorylation state. In contrast, Molodtsov
et al. purified Kar3/Cik1 from SF9 insect cells, and thus, the
motors were likely dephosphorylated. Interestingly, Molodt-
sov et al. found that Cdc28/Cdk1-phosphorylated Kar3/Cik1
no longer tracked diffusively with Mal3 at the plus-end tip
but rather moved processively in the minus-end direction on
the microtubule lattice, consistent with our results using
mitotic yeast purified Kar3/CIk1 protein. Thus, it seems
likely that the phosphorylation state of Kar3/Cik1 dictates its
mobility and/or its interaction with Mal3 and therefore its

ability to regulate microtubule plus-end dynamics, especially
during mitosis. Furthermore, we note that differences in the
phosphorylation state of the EB protein itself could also reg-
ulate its interaction with Kinesin-14 motors (61).

We note that Molodtsov et al. observed tip tracking of
HSET with EB1 at growing plus-ends under higher salt con-
ditions (100 mM KCl) (26). We tested our HSET/Mal3 assay
at 100 mM KCl, and while interactions of Kinesin-14 with
the microtubule lattice were much less frequent than in our
lower salt experiments (55 mM KCl), we still occasionally
observed Kinesin-14 molecules pulling Mal3 away from the
growing plus-end (SI Appendix, Fig. S3C). In earlier work,
Braun et al. performed similar experiments but under even
higher salt conditions (150 mM KCl) (62). Here, the authors
exclusively observed tip tracking of HSET–GFP in the pres-
ence of unlabeled EB1 and did not observe interactions of
Kinesin-14 with the microtubule lattice (62). Thus, a higher
salt concentration may cause HSET–GFP to bind preferen-
tially to EB1 rather than to the microtubule lattice. Consis-
tent with this idea, we observed processive HSET–GFP lat-
tice interactions in the presence of EB1–GFP at lower salt
concentrations (SI Appendix, Fig. S2C, 55 mM KCl). Regard-
less, our results with HSET in AMP-PNP are consistent with
the previously described ability of Kinesin-14 motors to
move in both plus-end and minus-end directions for microns
when unloaded (21, 26).

In summary, our work illustrates the diversity of function for
force-generating kinesin motors in both regulating microtubule
dynamics and in transporting cargo along microtubule tracks
within the cell. While previous work implicates Kinesin-8 molec-
ular motors in pushing tubulin subunits from the ends of grow-
ing microtubules to disrupt growth and promote catastrophe
events (55, 63), we now describe an opposite role for Kinesin-
14 motors in pulling EB proteins from growing microtubule
ends to disrupt growth and promote catastrophe events. Inter-
esting future work will explore the single-molecule nanoscale
mechanisms to explain how EB removal from growing microtu-
bule plus-ends leads to rapid catastrophe events.

Materials and Methods
Detailed materials and methods are included in expanded SI Appendix, SI
Materials andMethods.

Tubulin and protein purifications were completed as described in SI
Appendix, SI Materials and Methods. Stable GMPCPP seed templates were
assembled, which were then adhered in flow chambers that were assembled
for TIRF microscopy. For the dynamic microtubule assays, a reaction mixture
including imaging buffer to reduce photobleaching was made according to
detailed SI Appendix, SI Materials and Methods. For motor experiments, 2 nM
Kar3-GFP/Cik1or Kar3-GFP/Cik1-4A or 1 nM HSET–GFP was included in the
reaction mixture. For the cell experiments, Saccharomyces cerevisiae yeast
strains used in the study were per SI Appendix, Table S1, with culture and
imaging conditions as described in SI Appendix, SIMaterials andMethods.

The quantitative analysis of midzone length and astral microtubule lengths
in cells was completed using ImageJ and MATLAB as described in supplemen-
tal methods. Kymographs for each dynamic microtubule extension were gen-
erated and analyzed using ImageJ. For the control data, control microtubules
were selected from the kymographs with no motor interaction during the
entire growth cycle. The total microtubule growth time prior to catastrophe
(“catastrophe time”) was measured for each control microtubule, and then
each catastrophe time wasmultiplied by a uniformly distributed random num-
ber between 0 and 1 to generate a theoretical tip interaction time point. The
difference between this theoretical tip interaction time point and its associ-
ated control microtubule catastrophe time represented the values for the con-
trol data set in each dynamic microtubule experiment. For the AMP-PNP
experiments, the tip interaction time was defined as the total time during
which any green fluorescence above background (Kinesin-14 motor fluores-
cence) occupied the same pixel as the extreme microtubule plus-end tip
fluorescence.

Computational simulations were completed in MATLAB as described in SI
Appendix, SIMaterials andMethods.
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