
Received January 15, 2019. Revised March 23, 2019. Accepted April 26, 2019.
© The Author(s) (2019). Published by Oxford University Press on behalf of Journal
of Molecular Cell Biology, IBCB, SIBS, CAS.
This is an Open Access article distributed under the terms of the Creative Com-
mons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction
in any medium, provided the original work is properly cited. For commercial re-use,
please contact journals.permissions@oup.com

956 | Journal of Molecular Cell Biology (2019), 11(11), 956–966 doi:10.1093/jmcb/mjz039
Published online May 9, 2019

Article

The concerted actions of Tip1/CLIP-170,
Klp5/Kinesin-8, and Alp14/XMAP215 regulate
microtubule catastrophe at the cell end
Xiaojia Niu1,2,3, Fan Zheng1,2,3,*, and Chuanhai Fu1,2,3,*
1 Division of Molecular & Cell Biophysics, Hefei National Science Center for Physical Sciences, University of Science and Technology of China, Hefei, Anhui,

China
2 Chinese Academy of Sciences Center for Excellence in Molecular Cell Sciences, School of Life Sciences, University of Science and Technology of China,

Hefei, Anhui, China
3 Anhui Key Laboratory for Cellular Dynamics & Chemical Biology, University of Science and Technology of China, Hefei, China
* Correspondence to: Chuanhai Fu, E-mail: chuanhai@ustc.edu.cn; Fan Zheng, E-mail: zhengfan@ustc.edu.cn

Edited by Xuebiao Yao

Spatial regulation of microtubule catastrophe is important for controlling microtubule length and consequently contributes to
the proper establishment of cell polarity and cell growth. The +TIP proteins including Tip1/CLIP-170, Klp5/Kinesin-8, and
Alp14/XMAP215 reside at microtubule plus ends to regulate microtubule dynamics. In the fission yeast Schizosaccharomyces
pombe, Tip1 and Alp14 serve as microtubule-stabilizing factors, while Klp5 functions oppositely as a catastrophe-promoting factor.
Despite that Tip1 has been shown to play a key role in restricting microtubule catastrophe to the cell end, how Tip1 fulfills the role
remains to be determined. Employing live-cell microscopy, we showed that the absence of Tip1 impairs the localization of both Klp5
and Alp14 at microtubule plus ends, but the absence of Klp5 prolongs the residence time of Tip1 at microtubule plus ends. We further
revealed that Klp5 accumulates behind Tip1 at microtubule plus ends in a Tip1-dependent manner. In addition, artificially tethering
Klp5 to microtubule plus ends promotes premature microtubule catastrophe, while tethering Alp14 to microtubule plus ends in the
cells lacking Tip1 rescues the phenotype of short microtubules. These findings establish that Tip1 restricts microtubule catastrophe
to the cell end likely by spatially restricting the microtubule catastrophe activity of Klp5 and stabilizing Alp14 at microtubule plus
ends. Thus, the work demonstrates the orchestration of Tip1, Alp14, and Klp5 in ensuring microtubule catastrophe at the cell end.
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Introduction
The microtubule cytoskeleton is involved in a wide range of

cellular activities and displays dynamic instability (Brouhard
and Rice, 2018). Within the cell, microtubule minus ends are
generally capped by the gamma-tubulin ring complex and thus
exhibit less dynamic than microtubule plus ends (Petry and
Vale, 2015). At microtubule plus ends reside a large number
of proteins named +TIPs, which possess various abilities in
modulating microtubule dynamics to meet the demands of cells
in response to the internal and external environmental changes
(Kumar and Wittmann, 2012). In the fission yeast Schizosac-
charomyces pombe, proper extension of microtubule plus ends

to the cell ends is important for delivering polarity factors to
direct cell growth (Chang and Martin, 2009), and similar roles of
microtubule plus ends in establishing cell polarity and directing
cell migration are found in mammalian cells (Jiang et al., 2009;
Adams et al., 2016).

Among +TIPs, the evolutionarily conserved protein EB1 serves
as a hub for recruiting many other +TIPs to microtubule plus
ends (Kumar and Wittmann, 2012; Xia et al., 2014). In the fission
yeast S. pombe, the EB1 counterpart Mal3 forms a complex
with Tip1 (CLIP-170 in human) and Tea2 (Kinesin) at the plus
ends of growing microtubules (Browning et al., 2003; Busch
and Brunner, 2004; Busch et al., 2004). The Mal3/Tip1/Tea2
complex plays important roles in inhibiting microtubule catas-
trophe and in regulating cell polarity (Browning et al., 2003;
Busch and Brunner, 2004). In cells lacking any component of the
Mal3/Tip1/Tea2 complex, microtubules are short and undergo
premature catastrophe before reaching the cell end (Brunner and
Nurse, 2000; Busch and Brunner, 2004; Busch et al., 2004). In
contrast, microtubules in wild-type (WT) cells generally undergo
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catastrophe only after reaching the cell end. Despite the fact
that Tip1 has been shown to play a critical role in restricting
microtubule catastrophe to the cell end (Busch and Brunner,
2004), how Tip1 fulfills the role remains elusive.

Multiple reports have demonstrated the important role of
kinesin-8 family proteins in promoting microtubule catastrophe
(Gupta et al., 2006; Varga et al., 2006; Unsworth et al.,
2008; Tischer et al., 2009; Varga et al., 2009; Gardner et
al., 2011). The kinesin-8 family proteins are highly proces-
sive and are able to accumulate at microtubule plus ends
(Leduc et al., 2012; Zheng et al., 2014; Arellano-Santoyo et
al., 2017). Similarly, in fission yeast, two kinesin-8 proteins,
Klp5 and Klp6, work as a heterodimeric kinesin at microtubule
plus ends to promote microtubule catastrophe (Garcia et al.,
2002). In the absence of either Klp5 or Klp6, microtubules
are unusually long and curve around the cell end (West et
al., 2001; Garcia et al., 2002; Unsworth et al., 2008). The
interplay between Mal3/Tip1/Tea2 and Klp5/Klp6 in regulating
microtubule dynamics is unclear. Similar to Mal3/Tip1/Tea2 and
Klp5/Klp6, the evolutionarily conserved tumor overexpressed
gene (TOG) domain containing proteins XMAP215/Stu2/Alp14
also localizes to microtubule plus ends, presumably at the
extreme end, where it functions as a polymerase to promote
microtubule growth (Slep and Vale, 2007; Widlund et al., 2011;
Al-Bassam et al., 2012; Ayaz et al., 2012). Although both Alp14
and Tip1 functions similarly to prevent microtubule catastrophe,
the relationship between the two proteins is poorly understood.

In this work, we delineated the interplay between Tip1, Klp5,
and Alp14 in regulating microtubule catastrophe and found that
Tip1 plays critical roles in restricting the microtubule catastrophe
activity of Klp5 to the cell end and in stabilizing Alp14 at micro-
tubule plus ends. Thus, the work demonstrates the concerted
actions of the microtubule stabilizing and destabilizing factors
in the spatial regulation of microtubule catastrophe.

Results
Deletion of klp5 in cells lacking tip1 partially restores WT
microtubule properties

In the fission yeast S. pombe, microtubules generally depoly-
merize after reaching the cell end, and it has been shown that
Tip1 functions as a catastrophe-inhibiting factor to restrict micro-
tubule catastrophe to the cell end (Busch and Brunner, 2004).
In contrast, the heterodimeric kinesin Klp5/6 (Klp5 and Klp6)
promotes microtubule catastrophe (Unsworth et al., 2008; Tis-
cher et al., 2009). Since the absence of either Klp5 or Klp6
affects microtubule dynamics similarly, we focused on Klp5 in
the present work. Microtubules are unusually long and often
curve around the cell end in klp5Δ cells, whereas microtubules
in tip1Δ cells are very short (Brunner and Nurse, 2000; West et
al., 2001; Garcia et al., 2002). These opposite effects of klp5
and tip1 deletion on microtubules prompted us to ask whether
deletion of both tip1 and klp5 could restore WT microtubule
properties.

To address this question, we first imaged WT, tip1Δ, klp5Δ,
and tip1Δklp5Δ cells expressing mCherry-Atb2 (α-tubulin).

Consistent with previous works (Brunner and Nurse, 2000; West
et al., 2001; Garcia et al., 2002), our imaging data showed
that short and long buckled microtubules were present in
tip1Δ and klp5Δ cells, respectively (Figure 1A). Interestingly,
the microtubule length of tip1Δklp5Δ cells was indeed longer
than the microtubule length of tip1Δ cells but shorter than
the microtubule length of klp5Δ cells (Figure 1A). Quantitative
measurements of microtubule length also confirmed the findings
(Figure 1B). Such restoration effect on the microtubule length by
the double deletion was partial since the microtubule length of
tip1Δklp5Δ cells was still shorter than the microtubule length of
WT cells (Figure 1B). We noticed that cell length appeared to be
altered in the mutant cells. To exclude the effect of the altered cell
length on the quantification, we performed Pearson correlation
analysis of microtubule length and cell length. As shown in
Supplementary Figure S1B, the correlation coefficients (R) are
less than 0.35, suggesting almost no linear relationship between
the tested variables. Therefore, it is unlikely that the altered cell
length affects the quantification of microtubule length.

Given the important roles of Tip1 and Klp5 in regulating micro-
tubule catastrophe, we then analyzed the catastrophe frequency
of microtubules and the dwelling time of microtubule plus ends
at the cell end (Figure 1C). The dwelling time was measured for
only the microtubules that reached the cell end, while the catas-
trophe frequency was determined for all microtubules. Due to the
resolution limit of conventional confocal microscopy (∼300 nm),
a single microtubule is unresolvable. Therefore, the catastrophe
frequency in this present work was determined with microtubule
bundles, and thus the catastrophe frequency reflected the
dynamics of microtubule bundles. To visualize microtubule
dynamics, we employed live-cell spinning disk microscopy and
took stack images containing three planes with a 0.5-µm step
size every 5 sec for WT, tip1Δ, klp5Δ, and tip1Δklp5Δ cells.
Consistent with the role of Klp5 in promoting microtubule
catastrophe, microtubules in klp5Δ cells were more stable at
the cell end than the microtubules in other cells (Figure 1D).
This was further supported by the quantitative measurements;
the dwelling time of microtubule plus ends at the cell end
increased significantly in klp5Δ cells, while the catastrophe
frequency of microtubules decreased significantly in klp5Δ

cells (Figure 1E and F). By contrast, microtubules in tip1Δ cells
were more dynamic since the catastrophe frequency increased
significantly and the dwelling time decreased significantly
(Figure 1E and F). It is unlikely that the altered cell length of
mutant cells affected the quantification because Pearson cor-
relation analysis showed almost no linear relationship between
dwell time, as well as catastrophe frequency, and cell length
(Supplementary Figure S1C and D). It was apparent that the
majority of the microtubules in tip1Δ cells underwent premature
catastrophe before touching the cell end (Figure 1D and G).
Similar to the microtubules in tip1Δ cells, the majority of
the microtubules in tip1Δklp5Δ cells underwent premature
catastrophe (Figure 1D and G). Although the microtubules in
tip1Δklp5Δ cells were able to grow longer than the microtubules
in tip1Δ cells (Figure 1A and B), the catastrophe frequency of
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Figure 1 Microtubule length and dynamics in WT, tip1Δ, klp5Δ, and tip1Δklp5Δ cells. (A) Maximum projection images of WT, tip1-
deletion (tip1Δ), klp5-deletion (klp5Δ), and double deletion (tip1Δklp5Δ) cells expressing mCherry-Atb2 (α-tubulin). Red arrows mark the
microtubules that curve around the cell end. Scale bar, 10 µm. (B) Dot and probability plots of microtubule length measured for the four types
of cells in A. The measured cell number is shown on the top of the graph. P-values were calculated by student’s t-test, and the stars indicate
P < 0.001. The X-axis of the probability plot shows the percentage of the microtubule length that is less than the data point. (C) Diagram
illustrating microtubule dynamics within a cell. The dwell time of a microtubule at the cell end is the time during which the microtubule plus
end is in contact with the cell end (green microtubule). Due to the resolution limit (∼300 nm) of conventional confocal microscopy, a single
microtubule is unresolvable. The catastrophe frequency is the frequency of microtubule bundles as indicated (in red). (D) Kymograph analysis
of WT, tip1Δ, klp5Δ, and tip1Δklp5Δ cells expressing mCherry-Atb2. Red arrows mark the microtubules used to create the kymograph graphs.
The pink lines indicate the period of time when the microtubules were in contact with the cell ends (marked by dashed lines). Scale bar, 5 µm.
(E) Dot plots of the dwell time of the microtubules in contact with the cell end. Statistical analysis was performed by student’s t-test (stars,
P < 0.001), and the measured cell number is shown on the top of the graph. (F) Dot plots of the catastrophe frequency of microtubule bundles.
Statistical analysis was performed by student’s t-test, and the stars on the right indicate P < 0.001. The measured cell number is shown on
the top of the graph. (G) The percentage of microtubules not able to contact the cell end. A triplet of live-cell imaging experiments were
performed for each type of the indicated cells in parallel. The top of the column is the mean of the triplet quantifications (see Supplementary
Figure S1A for each individual quantification), and error bars represent standard deviation (SD).

https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjz039#supplementary-data


Tip1, Klp5, and Alp14 regulate microtubule catastrophe | 959

the microtubules in tip1Δklp5Δ and WT cells was comparable
(Figure 1F). Taken together, the findings suggest that Tip1
and Klp5 regulate microtubule catastrophe in an antagonistic
manner.

Tip1 is required for the proper accumulation of Klp5 at
microtubule plus ends

To understand the interplay between Tip1 and Klp5 in reg-
ulating microtubule catastrophe, we imaged WT cells express-
ing Tip1-tdTomato and Klp5-2mNeonGreen at their own loci by
high-temporal live-cell microscopy (single plane, 1-sec inter-
vals). As shown in Figure 2A, three characteristic phases of Klp5
dynamics were identified. Initially, multiple Klp5-2mNeonGreen
foci emerged on the growing microtubule and moved towards
the microtubule plus end decorated by Tip1-tdTomato; the Klp5
traffic appeared to halt upon encountering Tip1 and did not
pass Tip1 (a phase of following Tip1). During the second phase,
the microtubule was in contact with the cell end, and the Klp5
intensity at the microtubule plus end continuously rose (a phase
of Klp5 accumulation). During the third phase, Tip1 colocalized
with Klp5 at the microtubule plus end, and upon Tip1 dissoci-
ation, the microtubule began to depolymerize (a phase of Tip1
and Klp5 colocalization). The adjacent nature of Tip1 and Klp5
localization was also evident by kymograph analysis in which the
trajectories of Tip1 and Klp5 adjoined each other (Figure 2B). It
is therefore conceivable that Tip1 may serve as a tip blocker to
halt Klp5 traffic at microtubule plus ends. It is also possible that
Tip1 simply restricts Klp5 from microtubule plus ends.

To test the hypothesis, we went on to assess the effect of
losing Tip1 on Klp5 localization. Maximum projection imaging
(11 optical planes with 0.5 µm spacing) showed that the accu-
mulation of Klp5 to microtubule plus ends was impaired in the
absence of Tip1 (Figure 2C). These data demonstrate the impor-
tant role of Tip1 in maintaining Klp5 at microtubule plus ends.
We further performed high-temporal live-cell imaging to monitor
Klp5 dynamics in WT and tip1Δ cells. As shown in the kymo-
graphs (Figure 2D), the absence of Tip1 did not abolish the
accumulation of Klp5 at microtubule plus ends but appeared to
compromise the accumulation of Klp5 there. Evidently, intensity
measurements of the microtubules in the selected image frames,
in which the microtubules were about to depolymerize, showed
that Klp5 intensity at the microtubule plus ends in tip1Δ cells
was attenuated (Figure 2E and Supplementary Figure S2). The
residual Klp5 at microtubule plus ends in tip1Δ cells is still capa-
ble of promoting microtubule catastrophe because the catas-
trophe frequency of microtubules in tip1Δ cells is significantly
higher than the one in tip1Δklp5Δ cells (Figure 1F).

Additionally, we assessed the effect of losing Klp5 on Tip1
localization. We first examined WT and klp5Δ cells expressing
only Tip1-GFP. As shown in Figure 2F, the localization patterns
of Tip1-GFP in both cell types were indistinguishable except that
slightly stronger Tip1 staining at the cell ends in klp5Δ cells was
detected. We then performed live-cell microscopy to monitor Tip-
GFP dynamics in WT and klp5Δ cells expressing mCherry-Atb2.
As shown in Figure 2G, Tip1-GFP was present at microtubule plus
ends in the two types of cells but stayed longer at the microtubule

plus end that was contacting the cell tip in klp5Δ cells. Therefore,
Klp5 accumulation may contribute to the dissociation of Tip1
from microtubule plus ends. Together, the results suggest that
Tip1 is required for the proper accumulation of Klp5 at micro-
tubule plus ends, but the localization of Tip1 at microtubule plus
ends is independent of Klp5.

Tethering Klp5 to microtubule plus ends results in premature
microtubule catastrophe
It has been reported that the absence of Klp5 results in long and
buckled microtubules (West et al., 2001; Garcia et al., 2002).
This leads to the notion that Klp5 is a catastrophe factor in
promoting microtubule depolymerization (Unsworth et al., 2008;
Tischer et al., 2009). Our present work further demonstrated that
Klp5 and Tip1 work in an antagonistic manner to control micro-
tubule catastrophe (Figure 1F and G) and that Tip1 likely serves
as a tip blocker to accumulate Klp5 at microtubule plus ends
(Figure 2). It is then important to determine whether Klp5 func-
tions directly or indirectly to promote microtubule catastrophe.

If Klp5 is a direct catastrophe factor, we expect that tethering
Klp5 to microtubule plus ends could overcome the inhibitory
effect of Tip1 on microtubule depolymerization and promotes
microtubule catastrophe. To test the hypothesis, we employed
the green fluorescent protein (GFP)-binding protein (GBP)-
targeting approach to tether Klp5 to microtubule plus ends
(Rothbauer et al., 2006, 2008; Chen et al., 2017). Green
fluorescent protein (GFP)-binding protein (GBP) is a GFP-binding
nanobody, developed for biochemically purifying GFP-fusion
proteins and targeting GFP-fusion proteins to a subcellular
location of interest (Rothbauer et al., 2008; Chen et al., 2017).
Specifically, we expressed Tip1-GBP at the leu1 locus from the
ase1 promoter in WT cells expressing mCherry-Atb2 and Klp5-
3GFP. In a control strain, Tip1-VC (the C-terminal half of the
Venus fluorescent protein), but not Tip1-GBP, was expressed.
In addition, we created a strain expressing Tip1-GBP, mCherry-
Atb2, and Rga7-3GFP (Rga7 is a GAP protein localizing to the
cell cortex), in which Rga7-3GFP was tethered to microtubule
plus ends to assess the possible effect of the tethering on
Tip1 function. As shown in Figure 3A, Tip1-GBP, instead of
Tip1-VC, successfully recruited Klp5-3GFP and Rga7-3GFP to
microtubule plus ends, and GFP signals were also present at
the cell ends given the presence of Tip1 there. Microtubule
length measurements showed that tethering Klp5-3GFP, but not
Rga7-3GFP, to microtubule plus ends shortened microtubules
(Figure 3B), indicative of the direct role of Klp5 in promoting
microtubule catastrophe. To show the catastrophe effect clearly,
we performed live-cell imaging for the three types of cells. As
shown in Figure 3C, frequent premature microtubule catastro-
phe was apparent in the Tip-GBP Klp5-3GFP cells. Evidently,
quantification showed that ∼64% of the microtubules in the
Tip1-GBP Klp5-3GFP cells were not able to reach the cell end,
whereas only ∼33% and ∼39% of microtubules in Tip1-VC Klp5-
3GFP and Tip1-GBP Rga7-3GFP cells, respectively, were not able
to reach the cell end (Figure 3D and Supplementary Figure S3).
Thus, these data support that Klp5 plays a direct role in
promoting microtubule catastrophe.
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Figure 2 The absence of Tip1 affects the microtubule localization of Klp5. (A) Maximum time-lapse images of a WT cell expressing Tip1-
tdTomato and Klp5-2mNeonGreen. Line-scan intensity measurements were performed along the highlighted microtubule (dashed rectangle).
The intensity plot for each frame is shown below, and the corresponding frame time is indicated. The three phases of Klp5 dynamic behaviors
are indicated. Scale bar, 5 µm. (B) Kymograph analysis of Tip1-tdTomato and Klp5-2mNeonGreen for the microtubule marked by the red
arrow. Dashed lines indicate cell ends, and the magnified images indicated by the dashed rectangle are shown on the right. Scale bar,
5 µm. (C) Maximum projection images of WT and tip1Δ cells expressing Klp5-2mNeonGreen and mCherry-Atb2. Note that the majority of
Klp5-2mNeonGreen was present in the nucleus, and apparent Klp5-2mNeonGreen signals (highlighted by red arrows) were also seen at
microtubule plus ends in WT cells but not in tip1Δ cells. Scale bar, 10 µm. (D) Kymograph analysis of Klp5-2mNeonGreen and mCherry-
Atb2 in WT and tip1Δ cells. Dashed lines mark the cell ends, and red arrows indicate the analyzed microtubules. Note that microtubules
underwent catastrophe before reaching the cell ends in tip1Δ cells in which Klp5-2mNeonGreen was still present at the microtubule plus
ends. Scale bar, 5 µm. (E) Intensity measurements of the microtubules indicated by the dashed arrows. Note that the frame of images
taken from time-lapse movies for intensity measurement was selected based on the criterion that the measured microtubule was about
to depolymerize. The intensity plots are shown under each cell. Red arrows indicate the peak Klp5 signals at the tips of the microtubules.
The corresponding quantification data are included in Supplementary Figure S2. Scale bar, 10 µm. (F) Maximum projection images of WT and
klp5Δ cells expressing Tip1-GFP. Scale bar, 10 µm. (G) Kymograph analysis of the marked microtubules (red arrows) in WT and klp5Δ cells
expressing mCherry-Atb2 and Tip1-GFP. The dashed lines mark the cell ends. Scale bar, 5 µm.
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Figure 3 Forced localization of Klp5 to microtubule plus ends promotes microtubule catastrophe. (A) Maximum projection images of Tip1-VC
and Tip1-GBP cells expressing mCherry-Atb2 and Klp5-3GFP. Tip1-VC and Tip1-GBP under the control of the ase1 promoter were integrated at
the leu1 locus. Tip1-GBP cells expressing mCherry-Atb2 and Rga7-3GFP (a GTPase-activating protein localizing to the cell cortex) was used as
a control. Note that both Klp5-3GFP and Rga7-3GFP in Tip1-GBP cells, but not in Tip1-VC cells, were successfully forced to localize to the cell
ends (red arrows) and to the microtubule plus ends. Scale bar, 5 µm. (B) Measurements of the microtubule length in the three indicated cells.
Statistical analysis was performed by student’s t-test (stars, P < 0.001), and the measured cell number is shown on the top of the graph.
(C) Kymograph graphs of microtubule and the indicated GFP-fusion proteins. Red arrows indicate the analyzed microtubules. Note that
tethering Klp5-3GFP to microtubule plus ends in the Tip1-GBP cells resulted in frequent microtubule catastrophes during the observation
period. Scale bar, 10 µm. (D) Quantification of the microtubules not able to reach the cell end for the three types of cells indicated in A.
A triplet of live-cell imaging experiments were performed for each type of cells in parallel. The top of the column is the mean of the triplet
quantifications (see Supplementary Figure S3 for each individual quantification), and error bars represent SD. Note that the percentage
(∼64%) of the microtubules that underwent premature catastrophe increased significantly in Tip1-GBP cells expressing Klp5-3GFP.
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Tip1 is required for the proper localization of Alp14 to
microtubule plus ends

The microtubule length of tip1Δklp5Δ cells is not completely
restored (Figure 1B). Moreover, similar to the microtubules of
tip1Δ cells, the majority of the microtubules in tip1Δklp5Δ cells
underwent catastrophe prematurely (Figure 1G). These findings
implied that other factor(s) might be involved in regulating micro-
tubule length in a Tip1-dependent manner. A possible candidate
is the microtubule polymerase Alp14, which localizes to the
extreme microtubule plus end to promote microtubule growth.
Therefore, we carefully examined the localization of Alp14 in
WT, tip1Δ, klp5Δ, and tip1Δklp5Δ cells expressing mCherry-
Atb2 and Alp14-GFP. As shown in Figure 4A, Alp14 clearly dec-
orated microtubule plus ends and displayed as multiple foci
along microtubules both in WT and in klp5Δ cells. In contrast,
the Alp14 staining at microtubule plus ends became weaker
in tip1Δ and tip1Δklp5Δ cells. Approximate 50% and 36% of
tip1Δ and tip1Δklp5Δ cells, respectively, did not display Alp14
staining at microtubule plus ends in the still images, compared
to ∼11% and ∼7% of WT and klp5Δ cells (Figure 4B and Sup-
plementary Figure S4). Intensity measurements confirmed that
Alp14 signals at microtubule plus ends were weaker in tip1Δ

and tip1Δklp5Δ cells than in WT and klp5Δ cells (Figure 4C).
Kymograph analysis of Alp14 dynamics further revealed that the
absence of Tip1 caused Alp14 to dissociate prematurely before
the growing microtubules initiated catastrophe (Figure 4D). Next,
we determined the residence time of Alp14 at microtubule plus
ends. As shown in Figure 4E, klp5Δ cells displayed the longest
residence time of Alp14 at microtubule plus ends, then WT,
tip1Δklp5Δ, and tip1Δ cells. These results suggest an important
role of Tip1 in stabilizing the localization of Alp14 at microtubule
plus ends. It is likely that Tip1 functions by spatially separating
Alp14 from the microtubule depolymerization promoting factor
Klp5 at microtubule plus ends.

Tethering Alp14 to microtubule plus ends in tip1Δ cells
lengthens microtubules

Next, we tested if stabilizing Alp14 at microtubule plus ends
could rescue the short microtubule phenotype in tip1Δ cells. To
stabilize the localization of Alp14 at microtubule plus ends in
tip1Δ cells, we similarly employed the GBP-targeting approach,
by which Alp14-GFP was tethered to microtubule plus ends
by Klp2-GBP (a kinesin localizing at microtubule plus ends)
expressed at the leu1 locus from the ase1 promoter in tip1Δ

cells. In a control tip1Δ strain, Klp2 (without tags), instead
of Klp2-GBP, was expressed. Imaging data showed that Alp14
signals at the microtubule plus ends were much more apparent in
the Klp2-GBP-expressing cells than in the Klp2-expressing cells,
indicative of successful recruitment of Alp14 to microtubule
plus ends by Klp2-GBP (Figure 5A). Indeed, Alp14 in the Klp2-
GBP-expressing cells resided significantly longer at microtubule
plus ends than in the Klp2-expressing cells (Figure 5B), and
the microtubules in the Klp2-GBP-expressing cells tended to be
longer (Figure 5C). Importantly, ∼40% of the microtubules in the
Klp2-GBP-expressing cells were now able to reach the cell end,

compared to ∼28% of the microtubules in the Klp2-expressing
cells (Figure 5D and Supplementary Figure S5). Thus, these
results support our idea that tethering Alp14 to microtubule
plus ends sustains microtubule growth.

Discussion
Tip1 and Klp5 have been shown to be critical factors in inhibit-

ing and promoting microtubule catastrophe, respectively, and
Alp14 functions as a microtubule polymerase at microtubule
plus ends to promote microtubule growth (Busch and Brunner,
2004; Unsworth et al., 2008; Tischer et al., 2009; Al-Bassam
et al., 2012). Here we delineated the interplay of Tip1, Klp5, and
Alp14 in regulating microtubule dynamics. We demonstrated
that Klp5 functions directly to promote microtubule catastro-
phe, but the catastrophe activity of Klp5 is restricted by Tip1 to
the cell end through accumulating Klp5 behind Tip1 at micro-
tubule plus ends (Figures 2 and 3). We further demonstrated that
Tip1 and Klp5 function antagonistically to regulate the localiza-
tion of Alp14 to microtubule plus ends (Figure 4). These data
suggest a possible model explaining the concerted actions of
Tip1, Klp5, and Alp14 in spatially controlling microtubule catas-
trophe. At the microtubule plus end of a growing microtubule,
Tip1 stabilizes the localization of Alp14, while it blocks and accu-
mulates Klp5, creating a microenvironment favoring microtubule
growth; once the microtubule reaches the cell end, Tip1 and
Alp14 dissociate from the microtubule plus end, enabling Klp5
to promote microtubule depolymerization (Figure 5E).

Tip1 plays a critical role in regulating microtubule catastrophe
because most of the microtubules in tip1Δ and tip1Δklp5Δ

cells depolymerize before reaching the cell end (i.e. premature
microtubule catastrophe) (Figure 1D and G), and the absence
of Tip1 significantly increases the microtubule catastrophe
frequency (Figure 1F). As a result, frequent premature micro-
tubule catastrophe could then lead to short microtubules
(Figure 1A, B, and D). It has been established that Tip1 functions
to restrict microtubule catastrophe to the cell end and that
Klp5 is a critical factor in promoting microtubule catastrophe
(Busch and Brunner, 2004; Unsworth et al., 2008; Tischer et al.,
2009). Our GBP-targeting experiments further demonstrated that
Klp5 plays a direct role in promoting microtubule catastrophe
since artificially tethering Klp5 to microtubule plus ends causes
premature microtubule catastrophe (Figure 3). Moreover, our
high-temporal live-cell imaging data clearly showed that Klp5
moves towards and accumulates at microtubule plus ends
where Tip1 resides (Figure 2A and B). Klp5 accumulation at
microtubule plus ends is most pronounced once microtubules
reach the cell end (Figure 2C and D). It is therefore conceivable
that Tip1 may function as a microtubule tip blocker to halt
and accumulate Klp5 at microtubule plus ends. Alternatively,
the accumulation of Klp5 at microtubule plus ends could
be in a Tip1-independent manner given the fact that the
Klp5 counterpart Kip3 itself in budding yeast has a high
affinity to microtubule plus ends (Leduc et al., 2012; Arellano-
Santoyo et al., 2017). If the latter was true, we would expect
the same degree of Klp5 accumulation at microtubule plus

https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjz039#supplementary-data
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Figure 4 Alp14-GFP localization in WT, tip1Δ, klp5Δ, and tip1Δklp5Δ cells. (A) Maximum projection images of WT, tip1Δ, klp5Δ, and
tip1Δklp5Δ cells expressing Alp14-GFP and mCherry-Atb2. Red, pink, and yellow arrows mark Alp14 staining at microtubule plus ends (red,
pink, and yellow indicate strong, weak, and none Alp14 signals, respectively). Scale bar, 10 µm. (B) Quantification of the microtubules lacking
Alp14-GFP at their plus ends. A triplet of live-cell imaging experiments were performed for each type of cells in parallel. The top of the column
is the mean of the triplet quantifications (see Supplementary Figure S4 for each individual quantification), and error bars represent SD. Note
that the absence of Tip1 (tip1Δ and tip1Δklp5Δ cells) increased the number of the microtubules that lack Alp14-GFP at the microtubule plus
end. (C) Intensity measurement of the indicated microtubule and Alp14 in A. Arrows mark the peak Alp14-GFP signals at the microtubule plus
tips. (D) Kymograph analysis of microtubule and Alp14-GFP for the four types of cells indicated in A. Note that the arrows highlight premature
dissociation of Alp14-GFP from the growing microtubule plus end. Dashed lines mark the cell ends. Scale bar, 10 µm. (E) Quantification of the
residence time of Alp14-GFP at microtubule plus ends in the four types of cells. Statistical analysis was performed by student’s t-test (stars,
P < 0.001). Note that the absence of Tip1 decreased the Alp14 residence time, whereas the absence of Klp5 increased the Alp14 residence
time.

ends in WT and tip1Δ cells. However, Klp5 accumulation at
microtubule plus ends is attenuated by the absence of Tip1
(Figure 2C–E). In addition, trajectory analysis of Tip1 and Klp5

clearly showed that Klp5 localizes behind Tip1 at microtubule
plus ends (Figure 2A and B). Hence, the tip1 blocker model is
favorable.

https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjz039#supplementary-data
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Figure 5 Increasing the residence time of Alp14-GFP at microtubule plus ends in tip1Δ cells lengthens microtubules. (A) Maximum projection
images of tip1Δ Klp2 (without a tag) and tip1Δ Klp2-GBP cells expressing mCherry-Atb2 and Alp14-GFP. Klp2 and Klp2-GBP under the control
of the ase1 promoter were integrated at the leu1 locus. Note that Alp14-GFP in Klp2-GBP cells, but not in Klp2 cells, was successfully forced
to localize to the microtubule plus ends. Scale bar, 10 µm. (B) Quantification of the residence time of Alp14-GFP at microtubule plus ends in
the indicated cells in A. Statistical analysis was performed by student’s t-test (star, P < 0.001). (C) Quantification of the microtubule length
in the indicated cells in A. Statistical analysis was performed by student’s t-test (star, P < 0.001). (D) Quantification of cell end-contacted
microtubules for the two types of cells indicated in A. A triplet of live-cell imaging experiments were performed for each type of cells in parallel.
The top of the column is the mean of the triplet quantifications (see Supplementary Figure S5 for each individual quantification), and error
bars represent SD. Note that ∼40% of the microtubules were able to reach the cell end in Klp2-GBP cells, compared to ∼28% of the Klp2
cells. (E) Working model illustrating the concerted actions of Tip1, Alp14, and Klp5 in regulating microtubule catastrophe. Tip1 restricts the
access of Klp5 to microtubule plus ends until Tip1 dissociation at the cell end and also stabilizes Alp14 at microtubule plus ends to promote
microtubule growth.

The attenuated accumulation of Klp5 to microtubule plus ends
in tip1Δ cells could also be interpreted as an indirect effect of the
shortened microtubules (Figure 2C–E), which bind less Klp5 than
long microtubules. Despite the attenuated accumulation, Klp5 is
able to promote microtubule catastrophe in tip1Δ cells because
the microtubule catastrophe frequency of tip1Δklp5Δ cells is
significantly lower than the microtubule catastrophe frequency
of tip1Δ cells (Figure 1F). It is likely that the absence of Tip1
enables Klp5 to function freely to promote microtubule catas-
trophe and/or that the absence of Tip1 significantly decreases
the threshold of Klp5 molecules required for initiating micro-
tubule depolymerization. Whichever interpretation prevails, Tip1
plays a critical role in preventing the access of Klp5 to the
extreme microtubule plus ends until Tip1 dissociation at the cell
end. It has been demonstrated, by a cryo-electron microscopy
work (Maurer et al., 2012), that EB1/Mal3 localizes at the cor-
ners of four tubulin subunits to bridge protofilaments at the
GTP cap regions. Such localization arrangement may enable the
Mal3/Tip1/Tea2 complex to set up a physical barrier to restrict
Klp5 from microtubule plus tips.

Although Tip1 has a great effect on Klp5 accumulation at
microtubule plus ends, we are not clear whether Klp5 accu-
mulation, on the other hand, contributes to Tip1 dissociation
from microtubules at the cell end. Interestingly, the myosin V
Myo52 has been shown to enhance the dissociation of Tip1
from microtubule plus ends (Martin-Garcia and Mulvihill, 2009).
Nevertheless, we observed a prolonged residence time of Tip1
at microtubule plus ends in klp5Δ cells (Figure 2G). This could
be due to the absence of Klp5 that positively contributes to
Tip1 dissociation. Alternatively, it could be indirectly due to
the over-stabilization of microtubules caused by the absence
of Klp5. To clarify these possibilities, it is worthwhile to tackle
the interplay between Klp5 and Tip1 with the in vitro micro-
tubule reconstitution system as previously reported (Bieling
et al., 2007). In our live-cell imaging experiments, we observed
that ∼30% of the microtubules in even WT cells undergo
premature catastrophe before reaching the cell end (Figure 1G).
Preliminary analysis showed that such microtubules display
a similar percentage of Tip1 dissociation as the microtubules
that are able to reach the cell end and that Klp5 intensity at the

https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjz039#supplementary-data
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plus tips of the microtubules are not able to reach the cell end
appears to decrease (data not shown). This further highlights
the complex interplay between Klp5 and Tip1 in regulating
microtubule dynamics, awaiting further investigation.

In addition to demonstrating the role of Tip1 in regulating Klp5,
this present work establishes that Tip1 is required for stabilizing
the localization of Alp14 to microtubule plus ends (Figure 4).
Alp14 is the conserved XMAP215/Stu2 family protein and has
been shown to be a microtubule polymerase (Al-Bassam et al.,
2012). The absence of Tip1 does not abolish, but attenuates, the
localization of Alp14 at microtubule plus ends (Figures 4A–C).
This is consistent with the previous claim that Alp14 does not
depend on Mal3/Tip1 for localizing to microtubule plus ends but
underscores the fact that Tip1 is a critical factor in stabilizing
the localization of Alp14 to microtubule plus ends (Al-Bassam
et al., 2012). Not only is the signal intensity of Alp14 at micro-
tubule plus ends largely reduced in tip1Δ cells but also the
residence time (Figure 4C and E). Moreover, Alp14 occasionally
dissociates from growing microtubules before reaching the cell
end in tip1Δ cells (Figure 4D). Artificially stabilizing Alp14 at
the microtubule plus ends of tip1Δ cells lengthens microtubule
length (Figure 5A–C). These results support our idea that Tip1 is
required for stabilizing Alp14 at microtubule plus ends and that
the stabilization of Alp14 is important for sustaining microtubule
growth. Interestingly, Klp5 destabilizes Alp14 at microtubule
plus ends in the absence of Tip1 since klp5 removal in tip1Δ cells
increases the residence time of Alp14 at microtubule plus ends
(Figure 4E). This finding suggests an antagonistic action of Klp5
and Tip1 in regulating Alp14 stability.

In conclusion, this work demonstrates the new roles of Tip1 in
restricting the microtubule catastrophe activity of Klp5 to the cell
end and in stabilizing the localization of Alp14 at microtubule
plus ends. The concerted actions of the microtubule-stabilizing
factors Tip1 and Alp14 and the microtubule catastrophe factor
Klp5 ensure proper spatial regulation of microtubule catastro-
phe. Given the conserved nature of the proteins, the findings may
also be conserved in other organisms.

Materials and methods
Yeast genetics

The strains and plasmids used in this study are listed in Sup-
plementary Tables S1 and S2, respectively. Strains were created
by random spore analysis or tetra-dissection analysis. Plasmids
were constructed either by the one-step cloning technique based
on homologous recombination (Vazyme Biotech) or by the tradi-
tional cloning method (NEB). Yeast and Escherichia coli culture
media were purchased from ForMedium. For live-cell imaging,
strains were inoculated into Edinburgh minimal medium with the
five supplements: adenine, leucine, uracil, histidine, and lysine
(EMM5S).

Microscopy
All imaging experiments were carried out with a PerkinElmer

Ultraview Spinning Disk confocal microscope equipped with a
Nikon Apochromat TIRF 100X 1.49NA objective and a Hama-
matasu C9100-23B EMCCD camera (PerkinElmer). Images were

acquired at room temperature with log-phase cells sandwiched
between an EMM5S agarose pad and a coverslip. For high-
temporal resolution imaging, stack images containing three
planes with 0.5 µm spacing were taken every 5 sec by Volocity
(PerkinElmer) unless otherwise specified; for single time-point
imaging, stack images containing 11 planes with 0.5 µm spacing
were acquired.

Data analysis
Imaging data was analyzed with MetaMorph 7.7 (Molecular

Devices) and ImageJ. Microtubule length was measured with
maximum projection images generated from raw stack images
and was presented as dot and probability plots using Kaleida-
Graph (Synergy Software). Quantification of the microtubules
that contacted the cell end was carried out with live-cell
microscopy movies; the same set of imaging were performed
three times, and the quantification results were presented
by KaleidaGraph as summary column graphs, in which the
top of the column is the mean of the quantifications and the
error bar represents standard deviation. The residence time of
microtubule plus ends at the cell end was referred to as dwell
time and was determined with live-cell microscopy movies. The
catastrophe frequency of microtubule bundles was calculated
by dividing the number of catastrophe events by the total time
of the microtubule bundle in growth as previously described
(Walker et al., 1988). Intensity measurements were carried out
with the line-scan function in MetaMorph along the selected
targets in maximum projection images. The residence time of
Alp14 at microtubule plus ends was determined by calculating
the duration between the appearance and disappearance time
of Alp14 at microtubule plus ends. Statistical analysis was
performed with Microsoft Excel, and the illustration diagram
was generated with Adobe Illustrator.

Supplementary material
Supplementary material is available at Journal of Molecular

Cell Biology online.
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