
A RT I C L E S

NATURE CELL BIOLOGY  VOLUME 7 | NUMBER 3 | MARCH 2005 235   

Functionally distinct kinesin-13 family members 
cooperate to regulate microtubule dynamics 
during interphase
Vito Mennella1, Gregory C. Rogers1, Stephen L. Rogers2, Daniel W. Buster1, Ronald D. Vale2 and David J. Sharp1,3

Regulation of microtubule polymerization and depolymerization is required for proper cell development. Here, we report 
that two proteins of the Drosophila melanogaster kinesin-13 family, KLP10A and KLP59C, cooperate to drive microtubule 
depolymerization in interphase cells. Analyses of microtubule dynamics in S2 cells depleted of these proteins indicate 
that both proteins stimulate depolymerization, but alter distinct parameters of dynamic instability; KLP10A stimulates 
catastrophe (a switch from growth to shrinkage) whereas KLP59C suppresses rescue (a switch from shrinkage to growth). 
Moreover, immunofluorescence and live analyses of cells expressing tagged kinesins reveal that KLP10A and KLP59C target 
to polymerizing and depolymerizing microtubule plus ends, respectively. Our data also suggest that KLP10A is deposited on 
microtubules by the plus-end tracking protein, EB1. Our findings support a model in which these two members of the kinesin-
13 family divide the labour of microtubule depolymerization.

Microtubule polymerization dynamics are integrally involved in the forma-
tion and function of the microtubule cytoskeleton1. A prominent feature 
of this dynamism is the ability to switch between phases of polymerization 
and depolymerization, termed dynamic instability2. Although dynamic 
instability is intrinsic to microtubules, it is tightly regulated in cells to allow 
microtubule arrays to respond rapidly to a variety of stimuli3–7. Given the 
central role of the microtubule cytoskeleton in a wide range of cellular 
activities, elucidating the molecular machinery that has evolved to control 
microtubule dynamics is a fundamental issue in cell biology.

Members of a subfamily of kinesins, termed kinesin-13 (ref. 8) 
(previously known as KinI; ref. 9), are effectors of microtubule 
dynamics. Unlike most other kinesins, which translocate along the 
microtubule lattice, kinesin-13 proteins concentrate at microtubule 
ends and can induce depolymerization of their ends in vitro10. The 
cellular functions of kinesin-13 proteins have been best studied in 
mitotic or meiotic cytoplasm, where they promote an increase in 
the frequency of polymerization to depolymerization transitions 
in spindle microtubules11. Several recent studies have also dem-
onstrated that targeted depolymerization of the ends of specific 
subsets of spindle microtubules by kinesin-13 proteins drives the 
poleward movement of chromatids12 and corrects chromosome–
microtubule attachment errors13.

Along with their mitotic roles, some kinesin-13 proteins have 
been shown to influence microtubule dynamics in non-mitotic 

cells14–16, but many aspects of their interphase activities remain 
poorly understood. It is unclear, for example, whether kinesin-13 
proteins are targeted to distinct regions of the interphase micro-
tubule array or function diffusely throughout the cytoplasm. 
Moreover, whereas most systems contain multiple kinesin-13 pro-
teins (for example, mammals and fruitflies contain three), their 
possible functional inter-relationships during interphase remain 
unknown. Finally, the relationship between kinesin-13 proteins 
and proteins that are associated with microtubule polymerization 
remains unclear. In Xenopus egg extracts and with mixtures of 
purified proteins in vitro, the destabilizing activity of kinesin-13 
proteins is counterbalanced by the stabilizing activity of XMAP215/
TOGp17,18. However, this antagonistic relationship is not observed 
in interphase human leukaemia cells16, suggesting a more com-
plex interplay between stabilizing and destabilizing factors in vivo 
or, perhaps, species-specific differences. Aside from kinesin-13, 
members of another kinesin subfamily, kinesin-8 (for example, 
Drosophila KLP67A and budding yeast kip3p), also promote micro-
tubule depolymerization in cells19,20.

In this study, we evaluate the interphase functions, localization 
and dynamics of two Drosophila kinesin-13 family members, termed 
KLP10A and KLP59C. Our data reveal a surprising functional inte-
gration of these proteins, stemming from their distinct targeting and 
their impact on dynamic instability.
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RESULTS
We previously identified three Drosophila kinesin-13 proteins: 
KLP10A, KLP59C and KLP59D. During mitosis, KLP10A and KLP59C 
work cooperatively to move chromosomes towards the spindle poles, 
whereas KLP59D has no apparent role in mitotic spindle assembly 
or chromosome segregation12. Here, we assess the functions of these 
proteins during interphase.

KLP10A and KLP59C affect distinct parameters of microtubule 
dynamic instability
To determine which of the Drosophila kinesin-13 proteins affect 
microtubule dynamics in interphase cells, we performed 4D spin-
ning disk confocal microscopy to visualize microtubule behaviours in 
live Drosophila S2 cells that stably express enhanced green fluorescent 
protein (EGFP)-tagged α-tubulin21. Microtubules were observed after 
each kinesin-13 had been depleted using double-stranded (ds)RNA 
interference (RNAi), which selectively knocked-down the target 
kinesin-13 by >90%, as shown by quantitative immunoblotting12. 
Specifically, we analysed the dynamics of microtubule plus ends near 
to the periphery of extended regions that contact neighbouring cells 
(see Methods). The following parameters of dynamic instability were 
measured: growth and shrinkage rates, catastrophe (a switch from 
growth to shrinkage) and rescue (a switch from shrinkage to growth) 
frequencies14, and the percentage of time spent paused22 (a general 
measure of microtubule dynamism).

In control RNAi-treated cells, microtubules typically grew 
towards the cell periphery, came very close to or touched the cell 
cortex, and underwent a catastrophe shortly thereafter (Fig. 1a, 
d; Supplementary Information, Movie 1). Subsequently, these 

microtubules shrunk by several micrometres and often disap-
peared into the cell interior. RNAi knockdown of both KLP10A 
and KLP59C noticeably altered microtubule dynamics, but the spe-
cific impacts were qualitatively distinct. Microtubules in KLP10A 
RNAi-treated cells were noticeably less dynamic. Indeed, many 
microtubules remained in a prolonged pause state at or near the cell 
cortex throughout the observation period, or first grew towards the 
cortex and then paused near the cell edge (Fig. 1b, d; Supplementary 
Information, Movie 1). In contrast, microtubules of KLP59C RNAi-
treated cells remained dynamic but showed an atypical ‘twitching’ 
at their ends, which occurred when a microtubule catastrophe was 
quickly followed by a rescue (Fig. 1c, d; Supplementary Information, 
Movie 1). Thus, fewer microtubules from KLP59C RNAi-treated 
cells showed the persistent depolymerization phase that is often 
observed in controls. Finally, KLP59D RNAi treatment, alone or 
in combination with KLP10A or KLP59C RNAi, had no appreci-
able impact on interphase microtubule dynamics and will not be 
reported on further in this manuscript.

The impacts of KLP10A and KLP59C RNAi on parameters of 
dynamic instability were analysed to specify the roles of these pro-
teins (Table 1). KLP10A RNAi significantly increased the percentage 
of time that microtubules spent in the pause state (KLP10A RNAi 
84.2% compared with control RNAi 58.6%) and also reduced the 
catastrophe frequency more than twofold compared with controls 
(0.019 compared with 0.045 s–1). In contrast, KLP59C RNAi did not 
significantly alter the extent of microtubule pauses or the catastrophe 
frequency, but did increase the rescue frequency more than twofold 
compared with controls (0.103 compared with 0.039 s–1). Neither 
treatment had a significant impact on growth or shrinkage rates.
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Figure 1 Drosophila kinesin-13 proteins affect different parameters of 
microtubule dynamic instability in interphase S2 cells. (a–c) Sequential still 
images from 4D data sets obtained from S2 cells expressing EGFP–α-tubulin, 
after 7 days of treatment with control (a; CTR), KLP10A (b), or KLP59C (c) 
dsRNA. Green and blue arrowheads track selected microtubule ends. Letters 

highlight catastrophe (‘C’) or rescue (‘R’) events for the selected microtubule 
ends. Scale bars, 10 µm. Numbers indicate elapsed time (s). For complete 
movies, see Supplementary Information, Movie 1. (d) Representative 
kymographs showing the dynamics of single microtubule plus ends after dsRNA 
treatment. The cell cortex is oriented to the left side of each kymograph.
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KLP10A and KLP59C localize to the plus ends of interphase 
microtubules
To determine the distribution of KLP10A and KLP59C within inter-
phase cells, immunofluorescence analyses were performed. KLP10A 
immunofluorescence was hallmarked by intensely labelled linear 
‘streaks’ that colocalized with microtubule plus ends (Fig. 2a, b). 
Interestingly, these KLP10A streaks are reminiscent of the localization 
of plus-end tracking proteins  (+TIPs), such as EB1, which associate 
specifically with the ends of polymerizing microtubules23,24. KLP10A 
staining generally fell into two categories: KLP10A streaks were either 
evenly distributed among microtubule plus ends in cells with radial 
arrangements of microtubules (Fig. 2a) or were concentrated on micro-
tubule ends in extended regions of cells (Fig. 2b). Additionally, KLP10A 
immunolocalized to centrosomes in most cells.

KLP59C immunofluorescence also labelled some microtubule ends 
near to the cell periphery and coated terminal spans of the microtubule lat-
tice at lengths that varied greatly between cells (Fig. 2c). KLP59C immun-
ofluorescence labelling of punctate structures was intense throughout the 
cytoplasm but concentrated in perinuclear regions. Microtubule-associ-
ated KLP59C immunostaining, particularly near the tip, often revealed a 
linear arrangement of these puncta. Indeed, KLP59C-containing puncta 
were occasionally observed to extend linearly for several micrometres 

beyond the microtubule end (Fig. 2c). Finally, KLP59C localized to cen-
trosomes in some but not all cells.

KLP10A and KLP59C associate with polymerizing and 
depolymerizing microtubule plus ends, respectively 
To examine the dynamic behaviours of the kinesin-13 motors, we 
transiently expressed full-length EGFP-tagged KLP10A or KLP59C in 
S2 cells and performed live cell 4D imaging. Similarly to the immu-
nostaining pattern of endogenous KLP10A, KLP10A–EGFP fluores-
cence appeared as linear streaks throughout the cytoplasm (Fig. 3a). 
Immunofluorescence with anti-EGFP and anti-tubulin antibodies indi-
cated that these streaks of EGFP localized exclusively to microtubule 
plus ends (data not shown), suggesting that this fusion protein targeted 
appropriately. Analysis of live cells expressing KLP10A–EGFP revealed 
that the KLP10A streaks are highly motile. KLP10A–EGFP in most cells 
appear to radiate from an intensely fluorescent focus (presumably the 
centrosome), move towards the cell cortex, and disappear at the cell 
periphery (Fig. 3a´, b; Supplementary Information, Movie 2). Using 
kymographs to track the movement of 271 randomly chosen KLP10A–
EGFP streaks in two cells, we found that 251 (93%) moved towards the 
cell periphery at an average rate of 7.7 ± 2.7 µm min–1 (similar to the rate 
of microtubule polymerization; Table 1). This movement ceased when 
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Figure 2 KLP10A and KLP59C localize to microtubule plus ends in interphase 
S2 cells. Immunolocalization of the kinesin-13 proteins (red) KLP10A (a, 
b) and KLP59C (c), and tubulin (green). (a, b) Two characteristic KLP10A 
localization patterns are shown: cells with a radial (a) or an extended (b) 

arrangement of microtubules. (c) Representative KLP59C immunostaining. The 
arrowheads and A–C indicate regions selected for the correspondingly labelled 
high magnification images. Yellow arrowheads indicate KLP59C puncta that 
extend in a linear arrangement from a microtubule end. Scale bars, 10 µm.

Table 1 Effect of kinesin-13 RNAi on interphase microtubule dynamic instability

dsRNA Growth rate
(µm min−1)

Shrinkage
rate (µm min−1)

Rescue
frequency (s−1)

Catastrophe frequency 
(s−1)

Per cent time
growing/shortening/
paused

Control 6.4 ± 3.3 (22) 14.0 ± 4.5 (41) 0.039 (47) 0.045 (50) 15.1/26.3/58.6

KLP10A 4.7 ± 1.9 (16) 15.5 ± 6.4 (24) 0.064 (24) 0.019* (50) 7.4/8.4*/84.2*

KLP59C 4.9 ± 2.1 (22) 11.0 ± 3.2 (50) 0.103* (43) 0.031 (50) 15.3/18.1/66.6

Numbers in parentheses indicate the number of events measured, and ± indicates s.d. *Signifi cantly different from the control by the multiple comparison Dunnet 
test (P < 0.05).
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Figure 3 KLP10A moves towards the cell cortex whereas KLP59C moves 
towards the cell interior. Sequential still images, tracings and kymographs 
demonstrating the movement of KLP10A–EGFP (a, b) and KLP59C–EGFP 
(c–e) in live cells. (a) S2 cell expressing KLP10A–EGFP and (a’) selected 
frames from its movie, shown at higher magnification from the boxed region 
in panel a. (b) Projection of sequential time-lapse images (left), a tracing 
showing the motility tracks of pronounced KLP10A–EGFP streaks (middle), 
and a kymograph of an individual KLP10A–EGFP streak (right) from panel a. 
(c) S2 cell expressing KLP59C–EGFP and (c’) selected frames from its movie, 
shown at higher magnification from the boxed region in c. 

(d) Sequential images of a KLP59C–EGFP-expressing cell, which were 
digitally processed to highlight the centripetal movement of KLP59C–EGFP. 
(e) From panel d, a projection of time-lapse images (left), a tracing of 
motile KLP59C–EGFP (middle), and a kymograph of a single punctum 
(right). Arrowheads mark the starting (red) and new (green) positions of 
selected particles. In c’, yellow arrowheads mark KLP59C–EGFP puncta 
deposited behind a shrinking microtubule. Note the similarity to the linear 
arrangements of the KLP59C puncta observed in Fig. 2. See Supplementary 
Information, Movies 2–4. The cell cortex is to the left in each kymograph. 
Numbers are elapsed time (s) after the first frame. Scale bars, 10 µm.
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microtubules were forced into a prolonged pause state by low concen-
trations of taxol (see Supplementary Information, Fig. S1 and Movie 5),  
supporting the hypothesis that KLP10A–EGFP motility is associated 
with microtubule plus-end polymerization.

The appearance of KLP59C–EGFP fluorescence in cells was also gen-
erally similar to the immunostaining pattern of the endogenous protein, 
suggesting that this fusion protein also targets appropriately. Specifically, 
KLP59C–EGFP appeared as bright puncta concentrated in perinuclear 

regions and associated with microtubule plus ends (Fig. 3c). A notable 
difference between KLP59C immunostaining and KLP59C–EGFP fluo-
rescence, however, is that KLP59C–EGFP also dimly and continuously 
labelled long spans of microtubules (which often terminated at bright 
KLP59C–EGFP puncta). The dim microtubule labelling is not neces-
sarily an artefact of protein overexpression because it is not preserved 
after fixation and, thus, may  represent a real, but difficult to preserve, 
localization of endogenous KLP59C.
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Figure 4 KLP10A trails the +TIP protein EB1 on most microtubule 
plus ends. (a) Immunolocalization of KLP10A (red), EB1 (blue) 
and tubulin (green) in S2 cells. The arrowheads in the left panel 
correspond to the high magnification images of the microtubule ends 
and their intensity linescan plots shown to the right. The magnified 
images show different examples of the spatial relationships between 
endogenous KLP10A and EB1: (A) the KLP10A fluorescence intensity 
peak follows and partially overlaps with EB1’s; (B) KLP10A and EB1 
intensity peaks completely overlap; (C, D) primarily only KLP10A (C) 

or only EB1 (D) at the microtubule tip. The right side of each linescan 
corresponds to the microtubule plus-end tip. (b) Confocal images of a 
live S2 cell expressing EB1–mRFP (red) and KLP10A–EGFP (green). 
See Supplementary Information, Movie 6. White and blue arrows track 
selected microtubule plus ends. (c) A time series of the boxed region 
shown in the first frame of b. Note that KLP10A trails the plus-end 
tracking protein EB1, and that EB1 disappears first and KLP10A second 
from microtubule tips. Numbers are the elapsed time (s) since the first 
frame. Scale bars, 10 µm.
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Live cell analysis of KLP59C–EGFP-expressing cells revealed that this 
kinesin-13 also exhibited complex dynamics. Unlike KLP10A–EGFP, 
microtubule-associated puncta of KLP59C–EGFP generally moved away 
from the cortex and towards the cell interior (Fig. 3c´–e; Supplementary 
Information, Movie 3). When data sets obtained from KLP59C–EGFP-
expressing cells were processed to eliminate the image contribution 
from immotile fluorescence, the influx of EGFP fluorescence from 
the cell cortex towards the cell centre became clearly apparent (Fig. 3d; 
Supplementary Information, Movie 4). In all, 74 of 82 (90%) microtu-
bule-associated KLP59C–EGFP puncta tracked by kymography in four 

cells moved towards the interior at an average rate of 10.8 ± 2.6 µm min−1. 
In contrast, puncta that were not apparently associated with microtu-
bules did not show any concerted directional motility.

The movements of microtubule-associated KLP59C–EGFP revealed 
a complex sequence of events (Fig. 3c´). KLP59C–EGFP puncta 
often appeared at microtubule plus ends just before, or at the onset, 
of a catastrophe and then moved with the end for varying distances 
before dissociating. Subsequently, a new punctum of KLP59C–EGFP 
appeared at the microtubule end and it too continued to retract with 
the depolymerizing microtubule. On occasion, several KLP59C–EGFP 
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Figure 5 EB1 is required for proper KLP10A localization at microtubule plus 
ends. (a–d) Immunolocalization of KLP10A (a, b, red) and EB1 (c, d, red) and 
tubulin (green) in S2 cells, after treatment with control (a, c) or EB1 (b, d) 

dsRNA. The regions indicated by arrowheads are shown at higher magnification 
to the right. Scale bars, 10 µm. (e) Quantification of the number of microtubule 
plus ends coated with KLP10A in control (CTR) or EB1 dsRNA cells.
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puncta were observed to dissociate from a shrinking microtubule in 
succession, briefly remaining in a linear array that outlined the path of 
microtubule depolymerization. This may explain why some KLP59C 
immunostaining is observed to extend past the end of microtubules. 
Finally, taxol treatment also led to the cessation of KLP59C–EGFP 
motility (see Supplementary Information, Fig. S1 and Movie 5) con-
sistent with the hypothesis that KLP59C associates with the ends of 
depolymerizing microtubules.

EB1 is involved in targeting KLP10A to microtubule plus ends
The targeting of KLP10A to the ends of polymerizing microtubules 
is particularly surprising given that this enzyme induces microtubule 
depolymerization12. Two observations suggest that an interaction 
between KLP10A and EB1 may underlie this. First, as noted above, there 
are clear similarities between the localization and dynamics of these 
proteins during interphase. Secondly, RNAi inhibition of either EB1 or 
KLP10A induces a similar phenotype of prolonged microtubule pauses 
in Drosophila interphase cells21.

To determine the spatial relationship between these proteins on 
microtubule ends, we examined the relative localization of KLP10A, 
EB1 and microtubules (Fig. 4a) using immunofluorescence. Not sur-
prisingly, KLP10A and EB1 were often on the same microtubule ends, 
but usually did not entirely colocalize. On most microtubules, peak 

EB1 immunofluorescence was positioned slightly nearer to the plus 
end than peak KLP10A immunofluorescence (Fig. 4a, scan 1). However, 
sometimes EB1 and KLP10A immunofluorescence peaked at roughly 
the same position on some microtubules (Fig. 4a, scan 2) and, infre-
quently, microtubule ends carried only KLP10A (near the cell cortex; 
Fig. 4a, scan 3) or EB1 (Fig. 4a, scan 4). Peak fluorescence of KLP10A 
was never observed ahead of EB1.

To examine the relative behaviours of these proteins in live cells, 
we performed 4D analyses of cells co-expressing KLP10A–EGFP and 
EB1 tagged with monomeric red fluorescent protein (EB1–mRFP). 
Throughout these cells, and particularly near to the cell cortex, 
almost all EB1–mRFP comets had longer tails of KLP10A–EGFP 
trailing behind them (Fig. 4b; Supplementary Information, Movie 6). 
Analysis of individual EB1–mRFP/KLP10A–EGFP comets demon-
strated the following sequence of events that potentially explains the 
spatial relationship between EB1 and KLP10A, which was observed 
by immunofluorescence:  first, EB1–mRFP fluorescence normally led 
KLP10A–EGFP fluorescence as these comets travelled towards the cor-
tex; second, upon reaching the cortex, EB1–mRFP movement briefly 
paused, allowing KLP10A–EGFP fluorescence to ‘catch-up’ and the two 
fluorophores to closely colocalize; and last, EB1–mRFP fluorescence 
subsequently diminished, but KLP10A–EGFP persisted for several 
seconds at a fixed position before disappearing.
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Figure 6 EB1 binds KLP10A in vitro. (a) Western blots of GST and GST–full-
length EB1 resin pull-downs from S2 cell lysates probed with anti-KLP10A, 
anti-Mast, or anti-NCD antibodies. (b, c) Coomassie-stained SDS–PAGE gels 
demonstrating direct binding of KLP10A and EB1 in vitro. (b) GST and GST–
full-length EB1 resins after incubation with MBP–KLP10A N terminus (NT). 
(c) GST, GST–EB1 N terminus (amino acids 12–133), and GST–EB1 C terminus 

(CT, 209–279) resins after incubation with MBP–KLP10A N terminus. (d) GST–
full-length EB1 resin after incubation with a constant quantity of MBP–KLP10A 
N terminus and increasing quantities of GFP–hAPC C terminus. The percentage 
of EB1-bound KLP10A construct (relative to the ‘no APC’ treatment) is shown 
above each lane. The estimated molar ratios of the APC to KLP10A constructs 
present during incubation are shown below each lane.

print ncb1222.indd   241print ncb1222.indd   241 14/2/05   4:23:51 pm14/2/05   4:23:51 pm

Nature  Publishing Group© 2005



242  NATURE CELL BIOLOGY  VOLUME 7 | NUMBER 3 | MARCH 2005

A RT I C L E S

Given the partial colocalization of KLP10A and EB1 on microtu-
bule ends and their apparently synchronized behaviour, EB1 could be 
required for KLP10A deposition on microtubule ends. Consistent with 
this hypothesis, RNAi depletion of EB1 substantially reduced the number 
of plus ends coated with KLP10A (58.3% in control compared with 
32.7% in EB1 RNAi cells; Fig. 5e). The continued presence of KLP10A 
on some microtubule ends following EB1 RNAi may result from residual 
EB1 protein. Because KLP10A can associate with the ends of paused 
microtubules (see Supplementary Information, Fig. S1), the reduction 
of tip-associated KLP10A is not likely due to the loss of microtubule 
dynamism induced by EB1 depletion.

To test whether the colocalization might reflect a direct interaction 
between KLP10A and EB1, we used a pull-down assay to determine 
whether endogenous KLP10A in S2 cell extracts can interact with glu-
tathione S-transferase (GST)–EB1. After incubating glutathione resin-
bound GST–EB1 (or resin-bound GST alone) with S2 extracts, KLP10A 
was found to associate with GST–EB1 but not the GST negative control 

(Fig. 6a). Two known EB1-associating proteins, NCD and Mast26, were 
also found to specifically associate with GST–EB1 (Fig. 6a), demonstrat-
ing that this assay can identify bona fide EB1-associated proteins.

Finally, to test whether KLP10A and EB1 have the capacity to bind 
directly, purified maltose-binding protein (MBP)–KLP10A amino ter-
minus or MBP–KLP59C amino terminus was incubated with either 
GST–EB1 or just GST bound to glutathione resin. KLP10A, but not 
KLP59C (data not shown), can directly bind full-length EB1 (Fig. 6b) 
apparently through the carboxyl terminus of EB1 (Fig. 6c). If KLP10A 
does bind EB1, other EB1-binding proteins might compete with 
KLP10A. To test this prediction, a GFP fusion with the C terminus of 
the known EB1-binding adenomatous polyposis coli protein, APC27, 
was included during incubation of the assay. GFP–APC C terminus 
did bind GST–EB1 and effectively inhibited the binding of KLP10A 
(Fig. 6d), suggesting that APC and KLP10A binding to EB1 are mutu-
ally exclusive. These studies demonstrate a novel interaction between 
KLP10A and EB1 and suggest that KLP10A is deposited on microtubule 
ends through a direct interaction with EB1.

DISCUSSION
We have examined the roles of two kinesin-13 proteins, KLP10A and 
KLP59C, in the regulation of microtubule dynamics in interphase 
Drosophila S2 cells. Our findings reveal a remarkable functional coor-
dination between these proteins, stemming from their distinct targeting 
and their impact on dynamic instability. Specifically, KLP10A is loaded 
onto the plus ends of polymerizing microtubules and initiates their depo-
lymerization by stimulating catastrophe. In contrast, KLP59C remains 
associated with depolymerizing microtubule plus ends and perpetuates 
their depolymerization by suppressing rescue. Thus, the interphase 
activities of KLP10A and KLP59C are complementary and apparently 
sequential, so that microtubule depolymerization is functionally divided 
into two separately regulated processes, initiation and perpetuation.

The most surprising finding of this study is that KLP10A and KLP59C 
affect distinct parameters of dynamic instability. Although kinesin-13 
proteins from a variety of systems have been shown to destabilize micro-
tubules in vitro or in vivo, all of these apparently do so by stimulating 
catastrophe10,11,14,15,28,29, similarly to KLP10A. However, the activities of 
only a fraction of the entire kinesin-13 family have been investigated. 
Therefore, it is tempting to infer that the depolymerase activities of 
KLP10A and KLP59C are intrinsically different. Differences in their 
amino-acid sequences in several domains, including the highly con-
served KVD  (lysine-valine-aspartate motif) loop believed to mediate 
kinesin-13–microtubule interactions30 (our unpublished findings), sup-
port this hypothesis. However, KLP59C, like KLP10A, can depolymer-
ize GMPCPP-stabilized microtubules in vitro12—a paradoxical result if 
KLP59C primarily suppresses rescue, given that stabilized microtubules 
would rarely be in a state requiring rescue. Therefore, another and per-
haps likely possibility is that the distinct targeting of these two enzymes in 
vivo strongly influences their respective effects on dynamic instability.

The dynamics and targeting of KLP10A and KLP59C on microtubule 
plus ends were also unexpected. Indeed, the association of any kinesin-
13 with the ends of interphase microtubules has not been reported 
previously. EB1, which treadmills on microtubule tips presumably by 
copolymerizing with tubulin and then dissociating shortly thereafter24,31, 
is required for KLP10A targeting to polymerizing microtubules. This 
could explain the previous finding that EB1 knockdown in interphase 
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Figure 7 Model for interphase kinesin-13 function. (a) KLP10A is recruited 
to growing microtubule plus ends by the +TIP protein, EB1. (b) KLP10A 
is deposited on the microtubule lattice and remains associated after the 
dissociation of EB1, behaving as a ‘+TIP trailer’. (c) EB1 is lost from paused 
microtubules, but KLP10A localizes closer to the tip, even while dissociating 
from the lattice, when away from the microtubule plus ends. Cytoplasmic 
KLP59C binds to microtubules. (d) KLP10A induces a catastrophe at the 
microtubule plus end and then dissociates from the shrinking microtubule. 
To trigger a catastrophe, KLP10A may require specific activation or may only 
need unimpeded access to the microtubule plus end (for example, by loss of 
+TIPs). (e) KLP59C inhibits rescue, prolonging microtubule depolymerization.
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S2 cells decreases catastrophe frequency and prolongs the pause state 
of microtubules21. EB1 and KLP10A can directly associate in vitro, and 
a similar interaction in vivo would allow EB1 to load KLP10A onto 
polymerizing microtubule plus ends. However, following its recruitment, 
KLP10A does not require EB1 to maintain its association with microtu-
bules because EB1, but not KLP10A, is released from microtubules that 
are forced to pause by the application of a low concentration of taxol. 
A similar relationship between Mal3p, an EB1 homologue, and Tea2p, 
a kinesin involved in microtubule stabilization, has been reported in 
yeast32. Our results suggest that EB1 recruits KLP10A onto polymerizing 
microtubule ends and then releases KLP10A onto the microtubule lattice. 
EB1 quickly disassociates from the tip whereas KLP10A persists longer 
on the lattice before releasing, creating the visual impression of KLP10A 
tails trailing EB1 comets. Thus, we propose to classify KLP10A as a ‘+TIP 
trailer’. Interestingly, the interaction between EB1 and KLP10A seems to 
be limited to interphase because EB1-knockdown does not disrupt the 
localization of KLP10A to the minus ends of spindle microtubules (see 
Supplementary Information, Fig. S2).

Our findings add KLP10A to the functionally diverse array of proteins 
that are targeted to plus ends by EB1. Whereas some of these utilize micro-
tubule polymerization as a delivery mechanism, others stabilize microtu-
bules or promote their polymerization26,32–34. Thus, EB1 could be required 
for the nucleation of a multiprotein +TIP complex that arms the microtu-
bule with the ability to respond appropriately to the variety of stimuli that 
it may encounter during its lifetime. Competitive or selective EB1 binding 
may allow the composition of such a +TIP complex to vary in different 
cellular regions or between microtubules, and help define the range of 
possible behaviours available to specific subsets of microtubules.

Unfortunately, our data are less revealing about the mechanisms that 
target KLP59C to depolymerizing microtubules. This probably occurs 
before the initiation of depolymerization because the localization of 
KLP59C  is not qualitatively perturbed by KLP10A depletion (data 
not shown). An intermediate may not be needed for KLP59C target-
ing because, in vitro, kinesin-13 proteins directly bind the entire micro-
tubule lattice but accumulate on the high affinity sites of the curved 
tubulin protofilaments that are most prominent at depolymerizing 
ends35. Alternatively, our preliminary hydrodynamic studies suggest that 
KLP59C exists in a very large multiprotein complex, which may account 
for the cytoplasmic KLP59C-containing puncta described above.

Comparing these findings with our previous analyses of the mitotic 
roles of KLP10A and KLP59C raises several issues12. First, mitotic 
KLP10A does not concentrate on polymerizing plus ends but instead 
is primarily localized to spindle regions of focused minus ends where 
it promotes depolymerization and poleward flux. What accounts for 
this change? One likely factor is a switch in the molecule that targets 
KLP10A during the cell cycle; mitotic KLP10A is no longer targeted 
by EB1, but probably by another appropriately positioned partner, 
perhaps dynein/dynactin36. Thus, by positioning the KLP10A activity 
differently as the cell cycle progresses, the cell achieves markedly dif-
ferent effects on microtubule behaviour.

Second, KLP59C redistributes to centromeres at the onset of mitosis, 
where it is required to depolymerize kinetochore-microtubule plus ends 
and thus drives poleward chromosome motility by a ‘Pacman’ mecha-
nism. Logically, this task seems best suited to a kinesin-13 that is capa-
ble of stimulating catastrophe. However, our experimental observations 
agree well with a model of anaphase chromosome motility that utilizes 

suppression of rescue as the driving force (G. Civelekoglu-Scholey, D.J.S, 
A. Mogilner  and J. M. Scholey , unpublished observations). Thus, repo-
sitioning KLP59C allows its rescue suppression activity to be used during 
mitosis and interphase.

Taken together, our findings support the following model for 
kinesin-13 activity in interphase cells (Fig. 7). First, KLP10A is loaded 
onto polymerizing microtubule ends by EB1 and then is released onto 
the lattice, providing an embedded ‘trigger’ to initiate depolymeriza-
tion. This implies that KLP10A is loaded in an inactive state and is 
activated only in the appropriate situation, an implication supported by 
recent findings that, during mitosis, the kinesin-13 MCAK is dynami-
cally regulated by inhibitory phosphorylation37,38 (by Aurora B) and 
activation by the centromeric protein ICIS39,40. The presence of activat-
able kinesin-13 on microtubule tips could help explain several obser-
vations of microtubule behaviours in vertebrate cells. For example, 
polymerizing microtubules have been reported to undergo catastrophe 
after reaching focal contacts41. Components of these structures could 
regulate the activity state of tip-bound kinesin-13 and thereby trigger 
catastrophe. Also, the small GTPase Rac1 has been found to stabilize 
(by reducing catastrophe) a subset of microtubules extending into the 
leading edges of cells7. Whereas Op18/stathmin is a major effector in 
this pathway, the data suggest the presence of an additional, uniden-
tified effector system42. Conceivably, tip-bound kinesin-13 could be 
regulated locally by Rac1 (or other GTPase) activity.

Next, KLP59C associates with the lattice of depolymerizing microtu-
bules and prevents their rescue, thereby determining the extent of depo-
lymerization. Regulation of KLP59C need not be coupled to KLP10A 
regulation; separate regulation would increase the variety of microtubule 
behaviours and the number of physiological contexts that could induce 
changes in microtubule behaviour. Cytoplasmic linker protein-170 
(CLIP-170) has been shown to enhance polymerization by stimulat-
ing rescue43, and thus antagonism between KLP59C and the Drosophila 
CLIP-170 homologue DCLIP190 (ref. 44) may provide an additional 
layer of regulation of the perpetuation of depolymerization.

A similar mechanism of kinesin-13-induced microtubule depolymeri-
zation may be utilized in other higher eukaryotes. Like Drosophila, both 
humans and mice are known to possess three kinesin-13 proteins (Kif2A, 
Kif2B and Kif2C/MCAK)45 and two of these, Kif2A and Kif2C/MCAK, 
have been shown to affect microtubule dynamics in non-mitotic cells14–16. 
During mitosis, Kif2A and Kif2C/MCAK cooperate in a manner mark-
edly similar to the Drosophila kinesin-13 proteins18. If these kinesin-13 
proteins are utilized for the targeted depolymerization of microtubules 
within lamaellepodia of migrating cells, they may also provide effective 
targets for anti-metastatic therapeutics. 

METHODS
Cell culture. Schneider S2 cells were cultured in Schneider’s Drosophila medium 
supplemented with 10% heat-inactivated FCS (Gibco BRL, Gaithersburg, MD) 
and penicillin/streptomycin. For microscopy, S2 cells were plated for at least 3 h 
in 35-mm glass-bottom microwell dishes (MatTek, Ashland, MA) coated with 
5 μg concanavalin A (Sigma-Aldrich, St Louis, MO) to promote cell spreading21.

Antibody production and purification. The generation and characterization 
of the anti-KLP10A, KLP59C and Dm-EB1 antibodies used in this study were 
described previously12,21.

Immunofluorescence microscopy. For immunostaining, cells were fixed 
with −20 οC methanol for 20 min, rehydrated in PBS/0.1% Triton X-100, 
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and then blocked with 5% normal goat serum in PBS/0.1% Triton X-100. 
All antibodies were diluted into blocking solution (1:200 for mouse DM1α  
(Sigma Aldrich), a range of 10–25 ng ml−1 for rabbit anti-KLP10A, anti-
KLP59C and anti-EB1 antibodies) and applied to fixed cells for 1 h followed 
by extensive washing with PBS/0.1% Triton X-100. Fluorescent secondary 
antibodies (Cy2-conjugated anti-mouse and rhodamine Red-X conjugated 
anti-rabbit; Jackson ImmunoResearch, West Grove, PA) were used at a final 
dilution of 1:200 in blocking buffer. For triple labelling, after application of 
the primary and secondary antibodies, samples were blocked for 30 min in 
normal rabbit IgG and then labelled with an EB1 antibody conjugated to 
Alexa Fluor 647 (Molecular Probes, Eugene, OR). Samples were mounted 
in Prolong (Molecular Probes) and imaged with a spinning disk confocal 
scanner (Ultraview/Perkin Elmer, Boston, MA) mounted on a Nikon TE200 
inverted microscope with a ×100 objective (1.4 N.A., Plan Apo). Images are 
presented as maximum intensity projections.

Microtubule dynamics in live S2 cells and RNA interference. Microtubule 
dynamics were observed in S2 cells that had been stably transfected with a 
plasmid encoding EGFP–α-tubulin in the pAc5.1/V5-HisB vector (Invitrogen, 
Carlsbad, CA). RNAi was performed as described46. Templates for in vitro tran-
scription (Megascript T7 kit; Ambion, Austin, TX) were generated as previously 
described12,21. Cells were treated with 20 µg of dsRΝΑ on days 0, 3 and 6 of the 
treatment period. On day 7, cells were prepared for microscopy as described 
above. Microtubule plus-end dynamics vary between cells and even between 
regions within individual cells. Therefore, microtubule plus-ends positioned near 
to the periphery of a cell’s extended regions, near contact sites with neighbouring 
cells, were selected for analysis, because these microtubule ends could be visual-
ized easily and were found to exhibit relatively consistent dynamic behaviours 
(between multiple observations of controls).

Images and time-lapse movies were acquired by spinning disk confocal micro-
scopy. Two 0.5-µm z-sections were obtained with a piezo-electric z-axis controller 
for 4D data collection (x, y, z, time). Images were acquired at 1-s intervals for a 
period of approximately 200 s. Microtubule ends were tracked through the image 
sequences using the point tracking function in Metamorph software (Universal 
Imaging, Downing Town, PA). After conversion of pixel positions to distances, 
Excel spreadsheet conditional formulae were used to calculate the catastrophe 
and rescue frequencies as defined previously25.

The position of a microtubule end was considered unchanged if the end 
displacement between two consecutive movie frames was <0.7 µm, because 
this is the smallest distance that can be reliably resolved with the point tracking 
function. To detect slow (<0.7 µm displacement between consecutive frames) 
but extended, uninterrupted phases of growth or shrinkage, the life history 
plots of individual microtubules were examined and slow phases identified 
as events with slopes >1.4 µm min−1. Growth and shrinkage rates were meas-
ured from kymographs of the microtubule ends for each grow/shrink interval. 
Kymographs were obtained by applying the reslice function of ImageJ (http://
rsb.info.nih.gov/ij/) to the maximum intensity projection of the entire confo-
cal stack. Means are considered to be significantly different when P<0.05, as 
calculated by the multiple comparison Dunnet test.

Live cell imaging of kinesin-13 proteins and EB1. The in vivo dynamics of 
exogenous KLP10A–EGFP, KLP59C–EGFP and EB1–EGFP were observed in 
live Drosophila Schneider S2 cells transiently transfected with the pMT/V5-
HisC expression plasmid (Invitrogen) encoding fluorescent protein fusions with 
full-length KLP10A, KLP59C or EB1. S2 cells were transfected using Cellfectin 
(Invitrogen) according to the manufacturer’s instructions. Cells were prepared for 
microscopy 24–48 h post-transfection as described above, and then were induced 
to express the recombinant protein by addition of 300 µM CuSO4 to the medium. 
For some experiments, cells were transfected with the constitutive expression plas-
mid, pAc5.1/V5-HisB (Invitrogen), containing the EGFP–α-tubulin sequence.

4D time-lapse movies were acquired using the Ultraview spinning disk con-
focal microscope described above. Images were acquired as 1–4-μm z-sections 
at 2–6-s time intervals. For experiments requiring suppression of microtubule 
dynamics, 2 µM (final) taxol was added to the culture medium while cells were 
being recorded. A movie that shows only moving KLP59C–EGFP particles was 
generated using a macro function in ImageJ to overlay and subtract consecutive 
frames to eliminate the image contribution from stationary fluorescent particles 
(see Supplementary Information, Movie 4).

Pull-down and in vitro interaction assays. Glutathione sepharose fast flow beads 
(Amersham Biosciences, Piscataway, NJ) bound with a glutathione S-transferase/
full-length EB1 fusion construct (GST–EB1) were incubated for 6 h at 4 οC in 
50 mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM dithioth-
reitol (DTT), and protease inhibitor cocktail (Roche, Basel, Switzerland) together 
with S2 cell extract (5 mg ml−1). After extensive washing, bound proteins were 
eluted from the beads and western blotted using anti-KLP10A 1:1,000 (2 mg ml−1), 
anti-Mast (1:100), or anti-NCD (1:100) antibodies. As a negative control, beads 
bound with equimolar GST were used in parallel pull-down experiments.

To test the in vitro interaction of recombinant KLP10A and EB1, glutathione 
sepharose fast flow beads were saturated for 45 min at 4 οC with GST–EB1 or GST 
alone. Then equimolar amounts of affinity purified constructs of maltose binding 
protein (MBP)–KLP10A N terminus (amino acids 1–229) or MBP-KLP59C N 
terminus (1–138) were incubated overnight with the washed GST or GST–EB1 
beads at 4 οC. After extensive washing, resin-bound proteins were analysed by 
SDS–PAGE or western blotting with the anti-KLP10A or anti-KLP59C antibodies 
(both 2 μg ml–1). To test the ability of APC to inhibit KLP10A binding to the EB1 C 
terminus (209–279), increasing titres of purified 7 histidine-tagged GFP–human 
APC C terminus (2760–2831) were included during incubation of the assay mix-
ture described above. (The human APC C terminus binds the human EB1 C 
terminus (K. Slep and R. Vale, personal communication) and the Drosophila 
EB1 C terminus (Fig. 6d). The homologous C-terminal amino-acid sequences 
for human and Drosophila EB1 are 48% identical, 87% similar.) The percentage 
of EB1-bound KLP10A N terminus was estimated by scanning the Coomassie-
stained SDS–PAGE gels and determining the relative quantities of the KLP10A 
N terminus bands using the gel tools function of ImageJ.

BIND identifiers. Three BIND identifiers (www.bind.ca) are associated with this 
manuscript: 202008, 209209 and 209211.

Note: Supplementary Information is available on the Nature Cell Biology website.
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Figure S1 Suppression of microtubule dynamics by taxol eliminates 
KLP10A and KLP59C dynamic behaviours. Confocal images of live S2 
cells expressing KLP10A-EGFP (a), KLP59C-EGFP (b) and EB1-EGFP 
(c) before and after the addition of taxol. Numbers are the elapsed time 
(sec) since the first frame. Arrowheads mark the starting positions of 
individual particles before (sred) or after (yellow) the addition of taxol; green 
arrowheads track the new positions of these particles in each frame. Frames 
captured after the approximate time of taxol addition to the culture media 
are labeled with “+ Taxol”. Taxol was used at a concentration empirically 
determined to cause microtubules in EGFP-tubulin expressing S2 cells to 
enter a prolonged pause state (higher concentrations induced extensive 
microtubule bundling or bursts of polymerization). To verify the efficacy of 
this treatment, the effect of taxol addition on the behavior of EB1-EGFP was 
tested (c). EB1 is a member of the +TIPs class of proteins that associate 
only with the ends of polymerizing microtubules, and not with paused or 

depolymerizing microtubules (Mimori-Kiyosue, Y., Shiina, N. & Tsukita, S. 
The dynamic behavior of the APC-binding protein EB1 on the distal ends of 
microtubules. Curr Biol 10, 865-8 (2000)). Prior to the addition of taxol, 
EB1-EGFP appeared as comets of fluorescence that moved rapidly through 
the cytoplasm. As expected, within seconds after the introduction of taxol to 
the culture medium, EB1-EGFP comets rapidly disappeared, verifying that 
taxol treatment eliminated microtubule polymerization. In contrast, taxol 
treatment did not induce the dissociation of KLP10A-EGFP (a) or KLP59C-
EGFP (b) from microtubule ends. However, in both cases, taxol addition 
resulted in a rapid cessation of their movements. These observations 
strongly suggest that KLP10A and KLP59C movements require dynamic 
microtubules, but unlike EB1, these Kinesin13s can remain associated with 
the ends of paused microtubules. See Supplementary Information, Movie 5. 
Scale bars, 10 µm.

© 2005 Nature Publishing Group 

 



S U P P L E M E N TA RY  I N F O R M AT I O N

2  WWW.NATURE.COM/NATURECELLBIOLOGY

EB1 RNAi

KLP10A
Tubulin

Figure S2 KLP10A immunolocalization during mitosis is unaffected by 
EB1 RNAi. Confocal image of an S2 cell following EB1 RNAi showing that 
KLP10A immunolocalization is nearly normal even though the spindle 
displays the expected EB1 RNAi phenotype (for example, shorter, less 
organized spindles). Proper KLP10A immunolocalization can be seen at 
the centrosomes, near spindle poles and in the region of the chromosomes 
(presumably at the centromeres). Microtubules (green) and KLP10A (red).

Movie 1 Microtubule plus-end dynamics in Drosophila S2 cells following 
treatment with control, KLP10A, or KLP59C RNAi. Confocal recordings of 
microtubules in the lamellar regions of stably-transfected S2 cells expressing 
EGFP-α-tubulin. The live S2 cells were imaged after a 7 day treatment with 
dsRNA. Each frame is a maximum intensity projection. Part I. Microtubule 
plus-end dynamics following control RNAi. Part II. Microtubule plus-end 
dynamics following KLP10A RNAi. Note the increased persistence of 
microtubule ends at the cortex and the decreased catastrophe frequency 
compared to the control cell (in Part I). Part III. Microtubule plus-end 
dynamics following KLP59C RNAi. Compared to the microtubules of control 
cells, the plus-ends of these microtubules rescue more frequently and 
typically do not display extended bouts of depolymerization.
Movie 2 Dynamics of KLP10A-EGFP in a live S2 cell. Confocal recording 
of S2 cells expressing transgenic KLP10A-EGFP. Greater than 90% of the 
comet-like streaks of KLP10A-EGFP move towards the cell cortex.
Movie 3 Dynamics of KLP59C-EGFP in a live S2 cell. Confocal recording 
of S2 cells expressing transgenic KLP59C-EGFP. Microtubules can be 
visualized as a consequence of KLP59C-EGFP binding along the lengths 
of microtubules. Note that depolymerizing microtubules usually acquire a 
distinctive spherical “bulb” of KLP59C-EGFP that appears to either “ride” 
the depolymerizing end or to be deposited in the cytoplasm, marking the 
path of the shrinking microtubule. Greater than 90% of the microtubule end-
associated KLP59C-EGFP puncta move away from the cell cortex.
Movie 4 Dynamics of KLP59C-EGFP in live S2 cells. Frames of a movie of a 
KLP59C-EGFP expressing cell were digitally processed by an ImageJ macro 
function that overlays and subtracts the images of consecutive frames. This 
process eliminates the contribution of unchanging (non-moving) fluorescent 
objects. Movie 4 is constructed from these processed images to highlight the 
dynamic behaviour of KLP59C-EGFP.
Movie 5 The effect of suppressing microtubule dynamics on the behaviours 
of EB1-EGFP, KLP10A-EGFP, and KLP59C-EGFP. In this movie of live S2 
cells expressing EGFP fusion proteins, taxol is added to the medium while 
the cells are being recorded. The legend “+ TAXOL” appears in the movie 
frames following the times of taxol application. Part I. Taxol application 
inhibits microtubule dynamics as revealed by the loss of EB1-EGFP from 
microtubule plus-ends. Part II. Suppression of microtubule dynamics 
inhibits the dynamic behaviour of KLP10A-EGFP. Note that the peripherally-
directed movement of the KLP10A streaks is almost entirely eliminated. Part 
III. Suppression of microtubule dynamics inhibits the dynamic behaviour 
of KLP59C-EGFP. Note that the inward-directed movement of the KLP59C 
puncta is almost entirely eliminated.
Movie 6 Dynamic behaviours of EB1-mRFP and KLP10A-EGFP in live S2 
cells. Confocal image movie of the peripheral region of an S2 cell expressing 
EB1-mRFP (red) and KLP10A-EGFP (green). A streak of KLP10A trails 
behind the +TIP protein, EB1, on growing microtubule ends. After growth 
stops, EB1 disappears from the tip, followed by the disappearance of 
KLP10A.
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