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Summary

The kinesin-13 family member mitotic centromere-associ-
ated kinesin (MCAK) is a potent microtubule depolymerase

[1–4]. Paradoxically, in cells it accumulates at the growing,
rather than the shortening, microtubule plus ends. This

plus-end tracking behavior requires the interaction between
MCAK and members of the end-binding protein (EB) family

[5–8], but the effect of EBs on the microtubule-destabilizing
activity of MCAK and the functional significance of MCAK

accumulation at the growing microtubule tips have so far re-

mained elusive. Here, we dissect the functional interplay
between MCAK and EB3 by reconstituting EB3-dependent

MCAK activity on dynamic microtubules in vitro. Whereas
MCAK alone efficiently blocks microtubule assembly, the

addition of EB3 restores robust microtubule growth, an
effect that is not dependent on the binding of MCAK to

EB3. At the same time, EB3 targets MCAK to growing micro-
tubule ends by increasing its association rate with microtu-

bule tips, a process that requires direct interaction between
the two proteins. This EB3-dependent microtubule plus-end

accumulation does not affect the velocity of microtubule
growth or shortening but enhances the capacity of MCAK

to induce catastrophes. The combination of MCAK and
EB3 thus promotes rapid switching between microtubule

growth and shortening, which can be important for remodel-
ing of the microtubule cytoskeleton.

Results

MCAK Tracks Growing Microtubule Ends In Vitro

in an EB3-Dependent Manner
In vitro experiments with purified proteins have demonstrated
that mitotic centromere-associated kinesin (MCAK) can func-
tion as a microtubule (MT) depolymerase and revealed the
structural requirements for this activity [9–11]. However, these
studies used Taxol- or GMPCPP-stabilized MTs rather than
dynamic MTs, which represent the physiological substrate of
*Correspondence: a.akhmanova@erasmusmc.nl
MCAK. To directly examine MCAK activity on growing MTs
and explore the functional interplay between MCAK and EB3,
we used an in vitro MT plus-end tracking assay [12]. MTs
were grown in the presence of 15 mM brain tubulin from
GMPCPP-stabilized MT seeds [7, 13]. Purified fluorescent
proteins added to the mixture were visualized using total
internal reflection fluorescence microscopy; alternatively,
MTs were imaged using differential interference contrast on
the same microscope setup.
As was shown previously, EB3, one of three mammalian

end-binding protein (EB) family members, fused to a fluores-
cent tag (N-terminal GFP or mCherry; see [13] and Figure 1A)
prominently tracked growing MT ends [13]. The addition of
6 nM purified GFP-MCAK to dynamic MTs in the absence of
EB3 blocked MT growth. In contrast, when 75–300 nM
mCherry-EB3 was added together with GFP-MCAK, robust
MT elongation episodes were observed (Figure 1B; see also
Figure S1A andMovie S1 available online). In these conditions,
GFP-MCAK bound to the MT lattice and showed enhanced
accumulation at growing, but not depolymerizing, MT tips.
This behavior was observed in the presence of ATP or ADP,
indicating that ATP hydrolysis by MCAK is not required for
plus-end tracking in vitro (Figure 1C). In agreement with
previous observations [5], an MCAK mutant lacking the motor
domain (GFP-MCAK-ML) was still able to track growing MT
ends in the presence of mCherry-EB3 (Figure 1D). Based on
these results, we conclude that EB3 can stabilize growing
MTs against the MT-destabilizing activity of MCAK and at
the same time target MCAK to the growing MT ends in
a motor-independent manner. The protective activity of EB3
requires MT polymerization: in the absence of tubulin, 6 nM
GFP-MCAK efficiently disassembled stabilized MT seeds
even in the presence of 75 nM mCherry-EB3 (Figure S1B).
We next set out to address the importance of direct EB-

MCAK interaction for the targeting of MCAK to growing MT
plus-ends in vitro. A previous study showed that MCAK binds
to the EBs through a linear motif, SKIP (denoted the SxIP
motif), located in the N-terminal part of the molecule [7]. The
SxIP motif fits into a cavity on the surface of the C-terminal
EB1 homology (EBH) domain by establishing an extensive
network of hydrogen bonds and hydrophobic contacts [7].
This cavity is in part shaped by the N-terminal half of the flex-
ible C-terminal tail of the EBs (Figure S1C). Therefore, EB1 and
EB3 deletion mutants lacking the entire C-terminal tails
(EB1DT and EB3DT) failed to bind to GFP-MCAK (Figure S1D).
Furthermore, simultaneous mutation of the EB3 residues
Tyr226 andGlu234 to alanines (EB3-YE/AA), which is expected
to disrupt hydrogen bond formation between the cavity at the
EB3 C terminus and the SxIP peptide (Figure S1E), abrogated
the interaction between MCAK and EB3 (Figure S1F). Impor-
tantly, the deletion of the tail or the YE/AA dual mutation did
not affect the ability of EB3 to track growing MT ends (Figures
1E and 1F; [14]). However, its capacity to recruit GFP-MCAK to
growing MT tips was abolished (Figures 1E and 1F; Movie S2).
Finally, wemade use of the fact that the change of the Ile97 and
Pro98 residues of the MCAK SxIP motif to asparagines
(MCAK-IP/NN) abolishes hydrophobic contacts of MCAK
with the EBH domain [7]. The purified GFP-MCAK-IP/NN

mailto:a.akhmanova@erasmusmc.nl
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Figure 1. EB3 Is Necessary and Sufficient to

Enable MCAK Plus-End Tracking In Vitro

(A) Schematic diagrams of EB3 and MCAK

proteins and their mutants used in this study.

The minimal microtubule depolymerization

domain is based on [22]. The numbering is based

on human EB3 (NCBI RefSeq ID NP_036458.2)

and Chinese hamster MCAK (Swiss-Prot ID

P70096).

(B–G) Total internal reflection fluorescence

microscopy (TIRFM) images (top) and kymo-

graphs (bottom) of dynamic microtubules (MTs)

grown in the presence of the indicated concen-

trations of GFP-MCAK and mCherry-EB3 or the

indicated mutant proteins. Experiments in (B)

and (D)–(G) were performed in the presence of

1 mM ATP; the experiment in (C) was performed

in the presence of 1 mM ADP. Note that

mCherry-EB3DT showed an enhanced associa-

tion with the MT lattice in addition to accumula-

tion at the tip at concentrations above 100 nM.

Therefore, 75 nM EB3 or EB3 mutants were

used for all measurements of MT dynamics

(Table S1; Figure 3A).
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mutant failed to track MT plus ends in the presence of
mCherry-EB3 in vitro (Figure 1G), further indicating that a direct
EB-MCAK association is required to concentrate MCAK at the
growing MT tips.

Analysis of MCAK and EB3 Dynamics by Single-Molecule
Imaging

To determine the mechanism of MT plus-end tracking by
MCAK in vitro, we characterized GFP-EB3 and GFP-MCAK
turnover on growing MTs by fast single-molecule imaging
(see Figure S2 for instrument calibration data and character-
ization of the fusion proteins). We performed the MT plus-
end tracking experiments in the presence of subnanomolar
concentrations of GFP-EB3 or GFP-MCAK and could reliably
detect single GFP-EB3 or GFP-MCAK molecules on dynamic
MTs. Initial prebleach intensities of these molecules displayed
a nearly monodisperse distribution (Figures S2C and S2D).
Simultaneous imaging of mCherry-EB3 was used to determine
the position of the growing MT tip (Figures 2A–2C). As
a control, we also imaged GFP-MCAK on growing rhoda-
mine-labeled MTs in the absence of EB3 (Figure 2D).

From the single-molecule binding and unbinding events, we
determined the association and dissociation rates for GFP-
EB3 and GFP-MCAK (Figure 2E). GFP-EB3 showed an associ-
ation rate almost three times higher and twice as long a dwell
time on the MT tip compared to the MT lattice (Figure 2E;
Figure S3); its dwell time on the MT end (0.3 s) was very similar
to that previously reported for the fission
yeast homolog Mal3 (0.282 s) [12]. The
association rate of GFP-MCAK was
almost ten times lower than that of
GFP-EB3 (Figure 2E). In the presence
of full-length mCherry-EB3, GFP-MCAK
showed an approximately 2-fold higher
association rate with the MT tip
compared to the lattice (Figure 2E).
This effectwasmost likely due to a direct
interaction between MCAK and EB3,
because it was not observed with
EB3DT (Figure 2E). The dwell time of GFP-MCAK on MT tips
in the presence of full-length mCherry-EB3 was also longer
than that observed in the presence of mCherry-EB3DT
(Figure 2E; Figure S3). These results indicate that the interac-
tion of MCAK with EB3 affects MCAK’s association and
possibly also its dissociation kinetics at dynamic MT tips.
Remarkably, the dwell times of GFP-MCAK on MT tips and

the lattice exceeded those of GFP-EB3 by a factor of 3 to 4
(Figure 2E; Figure S3). A similar trend was previously observed
for another EB binding partner, CLIP-170 [15, 16]. These
observations might be explained by the fact that both MCAK
and CLIP-170 interact not only with the EBs but also with the
MT lattice, including tubulin E -hooks [10], and thus recognize
composite binding sites. Nevertheless, the dwell times of both
MCAK and EB3 were significantly shorter (0.3–1.2 s) than the
comet decoration time (mean comet length divided by growth
velocity), which was 9 6 1 s for mCherry-EB3 and 10 6 2 s for
GFP-MCAK. This finding supports the view that the EBs and
their partners, including MCAK, exchange rapidly on the
binding sites at MT tips (dwell times of 1 s or less), whereas
the sites themselves turn over relatively slowly (on the order
of several seconds) [12, 17].
Next we examined one-dimensional diffusion of GFP-MCAK

along the MT lattice and found that the diffusion coefficient of
GFP-MCAK on dynamic MTs (w0.05 mm2 3 s21) was compa-
rable to the one previously observed for the same GFP-MCAK
preparation on Taxol-stabilized MTs (w0.08 mm2 3 s21) [11].
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Figure 2. Single-Molecule Imaging of GFP-EB3

and GFP-MCAK on Dynamic Microtubules

(A–D) Kymographs of dynamic MTs grown in

the presence of mixtures of 0.3 nM GFP-

EB3 and 75 nM mCherry-EB3 (A), 0.4 nM GFP-

MCAK and 75 nM mCherry-EB3 (B), 0.4 nM

GFP-MCAK and 75 nM mCherry-EB3DT (C), and

0.6 nM GFP-MCAK and rhodamine-labeled

tubulin (D).

(E) Parameters of the GFP-EB3 and GFP-MCAK

interactions with dynamic MTs. The experiments

were performed in the presence of 75 nM

mCherry-EB3 or mCherry-EB3DT in all cases

except for GFP-MCAK alone, where rhodamine-

labeled tubulin was added to visualize the MTs.

TheMT tip was defined as the area of bright stain-

ing with mCherry-EB3 or mCherry-EB3DT

(typically, a 0.45 mm region at the MT end). Asso-

ciation rates were calculated from the total

number of observed binding events; dwell times

were calculated from dwell-time distributions

(Figure S3) and corrected for photobleaching as

described in [10] using the photobleaching time

constant determined from the data shown in

Figure S2E. The diffusion coefficient D was ob-

tained from a weighted linear fit to the average

of all squared displacement traces (excluding

zero and up to the average binding time). Data

are shown as mean 6 standard deviation (SD);

SD represents variation between experiments

for the association rate and the dwell time and

represents the fitting error for the diffusion coeffi-

cient (numbers of analyzed traces are indicated in

parentheses). ND indicates data values not deter-

mined because of a very low number of events

and uncertainty in determining the MT tip area

on rhodamine-labeled MTs.
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However, another study reported a valuew8 times higher [10],
probably because of differences in protein preparations and
experimental conditions. Interestingly, in the presence of
mCherry-EB3 or mCherry-EB3DT, the diffusion coefficient of
GFP-MCAK was further reduced (Figure 2E). This is unlikely
to be due to the direct EB3-MCAK interaction, because both
EB3 and EB3DT had a similar effect, and the diffusion coeffi-
cient of EB3 alone on the MT lattice was quite high
(w0.1 mm2 3 s21). The reduced one-dimensional diffusion of
MCAK might be explained by the molecular crowding on the
MT lattice due to the presence of the EBs or by EB-induced
changes in MT lattice structure [18, 19]. Taken together, our
data demonstrate that the binding to the EBs governs MCAK
association with MT tips and suggest that lateral diffusion
might play a relatively minor role in the accumulation of
MCAK at the EB-decorated growing MT ends.

A Combination of MCAK and EB3 Makes MTs Highly

Dynamic
To analyze the functional consequences of the EB-MCAK
interaction at the MT tips, we examined the combined effects
of GFP-MCAK and mCherry-EB3 on MT dynamics. Increasing
the concentration of GFP-MCAK from 6 to 12–13 nM almost
completely blocked MT seed elongation in the presence of
75 nM full-length mCherry-EB3 (see below). In contrast, robust
MT growth episodes were still observed in the presence of
75 nM mCherry-EB3DT or EB3-YE/AA (Figures 1E and 1F;
Movie S2; data not shown).

Quantification of MT dynamics at different MCAK:EB3 ratios
revealed that mCherry-EB3 alone increased the MT growth
rate as well as the catastrophe and rescue frequencies, similar
to what we observed previously [13] (Figure 3A; Table S1).
Remarkably, the addition of 6 nM GFP-MCAK affected only
one MT dynamics parameter—the catastrophe frequency,
which was increased 2-fold, whereas MT shortening and
growth rates as well as the rescue frequency were unchanged
(Figure 3A; Table S1). This indicates that the presence of
MCAK at the growing MT tips has no effect on the growth
phase so long as catastrophe is not induced, and that MCAK
does not contribute to the depolymerization phase once it
has started. In contrast, the addition of 6 to 24 nM GFP-
MCAK-ML, which lacks the depolymerase activity, caused
no increase in catastrophes, indicating that the enzymatic
activity of MCAK is involved in catastrophe induction
(Figure 3A; Table S1).
In the presence of mCherry-EB3DT, a 4-fold higher concen-

tration of GFP-MCAK was required to induce a significant
increase in MT catastrophe frequency (Figure 3A; Table S1).
This finding correlates with the lower association rate and
dwell time of MCAK at the MT tip in the presence of
mCherry-EB3DT compared to mCherry-EB3. In contrast to
what has been proposed previously [6], this result indicates
that the direct interaction between MCAK and EB3 enhances
the MT-destabilizing capacity of MCAK.
EB3 might promote MCAK-induced MT destabilization

simply by concentrating MCAK at MT tips. Alternatively, by
directly binding toMCAK, EB3might act as anMCAKactivator.
In the latter case, a much lower concentration of MCAK at the
MT tip would be needed to induce catastrophe in a situation
when the wild-type MCAK and EB3 are added together, as



Figure 3. The Balance between MCAK and EB3

Concentrations Regulates Microtubule Plus-

End Dynamics

(A) In vitro MT dynamics parameters, calculated

from either differential interference contrast

(DIC) or TIRFM movies as indicated, in the pres-

ence of tubulin either alone or with the addition of

indicated concentrations of different protein

combinations. Error bars represent SD. For

growth velocities, SD was calculated from the

total number of events (see Table S1). In case

of transition frequencies, SD represents the vari-

ation between three experiments.

(B) Kymographs illustrating the ‘‘balancing

point’’ conditions with 13 nM GFP-MCAK and

75 nM mCherry-EB3, at which MT seeds are

not depolymerized but only very shortMT growth

events (<0.5 mm in length) occur at the plus end of

the seed.

(C) Fluorescence intensities of GFP-MCAK (in

arbitrary units) at MT plus ends in conditions of

MT growth (left) or at the balancing point (right),

in the presence of 75 nM mCherry-EB3 (wild-

type or indicated mutants) and the indicated

concentrations of GFP-MCAK (wild-type or

IP/NN mutant). The tubulin concentration used

in the experiments is also indicated. Approxi-

mately 60–400 growth episodes from two or

three independent experiments were analyzed

for each condition. Error bars indicate SD.
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opposed to any combination of mutant MCAK and EB3 in
which the direct interaction between the two proteins is dis-
rupted. To distinguish between these two possibilities, we
used different combinations of wild-type or mutant GFP-
MCAK andmCherry-EB3 proteins to determine the concentra-
tion of GFP-MCAK at which MT seed elongation was almost
completely blocked, so that only very short MT outgrowth
events with a length of less than 0.5 mmwere observed (a state
that we call the ‘‘balancing point’’; Figure 3B). Importantly, the
fluorescence intensity of GFP-MCAK at theMT tips was similar
in all balancing-point conditions, irrespective of whether the
particular combination of MCAK and EB3 proteins could
interact with each other or not (Figure 3C). However, in all situ-
ations where the direct binding between MCAK and EB3 was
abrogated, a 3- to 4-fold higher concentration of soluble
GFP-MCAK was required to achieve the balancing point and
the corresponding high level of GFP-MCAK intensity at MT
tips (Figure 3C). These results indicate that EB3 enhances
MCAK activity primarily by increasing its local concentration
at the growing MT plus ends.

Interestingly, the balancing-point concentrations of GFP-
MCAK in the presence of mCherry-EB3-YE/AA (which cannot
bind MCAK) or GFP-MCAK-IP/NN (which is unable to interact
with EB3) in the presence of wild-type mCherry-EB3 were the
same (Figure 3C). This indicates that the IP/NN mutation,
which is located outside of the MCAK neck and motor region
(Figure 1A), has no significant effect on MCAK depolymerase
activity and therefore primarily affects the ability of MCAK to
be recruited to MT ends by EB3.

Next, we investigated whether MT growth at a given GFP-
MCAK intensity at the MT tip could be rescued by increasing
the tubulin concentration. Indeed, in the presence of 13 nM
GFP-MCAK and 75 nM EB3, corresponding to the balancing
point at 15 mM tubulin (Figure 3C), robust MT growth was
observed when the assay was performed with 30 mM tubulin.
As expected, the polymerization rate increased in these condi-
tions from w3–3.5 mm/min (Table S1) to 7.2 6 2.3 mm/min
(n = 68). Importantly, the intensity of GFP-MCAK at the growing
MT tips was similar to that observed with 15 mM tubulin
(Figure 3C), indicating that a higher tubulin concentration
and, consequently, a higher MT growth rate have a catas-
trophe-suppressing effect, in line with previously published
data [20].

Interaction with EBs Makes MCAK a More Potent

Depolymerase in Cells
We have previously shown that GFP-MCAK, but not GFP-
MCAK-IP/NN, tracks growing MT ends in cells [7]. Next, we
compared the capacity of the two proteins to destabilize
cellular MTs. At high expression levels, the IP/NN mutant
was capable of depolymerizing MTs to an extent similar to
wild-type GFP-MCAK. However, at relatively low expression
levels, a clear difference was observed: the wild-type GFP-
MCAK caused a much more significant decrease in the
number of MTs than the mutant (Figure 4). This result supports
the idea that also in cells, the SxIP-mediated interaction of
MCAK with EB3 concentrates MCAK on the MT tip and thus
promotes MT destabilization.

Discussion

In this study, we reconstituted the functional interplay between
EB3 and MCAK by using purified proteins on dynamic MTs,
which represent the physiologically relevant substrate of
MCAK. We found that EB3 counteracts MCAK by stabilizing
the MT growth phase. This is an autonomous property of
EB3, because it can be reconstituted in vitro in the absence
of any MT-stabilizing EB partners. This conclusion is in
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Figure 4. The SxIP Motif Mutant of MCAK Is

a Less Efficient Microtubule Depolymerase Than

the Wild-Type Protein

(A) COS-7 cells were transiently transfected with

the indicated GFP fusions of human MCAK [7]

and stained for b-tubulin 24 hr later. Note that

the MT network is depolymerized in cells overex-

pressing wild-type GFP-MCAK, whereas it is still

largely intact in cells overexpressing the GFP-

MCAK-IP/NN mutant.

(B) Quantification of GFP-MCAK depolymerizing

activity in COS-7 cells. Measurements were per-

formed in untransfected cells (control) or in cells

overexpressing wild-type GFP-MCAK or the

IP/NN mutant. Each dot represents a measure-

ment of the number ofMTs per 100 mm2 in a single

cell in relation to the average cytoplasmic GFP

level after background subtraction.
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agreement with our previous observations in cells, where EB
proteins devoid of all partner-binding domains could still
support processive MT growth [13]. In contrast, EBs cannot
protect stabilized MT lattice against MCAK-induced depoly-
merization (Figure S1B), in line with the fact that the kinetic
parameters of their interaction with the growing MT tips and
the mature lattice are different (Figure 2E).

In our reconstitution experiments, MCAK induced catastro-
phes but did not accumulate at the shrinkingMT ends. Consis-
tently, MCAK did not enhance the shortening rate of dynamic
MTs. This suggests that MCAK depolymerase activity is only
relevant for destabilizing a short region of a growing MT end;
once a depolymerization event has been triggered, it proceeds
spontaneously without further contribution of MCAK.

In addition, MCAK has a special relationship with EB
proteins because they can concentrate it on growing MT
tips, thus promoting MCAK-induced catastrophes. At first
sight, this property seems counterintuitive—why would
a MT-stabilizing protein target a depolymerase to MT ends?
Our experiments provide clues to understand this paradox:
carefully balanced concentrations of the two proteins result
in robustly growing but highly dynamic MTs, a situation which
might be exploited by the cells to promote rapid remodeling of
MT arrays. Furthermore, the targeting of MCAK to MT ends
through the same pathway that is also utilized by numerous
MT stabilizers such as CLASPs, ACF7, or APC [21] might be
beneficial by giving MCAK access to theMT tip in the crowded
cellular environment. Finally, EB binding of MCAK can be
negatively regulated by phosphorylation [7], making EB-
dependent targeting of MCAK to the MT ends and its catas-
trophe-inducing activity susceptible to local and/or temporal
regulation by different signaling pathways.

Supplemental Information

Supplemental Information includes three figures, one table, Supplemental

Experimental Procedures, and twomovies and can be foundwith this article

online at doi:10.1016/j.cub.2010.08.020.
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