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Synergy between XMAP215 and EB1 increases
microtubule growth rates to physiological levels
Marija Zanic1, Per O. Widlund1, Anthony A. Hyman1 and Jonathon Howard1,2

In cells, a complex network of proteins regulates the dynamic
growth of microtubules that is essential for division and
migration. In vitro approaches with purified components have
so far been unable to reconstitute fast microtubule growth
observed in vivo1–3. Here we show that two well-studied
plus-end-binding proteins—end-tracking protein EB1 and
microtubule polymerase XMAP215—act together to strongly
promote microtubule growth to cellular rates. Unexpectedly,
the combined effects of XMAP215 and EB1 are highly
synergistic, with acceleration of growth well beyond the product
of the individual effects of either protein. The synergistic
growth promotion does not rely on any of the canonical EB1
interactions, suggesting an allosteric interaction through the
microtubule end. This hypothesis is supported by the finding
that taxol and XMAP215, which have non-overlapping binding
sites on tubulin, also act synergistically on growth. The increase
in growth rates is accompanied by a strong enhancement of
microtubule catastrophe by EB1, thereby rendering the fast and
dynamic microtubule behaviour typically observed in cells2,4–6.

Among dozens of plus-end-binding proteins, several stand out
for their ability to autonomously track the growing microtubule
end1,7. Two notable examples are XMAP215 family and EB family
proteins. XMAP215 is a microtubule-associated protein that enhances
microtubule growth rates up to tenfold8–10. Individual XMAP215
molecules remain bound to growing plus ends during multiple rounds
of tubulin dimer addition; they also bind to shrinking plus ends9. In
contrast, EB1 transiently binds to both plus andminus ends of growing,
but not shrinking, microtubules3,5,11–13. EB1 has also been reported to
promote microtubule growth6,14–16; however, the main role of EB1 is
thought to be in recruiting other plus-end-binding proteins to the
growing microtubule end region17.
Although XMAP215 strongly increases microtubule growth rates,

it cannot account, on its own, for the high growth rates observed in
cells. For example, growth rates of 10–20 µmmin−1 are observed in
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many cells2,4–6, yet the highest growth rates observed in vitro with
XMAP215 are still several-fold lower. As it has been reported that
XMAP215 and EB1 interact in frog egg extracts18, we wondered
whether they modulate each other’s microtubule-regulating activities
at the end. To address this question, we investigated the growth and
shrinkage of microtubules using total internal reflection fluorescence
(TIRF) microscopy19. Growth of green tubulin extensions from red
stabilized microtubule seeds was observed in the presence and absence
of unlabelled EB1 and unlabelled XMAP215 (see Methods). Figure 1a
shows representative kymographs of individual growth events in
different assay conditions: whereas XMAP215 alone increased the
growth rate, as seen by the increased slope of the kymograph (Fig. 1a,
upper right panel) when compared with the tubulin-alone control
(Fig. 1a, upper left panel), EB1 alone had little effect on growth rate,
although it strongly promoted switching from microtubule growth
to shrinkage (microtubule catastrophe; Fig. 1a, lower left panel).
The combination of EB1 and XMAP215 had a very strong effect
on growth rate (Fig. 1a, lower right panel), much larger than the
effect of XMAP215 alone.
To quantify the effects of EB1 onmicrotubule growth in the presence

of XMAP215, we performed a titration in EB1 concentration from 0 to
800 nM, using a fixed concentration of tubulin and XMAP215 (5 µM
tubulin and 200 nM XMAP215, the concentration at which the effect
of XMAP215 on growth rates is saturated9,10). We observed a fourfold
promotion of microtubule growth rates, from 4.96±0.27 µmmin−1

(s.e.m., n= 23) at 0 nM EB1, to 19.03±0.63 µmmin−1 (s.e.m., n= 26)
at 800 nM EB1 (Fig. 1b). The effect of EB1 saturates (Fig. 1b, symbols),
and is well fitted by a standard enzyme kinetics relation (smooth
curve), as predicted by our catalytic model (see Methods). We also
investigated the effects of XMAP215 and EB1 over a range of tubulin
concentrations, between 3 and 9 µM, in the presence of saturating
concentrations of XMAP215 and EB1 (200 nM XMAP215 and 400 nM
EB1). Addition of EB1 in combination with XMAP215 led to a boost in
microtubule growth rates at all investigated tubulin concentrations
(Fig. 1c), yielding rates up to 20 µmmin−1, with an increase of
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Figure 1 EB1 and XMAP215 synergistically regulate microtubule dynamics.
(a) Kymographs showing typical microtubule growth events with free tubulin
alone, free tubulin with XMAP215, free tubulin with EB1, and free tubulin
with both EB1 and XMAP215. Green Alexa488-labelled tubulin extensions
are growing out of red tetrarhodamine-labelled, GMPCPP-stabilized
microtubule seeds. Microtubule plus ends are on the right. (b) Microtubule
growth rates as a function of EB1 concentration in the presence of a fixed
amount of free tubulin (5 µM) and XMAP215 (200nM). Error bars represent
the s.e.m. n=23, 26, 29, 28, 26 independent measurements of individual
growth events in 3 independent experiments for each condition. The line is
a fit to the Hill equation: v ([EB1])= v0+ (vmax−v0)[EB1]n/(K n

+[EB1]n ),
where n=1.04±0.35 represents the Hill coefficient, v0 is the growth rate
in the absence of EB1, vmax=21.9±3.0 µmmin−1 is the saturating growth
rate and K= 160±62nM is the concentration of EB1 at half-maximum
rate. (c) Microtubule growth rates as a function of tubulin concentration
for a series of conditions involving a fixed amount of EB1 (400nM)
and/or XMAP215 (200nM). Data points for EB1 and tubulin alone are
offset horizontally for better viewing. Error bars represent the s.e.m.

Tubulin with XMAP215 and EB1 (red): n = 18(2), 28(3), 27(3), 18(3),
32(3); tubulin with XMAP215 (blue): n = 12(2), 23(3), 33(3); tubulin
with EB1 (purple): n = 19(3), 30(3); tubulin alone (green): n = 17(3),
21(3) independent measurements of individual growth events. Number
of independent experiments for each condition is given in parentheses.
(d) Microtubule catastrophe frequency as a function of EB1 concentration
in the presence of a fixed amount of free tubulin (5 µM) and XMAP215
(200nM). Error bars represent the s.e.m. n=20, 44, 47, 48, 36 individual
catastrophe events observed over 3 independent experiments for each
condition. (e) Microtubule catastrophe frequency as a function of tubulin
concentration for a series of conditions involving a fixed amount of EB1
(400nM) and/or XMAP215 (200nM). Error bars represent the s.e.m.
Tubulin with XMAP215 and EB1 (red): n = 32(2), 48(3), 34(3), 29(3),
38(3); tubulin with XMAP215 (blue): n = 12(2), 20(3), 31(3); tubulin
with EB1 (purple): n = 48(3), 40(3); tubulin alone (green): n = 15(3),
18(3) individual catastrophe events observed. Number of independent
experiments for each condition is given in parentheses. See Supplementary
Table S1 for data.

up to 33-fold when compared with the growth of tubulin alone
(Supplementary Table S1; compare data at 7 µM tubulin). These
rates obtained with EB1 and XMAP215 represent, to the best
of our knowledge, the highest microtubule growth rates ever
observed outside cells.
Interestingly, in the absence of XMAP215, EB1 had only a mild

effect on microtubule growth rates (Fig. 1c), consistent with previous
reports12,15,20. In our assay conditions, no microtubule growth was
observed with 5 µM tubulin alone, and the addition of 400 nM EB1
did not result in any observable microtubule growth. Furthermore,
at higher tubulin concentrations (7 and 9 µM), at which addition of
tubulin alone leads to persistent growth of extensions, addition of EB1
resulted in at most a 50% increase in microtubule growth rates, well be-
low the fourfold increase observed when EB1 was added in the presence
of XMAP215. We conclude that XMAP215 and EB1 act in synergy to
promote microtubule growth, as their combined effect on microtubule
growth rate (up to 33-fold) is much greater than the product of their in-
dividual effects (up to 10-fold for XMAP215 andup to 1.5-fold for EB1).
In addition to the strong enhancement of microtubule growth

rates, we observed that EB1 increases the incidence of microtubule

catastrophe in all of our experimental conditions (Fig. 1d,e). In the
presence of 5 µM tubulin and 200 nM XMAP215, a titration in EB1
concentration led to a fivefold increase in catastrophe frequency
from 0.35 ± 0.08min−1 (s.e.m., n = 20) for no added EB1, to
1.83 ± 0.26min−1 for 400 nM EB1 (s.e.m., n = 48, Fig. 1d). On
its own, addition of EB1 led to a 30-fold increase in catastrophe
frequency (from 0.10±0.03min−1 (s.e.m., n= 15) with 7 µM tubulin,
to 3.56±0.51min−1 (s.e.m., n= 48) with 7 µM tubulin and 400 nM
EB1, Fig. 1e and Supplementary Table S1), whereas increasing the
tubulin concentration slightly reduced the catastrophe frequency in all
experimental conditions (Fig. 1e). Thus, EB1 is a strong catastrophe
factor, in the presence and absence of XMAP215.
EB1 is known to play an important role in targeting its partner

proteins to the growing microtubule plus end3,11,12,17. Therefore, we
wondered whether the synergistic action of EB1 with XMAP215 could
be a consequence of enhanced end targeting of XMAP215 through an
interaction with EB1. However, the finding that the synergy occurs
at saturating concentrations of XMAP215 argues against enhanced
targeting: in the absence of EB1, an increase in XMAP215 concentration
above 200 nM does not lead to further enhancement of growth9, and
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the rates observed with EB1 and XMAP215 together have never been
achieved by the action of XMAP215 alone. Thus, it is not expected that
simply targeting more XMAP215 to growing microtubule ends would
result in such a pronounced enhancement ofmicrotubule growth rates.
Even though the synergy does not arise through enhanced end

targeting of XMAP215 by EB1, it is possible that a direct interaction
between EB1 and XMAP215 is still necessary for the observed
promotion of microtubule growth. To investigate this possibility we
performed a series of experiments. First, we removed the last 20 amino
acids at the carboxy terminus of EB1, reported to be involved in
the interaction of EB1 and XMAP215 (refs 14,18), and known to be
necessary for all characterized interactions of EB1 with its partner
proteins17. We found that this construct (EB11C) did not significantly
enhance the microtubule growth in the absence of XMAP215
(Supplementary Table S2), similar to the full-length EB1. Also like
full-length EB1, in the presence of XMAP215, EB11C increased the
growth rate fourfold (from 4.45±0.13 µmmin−1 (s.e.m., n= 30) with
no EB11C to 17.02±0.49 µmmin−1 (s.e.m., n= 36) with EB11C,
Fig. 2a). Thus, this deletion did not disrupt the synergistic effect on
microtubule growth rates, indicating that the synergy is not due to the
canonical EB1 protein interactions.
In a second experiment to investigate the interaction between EB1

and XMAP215, we studied the localization of EB1 and XMAP215 in the
presence of each other on dynamic microtubule ends. On its own, EB1
binds growing, but not shrinking, microtubule ends3,5,11–13,21, whereas
XMAP215 binds to themicrotubule plus end irrespective of its dynamic
state (growth or shrinkage)9. If the direct interaction between the two
proteins is involved in their synergistic effect on microtubule growth,
both proteins might exhibit the same localization in the presence of
each other. However, XMAP215–GFP retained its plus-end binding
to shrinking ends in the presence of EB1 (Fig. 2b, left panel), whereas
EB1–GFP dissociated from the shrinking end even in the presence of
XMAP215 (Fig. 2b, right panel). Thus, the two proteins do not affect
each other’s localization, at least at this resolution.
Finally, we performed size-exclusion chromatography using full-

length EB1, in combination with XMAP215, in the standard buffer
conditions used in our TIRF assay. The experiment revealed no sign of
direct interaction between the two full-length proteins (Fig. 2c). This
is consistent with recent reports that the interaction between EB1 and
XMAP215 is mediated by the proteins SLAIN2 (ref. 22) and Sentin23,
and could explain why the pulldown assays in Xenopus extracts, where
all binding partners are expected to be present, showed binding of
EB1 to XMAP215 (ref. 18). Therefore, we conclude that the observed
synergistic effect of EB1 and XMAP215 on microtubule growth rates
is not a consequence of formation of a complex of the two proteins
before binding the microtubule end.
Our finding that the synergy does not depend on the direct

interaction between EB1 and XMAP215 implies that the effect occurs
through the combined action of the two proteins that takes place
only at the growing microtubule end. A recent paper24 reported that
TOG domains, which are tubulin-binding domains of XMAP215
necessary for its polymerase activity10, preferentially bind the curved
conformation of tubulin dimers. The authors propose that the release of
the end-bound tubulin dimer by XMAP215, needed for the processive
addition of multiple rounds of tubulin dimers by a single XMAP215
molecule, occurs after the end-bound dimer straightens due to its

Tubulin 
XMAP215

Tubulin 
XMAP215 

EB1ΔC

XMAP215 + EB1

EB1
XMAP215

Elution volume (ml)

3 μm

3 
s

3 μm

3 
s

20
 s

20
 s

G
ro

w
th

 r
at

e 
(μ

m
 m

in
–1

)

XMAP215 
+ EB1ΔC

XMAP215

10

15

0

20

25

5

EB1 
XMAP215–GFP

EB1–GFP 
XMAP215

0

15

5

A
28

0 
nm

 (×
10

–3
 a

.u
.)

10

7 8 9 10

a

b c

3 μm 3 μm

Figure 2 Synergy is not a consequence of a direct interaction between
EB1 and XMAP215. (a) Kymographs showing typical microtubule growth
events with 5 µM free tubulin and 200nM XMAP215 in the absence
(left) and presence (middle) of 400nM EB11C. Green Alexa488-labelled
tubulin extensions are growing out of red tetrarhodamine-labelled,
GMPCPP-stabilized microtubule seeds. Microtubule growth rates in the
absence and presence of 400nM EB11C (right). In each box, the mid-line
shows the median value, the top and bottom show the upper and lower
quartiles (the 75th and 25th percentiles), and the whiskers show the 90th
and 10th percentiles. Outliers (extreme 5 percentiles) are represented with
round markers. n=30 (without EB11C) and 36 (with EB11C) independent
measurements of individual growth events in 3 independent experiments
for each condition. (b) Kymographs showing the end localization of
XMAP215–GFP in the presence of red tetrarhodamine-labelled tubulin and
unlabelled EB1 (left), and the end localization of EB1–GFP in the presence
of red tetrarhodamine-labelled tubulin and unlabelled XMAP215 (right).
(c) A280 nm absorbance as a function of elution volume from the size-exclusion
chromatography experiments. Three traces are shown: XMAP215 alone
(blue), EB1 alone (purple), and a mixture of XMAP215 and EB1 (red).

incorporation into the microtubule lattice. We therefore reasoned that
EB1 accelerates the polymerase activity of XMAP215 by straightening
protofilaments at the microtubule end through enhancement of lateral
interactions between neighbouring tubulin dimers15,21,25.
If the synergistic effect of XMAP215 and EB1 onmicrotubule growth

is realized through straightening of tubulin dimers by EB1 at the
microtubule end, we expected that taxol, which has been shown to
induce protofilament straightening26, should also exhibit synergistic
effects on growth rates when combined with XMAP215. To test this
hypothesis, we investigated the growth of microtubules in our assay in
the presence of taxol (Fig. 3). We found that taxol strongly suppresses
microtubule catastrophe and does not enhance microtubule growth
rates with tubulin alone. However, when added in combination with
XMAP215, taxol induced further promotion of growth rates (from
3.44±0.13 µmmin−1 (s.e.m., n= 30) with no taxol to 6.21±0.33 with
10 µMtaxol (s.e.m., n=30),P<0.0001), showing synergistic behaviour
with XMAP215, implying that the synergy can be accomplished through
modulation of the microtubule structure. Furthermore, because the
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Figure 3 Synergistic promotion of growth can also be achieved by XMAP215
in combination with taxol. (a) Kymographs showing typical microtubule
growth events with 6 µM free tubulin in the absence (left) and presence
(right) of 10 µM taxol. Green Alexa488-labelled tubulin extensions are
growing out of red tetrarhodamine-labelled, GMPCPP-stabilized microtubule
seeds. (b) Kymographs showing typical microtubule growth events with 6 µM
free tubulin and 200nM XMAP215 in the absence (left) and presence (right)
of 10 µM taxol. (c) Microtubule growth rates in the absence and presence
of taxol. In each box, the mid-line shows the median value, the top and
bottom show the upper and lower quartiles (the 75th and 25th percentiles),
and the whiskers show the 90th and 10th percentiles. Outliers (extreme 5
percentiles) are represented with round markers. Inset: magnified region of
small growth rates. For each condition, n =30 independent measurements
of individual growth events in 3 independent experiments.

taxol- and XMAP215-binding sites are on opposite sides of the tubulin
dimer, the functional interaction is likely to be allosteric; likewise, we
suggest that the synergy between EB1 and XMAP215 is also mediated
allosterically through the tubulin protein.
To further investigate the mechanism underlying synergy we

extended the existing model for the polymerase activity of XMAP215
(ref. 9) to include EB1. In this model, microtubule polymerization
is viewed as an enzymatic reaction in which the microtubule end
plays the role of an enzyme, free tubulin is the substrate and the
polymerized tubulin is the product. XMAP215 is thought of as a
non-essential enzyme activator, specifically promoting the formation
of an intermediate complex in the polymerization reaction, which
is a loosely bound tubulin dimer. By incorporating EB1 into this
scheme, in a role of a second enzyme activator, we found that
the polymerization rate in the presence of both activators (Fig. 4a,
through vertex EXMT) is not simply given by the product of the rates
when individual activators are present (through vertices XMT and
EMT, for XMAP215 and EB1 alone, respectively). In other words, a
purely catalytic scheme with no external energy source (such as GTP
hydrolysis) can account for the observed synergy. Fitting our data to
the model (see Methods) suggests that the observed boost in growth,
when both EB1 and XMAP215 are present, is due to the promotion
of the second reaction step, which is the isomerization of the loosely
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+
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Figure 4 Model for catalysis of microtubule growth. (a) Reaction scheme for
an enzymatic reaction with two non-essential activators. The microtubule
end is viewed as an enzyme that catalyses the reaction: tubulin in solution
(substrate)→ tubulin in the polymer (product) by providing a much more
efficient pathway than direct incorporation into the lattice. XMAP215 and
EB1 are viewed as two non-essential enzyme activators that accelerate
the net rate of addition at the end. Filled arrows represent the flux of
polymerization through a particular vertex. M, microtubule end; T, free
tubulin; X, XMAP215; E, EB1. (b) Microtubules growing in the presence
of XMAP215 could have unstable elongated structures at protofilament
ends (left, marked by different shading), which could be stabilized by the
enhancement of lateral interactions by EB1, resulting in a straighter and
blunter end structure (right).

bound tubulin dimer into the stable microtubule lattice, consistent
with our results obtained with taxol.
Our results provide reconstitution of physiological microtubule

growth, with observed growth rates of 20 µmmin−1 that are at the
upper end of the rates measured in cells4–6. Such growth rates have
never previously been attained in vitro2, and interestingly, they exhibit
saturation with increasing tubulin concentration (Fig. 1c). Saturation
has never been seen with either tubulin or actin polymerization, and
is predicted by our catalytic model (see Methods). Even assuming
simultaneous elongation of all of the 13 individual protofilaments, the
observed growth rates correspond to an association rate constant for
tubulin addition of up to 7.6 µM−1s−1 per protofilament, which is at
the high end of the range of estimated maximum three-dimensional
diffusion-limited rates of protein interactions (∼1–10 µM−1s−1; refs 27,
28), and comparable to the association rate per protofilament of actin29.
Recent work30, using fluctuation analysis, estimated an association rate
constant for the arrival of tubulin subunits similar to that measured
here; in those experiments, however, net growth was much slower
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owing to a high dissociation rate constant, such that only a small
fraction of the arriving tubulin dimers are incorporated into the lattice.
Thus, it is possible that in the presence of XMAP215 and EB1 almost all
arriving dimers are incorporated into the lattice, yielding growth rates
close to themaximum possible polymerization rate.
The observed fast microtubule growth rates are achieved in our assay

through synergistic action of only twomicrotubule-associated proteins,
XMAP215 and EB1, at the growing microtubule end. Recently, ref. 31
reported reconstitution of microtubule dynamics using Drosophila
XMAP215, EB1 and another EB1-cargo protein, Sentin. However,
growth rates achieved in that work were well below those observed
in cells. Furthermore, the authors proposed that Sentin plays an
important role in enhancement of microtubule growth. We show that
neither Sentin nor any other proteins that bind XMAP215 and EB1
are necessary for promotion of microtubule growth to cellular rates.
Thus, we have identified a minimal system needed for reconstitution
of physiological microtubule growth.
Remarkably, both strong growth promotion and promotion of

microtubule catastrophe are achieved simultaneously by the addition of
EB1 to XMAP215 (Supplementary Fig. S1, black circles). This contrasts
with XKCM1, which enhances catastrophe, but has no effect on growth
rate in the presence of XMAP215 (ref. 2). Simultaneous promotion
of growth and catastrophe is unexpected because many models of
microtubule dynamic behaviour imply that a faster growth rate leads
to a larger stabilizing structure at the dynamic microtubule end32.
If the stabilizing structure is the GTP–tubulin cap33, the observed
simultaneous increase in microtubule growth rate and catastrophe
frequency implies a coupled hydrolysis mechanism34–36, in which the
size of the stabilizing GTP cap is not very sensitive to the rate of addition
of GTP–tubulin dimers. Unlike growth promotion, the promotion
of catastrophe does not occur through a synergy with XMAP215;
rather, it is an effect of EB1 alone. Our data obtained with taxol
and modelling demonstrate that the polymerase activity of XMAP215
can be accelerated by inducing a structural change at the growing
microtubule end. This structural change could involve straightening
of the protofilaments26 and changes in curvature of individual tubulin
dimers37,38 associated with strengthening of the lateral interactions
between protofilaments15,21,25,39. The stabilization of lateral interactions
by EB1 could accelerate GTP hydrolysis or phosphate release, thereby
explaining the promotion of catastrophe. As EB1 binds only transiently
at the microtubule end, it does not stabilize the microtubule, unlike
taxol, which binds all along the microtubule lattice.
There are many occasions in the life of a cell when the microtubule

network has to exhibit strong dynamicity to rapidly restructure itself.
The behaviour of individual microtubules in the cell is governed by
an intricate web of regulatory proteins associating with the exposed
microtubule end. We find that even a simple interaction of two such
proteins with the microtubule plus end leads to surprisingly complex
behaviours, namely synergy of growth and high catastrophe, which
may play an essential role for a large number of cellular processes. �

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary Information is available in the online version of the paper
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METHODS
Protein preparation. Porcine brain tubulin was purified and labelled with
TAMRA or Alexa Fluor 488 (Invitrogen) according to the standard protocols, as
previously described19. Preparation of GMPCPP-stabilized microtubule seeds was
performed as previously described19. XMAP215 andXMAP215–GFPwere expressed
in SF+ cells using the Bac-to-Bac system from Invitrogen and purified as previously
described10. EB1 and EB1–GFP were expressed in Escherichia coli and purified as
described previously13. The last 20 amino acids of EB1 were removed by directed
site mutagenesis of the EB1–GFP construct and the stop codon was inserted in front
of GFP to obtain the EB11C construct. EB11Cwas expressed in E. coli and purified
using the same procedure as for EB1.

TIRF assay and imaging conditions. Assay for dynamic growth of Alexa488-
labelled GTP–tubulin from tetrarhodamine-labelled GMPCPP-stabilized tubulin
seeds imaged by TIRF microscopy was described previously19. The imaging buffer
consisted of BRB80 supplemented with 40mM glucose, 40 µgml−1 glucose oxidase,
16 µgml−1 catalase, 0.1mgml−1 casein, 50mM KCl, 1% dithiothreitol and 1mM
GTP. Imaging was performed with an Andor iXon camera on a Zeiss Axiovert 200M
microscope with a Zeiss ×100/1.45 α FLUAR objective and standard filter sets. An
objective heater (Zeiss) was used to warm the sample to 35 ◦C. Image analysis was
performed by creating kymographs of microtubule growth events in ImageJ. In the
case of growthwith free tubulin andEB1,microtubule polaritywas determined using
the processive plus-end-directed kinesin Kip3.

Size-exclusion chromatography. Size-exclusion chromatographywas performed
as previously described10. Concentrations of proteins usedwere 9 µMXMAP215 and
40 µM EB1 in the same buffer conditions as used in TIRF imaging assay (BRB80
supplemented with 50mM KCl).

Reaction scheme with two non-essential enzyme activators. Microtubule
polymerization in the presence of XMAP215 and EB1 can be thought of as an
enzymatic reaction with two non-essential enzyme activators40. In this reaction
scheme, the microtubule end (M) is viewed as the enzyme for the catalytic reaction
of tubulin dimer (T) addition. XMAP215 and EB1 are two non-essential activators,
denoted by X and E.
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The polymerization reaction has two steps: formation of the intermediate state (MT)
with a loosely bound tubulin dimer, followed by a slow isomerization reaction. The
final product of the reaction is a tubulin stably incorporated into the microtubule
lattice. The assumptions of the model are as follows: enzyme (M), substrate (T) and
the intermediate product (MT) are in equilibrium; the amount of substrate (free
tubulin, T) is much greater than the amount of enzyme (microtubule ends, M); the
overall reaction rate is limited by the slow isomerization step; deisomerization is
considered to be insignificant.

Note that the assumption that only early components of the reaction are at
equilibrium is called quasi-equilibrium (or rapid equilibrium) and is valid onlywhen
the isomerization reaction is slowwhen comparedwith the decay of the intermediate
state.

The full scheme leads to the following promotion of microtubule growth:
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where v/[M]t is the reaction rate normalized by the total amount of enzyme (M);KT,
KX and KE are dissociation constants for the reactions of the microtubule end with
free tubulin, XMAP215 and EB1, respectively. α, β and γ quantify the effect of either
or both activators on the dissociation constant for the first reaction step (production
of the intermediate state); kp is the rate constant for the isomerization step, which is
affected by the activators through coefficients α′, β′ and γ′.

The above equation shows that two non-essential activators in combination can
act as a new activator, which activates the first step of the reaction with a factor
αβγ, and the second step with a factor γ′. The synergistic behaviour of the activators
becomes apparent owing to the fact that γ and γ′ can take any values, irrespective
of the values of α, β, α′ and β′, which quantify the individual effects of the two
activators.

When there are no activators present, the polymerization reaction with tubulin
alone follows the standard Michaelis–Menten equation:

v
[M]t
=

kp([T]/KT)
1+ ([T]/KT)

(1)

Addition of one non-essential activator (XMAP215 or EB1), in the presence of
tubulin, changes the velocity of the enzyme-catalysed reaction in the following way.
Assume we have only XMAP215 (X) present. Then:

v
[M]t
=

kp([T]/KT)+α′kp([X][T]/αKXKT)
1+ ([X]/KX)+ ([T]/KT)+ ([X][T]/αKXKT)

For a given [X], as [T]→∞, the growth rate is expected to reach a saturation level:
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−→
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α
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On the other hand, for saturating concentrations of the activator ([X]→∞), the
growth rate is given by:

v
[M]t

−→
[X]→∞

α′kp([T]/αKT)
1+ ([T]/αKT)

which for small enough tubulin concentrations (well below the saturation limit) can
be approximated by a linear relationship:

v
[M]t
≈α

′kp
[T]
αKT

(2)

Similarly, with [E] alone the saturation in growth rates is achieved at high tubulin
concentrations:
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−→
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β
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If only EB1 concentration is saturating, ([E]→∞), the growth rate is given by:

v
[M]t

−→
[E]→∞

β′kp([T]/βKT)
1+ ([T]/βKT)

which for small enough tubulin concentrations (well below the saturation limit) can
be approximated by a linear relationship:

v
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≈ β

′kp
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βKT

(3)

With both [X] and [E], in the presence of tubulin, and for saturating concentration
[X]:

v
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−→
[X]→∞

kp(α′([T]/αKT)+γ′([E][T]/αβγKEKT))
1+ ([T]/αKT)+ ([E]/γKE)+ ([E][T]/αβγKEKT)

(4)

which as [T]→∞:

v
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kp(α′+ (γ′/βγ)([E]/KE))
1+ ([E]/βγKE)

On the other hand, saturating concentrations of both [X] and [E] yield:

v
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−→
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kpγ′([T]/αβKT)
1+ ([T]/αβKT)

(5)

which as [T]→∞ saturates at a value of kpγ′.
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We now fit the appropriate model relationships, as derived above (equations (1),
(2), (3) and (5)), to our experimental data in all four experimentally investigated
cases (Supplementary Table S1). For growth rates obtained with tubulin alone, as
well as with individual activators, the fits are done using the model predictions
in the linear regime, as data show no indications of saturation. These three
fits give:

kp[M]t
KT

= 0.094 µm µM−1 min−1

α′

α

kp[M]t
KT

= 0.947 µm µM−1 min−1 (6)

β′

β

kp[M]t
KT

= 0.118 µm µM−1 min−1

yielding the following relationships between parameters:

α′

α
≈ 10,

β′

β
≈ 1.3 (7)

For the condition where both activators (XMAP215 and EB1) are used, a fit to the
derived model prediction gives:

γ
′kp[M]t= 40 µmmin−1 (8)

αβKT= 8 µM

yielding

γ′

αβ
≈ 50 (9)

Note also that the relationship derived for the case of two activators, one of which
is at a saturating concentration (equation (4)), has the same functional form as the
function used to fit the data in Fig. 1b:

v = v0+
(vmax−v0)[E]
(K +[E])

Indeed, the two relationships are identical given the following:

v0=
kp[M]tα′([T]/αKT)

1+ ([T]/αKT)

vmax=
kp[M]tγ′([T]/αβKT)
1+ ([T]/αβKT)

K =
γKE(1+ ([T]/αKT))
1+ ([T]/αβKT)

The fitted parameters are consistent with equations (6)–(9), and can be used to
obtain a further prediction: γ≈ 1.

These relationships can be interpreted as follows. Note that the parameters
denoted by prime symbols reflect the changes in the rate constant for the
second, isomerization step, whereas the unprimed parameters affect the dissociation
constant of the first reaction, formation of the intermediate, loosely bound tubulin
state. An activator can affect either or both of these steps. For XMAP215, the
model is that it promotes formation of the intermediate complex by decreasing the
dissociation constant of the first step. Thus, the ratio between α and α′ determined
by our fit would be satisfied by: α= 0.1,α′= 1. EB1 on its own has a very mild effect
on growth rate, which could be realized by both β and β′ being close to 1. This then
leads to a prediction: γ′ ≈ 5. In other words, EB1, when combined with XMAP215,
is expected to strongly promote isomerization, the process of incorporation of the
loosely bound tubulin dimer into the stable microtubule lattice.

40. Segel, I. H. Enzyme Kinetics: Behavior and Analysis of Rapid Equilibrium and Steady
State Enzyme Systems (Wiley, 1975).
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Figure S1 Catastrophe frequency is not a simple function of microtubule 
growth rate. Microtubule catastrophe frequency as a function of microtubule 
growth rate for: different EB1 concentrations in the presence of fixed amount 
of free tubulin (5 μM) and XMAP215 (200 nM) (black); a series of conditions 
involving different tubulin concentrations, a fixed amount of EB1 (400 nM) 
and/or XMAP215 (200 nM) (see Supplementary Table 1 for data). All error 
bars represent standard errors. EB1 titration (black): N = (23, 20); (26, 44); 
(29, 47); (28, 48); (26, 36); Tubulin with XMAP215 and EB1 (red): N = (18, 

32); (28, 48); (27, 34); (18, 29); (32, 38); Tubulin with XMAP215 (blue): 
N = (12, 12); (23, 20); (33, 31); Tubulin with EB1 (purple): N = (19, 48); 
(30, 40); Tubulin alone (green): N = (17, 15); (21, 18). The first number in 
parenthesis represents the number of independent measurements of individual 
growth events, and the second represents the number of observed catastrophe 
events. Two independent experiments were performed for 3 μM tubulin with 
XMAP215, and 3 μM tubulin with XMAP215 and EB1. Three independent 
experiments were performed for the remaining thirteen conditions.
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Supplementary Table legends

Table S1 Microtubule dynamic instability parameters for different experimental conditions. The table lists microtubule growth and shrinkage rates, as well 
as catastrophe frequencies measured for a range of experimental conditions. For growth and shrinkage rates, N represents the number of independent 
measurements. For catastrophe frequency N represents the number of observed catastrophe events. Three independent experiments were performed for all 
conditions, except for the two conditions with 3 μM tubulin, for which two independent experiments were performed. Note that we do not report the frequency 
of rescues, as no rescues were observed in the above experimental conditions. *Lower limit determined due to the limitations in time resolution. 

Table S2 Comparison of effects of full-length EB1 and EB1ΔC on microtubule growth rate and catastrophe frequency. The table lists microtubule growth 
rates and catastrophe frequencies measured in the presence of full-length EB1 or truncated EB1ΔC construct. For growth rates, N represents the number 
of independent measurements. For catastrophe frequency N represents the number of observed catastrophe events. Three independent experiments were 
performed for each condition.
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