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XMAP215 is a processive microtubule polymerase
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4Graduate School of Biostudies, Kyoto University, Kyoto, Japan

Summary

Fast growth of microtubules is essential for rapid assembly of the microtubule cytoskeleton during
cell proliferation and differentiation. XMAP215 belongs to a conserved family of proteins that
promote microtubule growth. To determine how XMAP215 accelerates growth, we developed a
single-molecule assay to visualize directly XMAP215-GFP interacting with dynamic microtubules.
XMAP215 binds free tubulin in a 1:1 complex that interacts with the microtubule lattice and targets
the ends by a diffusion-facilitated mechanism. XMAP215 persists at the plus end for many rounds
of tubulin subunit addition in a form of “tip-tracking.” These results show that XMAP215 is a
processive polymerase that directly catalyzes the addition of up to 25 tubulin dimers to the growing
plus end. Under some circumstances XMAP215 can also catalyze the reverse reaction, namely
microtubule shrinkage. The similarities between XMAP215 and formins, actin polymerases, suggest
that processive tip-tracking is a common mechanism for stimulating the growth of cytoskeletal
polymers.

Introduction

Microtubules are long, slender filaments with which cellular structures such as the
cytoskeleton, the mitotic spindle, and the axoneme are built. These structures are not static.
Rather, they are broken down and rebuilt when a cell moves, changes shape, or progresses
through the cell cycle. This remodeling is achieved by the disassembly and reassembly of
microtubules and occurs primarily through the removal and addition of tubulin dimers at
microtubule ends. Microtubule growth is fast. For example, in Xenopus oocytes (Gard and
Kirschner, 1987b) and C. elegans embryos (Srayko et al., 2005) microtubules grow at rates of
up to 40 um-min-1, These high growth rates are necessary in order for the reassembly of the
cytoskeleton to keep up with the progression of these rapidly dividing cells through the cell
cycle. These in vivo growth rates are more than ten times higher than the corresponding rates
for purified tubulin in vitro (Kinoshita et al., 2001) at cellular concentrations of tubulin (Hiller
and Weber, 1978; Parsons and Salmon, 1997).

The accelerated microtubule growth rates in cells are mediated by members of the so-called
Dis1/XMAP215 family of microtubule-associated proteins (Kinoshita et al., 2002). XMAP215
was first identified in Xenopus laevis egg extracts, where it was purified as a factor that
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increased the growth rate of microtubules in vitro tenfold (Gard and Kirschner, 1987a).
Genome sequencing has revealed homologues of XMAP215 in every eukaryotic organism
investigated (Gard et al., 2004). Disruption of gene products in the Dis1/XMAP215 family
results in the following phenotypes: (a) shorter meiotic or mitotic spindles in Xenopus egg
extracts (Tournebize et al., 2000), S. cerevisiae (Severin et al., 2001), and Drosophilia S2 cells
(Goshima et al., 2005); (b) disrupted interactions of microtubules with the cell cortex in
Dictyostelium (Hestermann and Graf, 2004) and Arabodopsis (Whittington et al., 2001); and
(c) disorganized spindle poles and aberrant spindle morphology in HeLa cells (Cassimeris and
Morabito, 2004; Gergely et al., 2003), S. pombe (Garcia et al., 2001; Ohkura et al., 1988), and
C. elegans (Matthews et al., 1998). These phenotypes are consistent with the observation that
interfering with Dis1/ XMAP215 decreases microtubule growth rates in Xenopus egg extracts
(Tournebize et al., 2000), C. elegans embryos (Srayko et al., 2005), and Drosophilia S2 cells
(Brittle and Ohkura, 2005). Several members of the Dis1/XMAP215 family localize to
microtubule plus ends in vivo and in vitro (Hestermann and Graf, 2004; Nakaseko et al.,
2001; van Breugel et al., 2003). This localization pattern is likely to be of general significance
for the function of these proteins as the plus end is the primary site of microtubule growth in
vivo.

How does XMAP215 increase the growth rate of microtubules? A hint about the mechanism
comes from structural studies. Electron micrographs have shown both XMAP215 (Cassimeris
etal., 2001) and Stu2p, the S. cerevisiae homologue (Al-Bassam et al., 2006), to be elongated
and flexible molecules, with a contour length of ~60 nm. The most conserved features of the
Dis1/XMAP215 family are the N-terminal TOG domains. The number of TOG domains varies
from two to five, depending on the species; for example, Stu2p has two TOG domains, four in
the Stu2p dimer (van Breugel et al., 2003), and XMAP215, a monomer (Cassimeris et al.,
2001; Gard and Kirschner, 1987a), has five TOG domains. Each TOG domain contains six
HEAT repeats that fold into a paddle-like structure (Al-Bassam et al., 2007). An individual
TOG domain is sufficient to bind tubulin (Al-Bassam et al., 2007), leading to a high affinity
interaction between tubulin and Stu2p (Al-Bassam et al., 2006). TOGp, the human homologue,
binds tubulin in vitro (Spittle et al., 2000), and XMAP215 co-immunoprecipitates with tubulin
in Xenopus egg extracts (Niethammer et al., 2007). The binding of these proteins to tubulin
dimers suggests that they bring tubulin from solution to the microtubule end. Acceleration of
growth could result from rapid cycling onto and off the microtubule end or from multiple
tubulins being brought at once. The high-affinity binding of tubulin has been proposed to
account for the paradoxical finding that some of these family members can cause
depolymerization in vitro (Al-Bassam et al., 2006; Shirasu-Hiza et al., 2003; van Breugel et
al., 2003).

The prevailing model to explain the acceleration of microtubule growth by XMAP215 is that
it acts as a “tubulin shuttle” that brings several tubulin dimers to the microtubule end (Gard
and Kirschner, 1987a; Kerssemakers et al., 2006; Slep and Vale, 2007; Vasquez et al., 1994).
Recent evidence for this model has come from high resolution optical trapping experiments in
which discrete length changes of up to 60 nm, the length of 7-8 tubulin dimers, were observed
during microtubule growth (Kerssemakers et al., 2006), and from turbidity measurements in
which artificially tetramerized TOG domains promoted microtubule nucleation in vitro (Slep
and Vale, 2007). The model is not consistent, however, with experiments on other members
of the Dis1/XMAP215 family. For example, Stu2p binds only one tubulin dimer in solution
(Al-Bassam et al., 2006). Moreover, the observation that XMAP215, under certain conditions
in vitro, can depolymerize microtubules has led to an alternative model in which XMAP215
acts as an anti-pause factor (Shirasu-Hiza et al., 2003).

To distinguish among the different possible ways that XMAP215 might promote microtubule
growth, we developed an assay to visualize single XMAP215 molecules during microtubule
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polymerization. We demonstrate that XMAP215 does not, in fact, act as a tubulin shuttle.
Rather, XMAP215 acts as a processive polymerizing enzyme or polymerase: XMAP215 forms
a 1:1 complex with tubulin and resides for long periods at microtubule plus ends where it
catalyzes repeated rounds of addition of tubulin into the microtubule polymer.

XMAP215 promotes microtubule growth

To determine how XMAP215 increases the growth rate of microtubules, we developed a
fluorescence microscopy assay to visualize microtubule growth. To overcome the background
fluorescence from free tubulin, which obscures the growing microtubule, we used total-
internal-reflection fluorescence microscopy (TIRF), in which the excitation light is restricted
to a narrow region near the cover glass. To keep the microtubule within the excitation eld, we
used antibodies specific to rhodamine to adhere GMPCPP-stabilized, rhodamine-labeled
microtubule seeds to the cover glass surface (see Figure 1A and Methods). Microtubules grew
by extension from the microtubule seeds.

When a mixture of 4.5 uM unlabeled tubulin and 0.5 uM Alexa Fluor 488-labeled tubulin
(Alexa-tubulin) was perfused into the chamber in the presence of 100 nM XMAP215 and 1
mM GTP, microtubules were observed to grow from the GMPCPP seeds. Polarity-marked
microtubules were used to confirm this growth occurred from the plus end, as expected (see
Supplementary Info 2.1). At this tubulin concentration, no microtubule growth was observed
either at the minus ends or in the absence of XMAP215. Figure 1B shows a kymograph of a
microtubule plus end undergoing two rounds of growth and shrinkage (see also Supplementary
Movie 1). XMAP215 promoted microtubule growth in a concentration-dependent manner, as
shown in Figure 1C. These XMAP215-stimulated microtubule growth rates are in agreement
with published values (Gard and Kirschner, 1987a; Kinoshita et al., 2001; Vasquez et al.,
1994). We measured microtubule growth rates as a function of tubulin concentration, and at
200 nM XMAP215 the growth rates correspond to a second-order association rate constant of
tubulin to the microtubule end of 19.8 + 2.6 uM1.s1 (mean + SEM, n = 9, see Supplementary
Info 2.2). This association rate constant is five to tenfold higher than the rate constant measured
for the growth of tubulin alone in our assay (see Supplementary Info 2.2) and reported in the
literature (Howard, 2001).

XMAP215 binds to growing and shrinking plus ends

In order to investigate how XMAP215 stimulates the association rate of tubulin, we looked at
the interaction of XMAP215 with microtubules during microtubule growth. We visualized
XMAP215 using a C-terminal GFP tag and TIRF microscopy; the microtubule seed is
visualized by epifluorescence. The GFP-tagged XMAP215 had similar microtubule growth-
promoting properties to the untagged protein (see Figure 1C).

At XMAP215-GFP concentrations between 50 and 200 nM, we observed distinct GFP foci at
the microtubule plus end by time-lapse microscopy (see Figure 2A and Supplementary Movie
2). These foci grew from the ends of the microtubules with an outward velocity that correlated
with the previously measured microtubule growth rates for the given concentration of
XMAP215 and tubulin (see above). Therefore, we conclude that these foci represent
XMAP215-GFP molecules at the growing end of the microtubules, indicating that XMAP215
molecules “tip-track” with the plus end of microtubules. In Figure 2A, we estimate there are
~10 XMAP215 molecules at the end based on fluorescence intensity. We note with interest
that XMAP215-GFP also remained associated with the plus ends of microtubules during
shrinkage (Figure 2B), often traveling >4 um before encountering the microtubule seed. In
addition, XMAP215-GFP molecules on the lattice were “picked up” by the shrinking plus end,
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causing an increase in GFP signal at the microtubule end as the shrinkage continued (data not
shown). This phenomenon is similar to that observed for the Dam1 complex on shrinking
microtubules (Westermann et al., 2006). Thus, XMAP215-GFP binds to both growing and
shrinking plus ends of dynamic microtubules.

The presence of multiple XMAP215-GFP molecules at the microtubule end and the use of
time-lapse microscopy prevented us from observing the behavior of individual XMAP215-
GFP molecules. To follow individual XMAP215-GFP molecules during microtubule
polymerization, we performed “spike” experiments in which <5 nM XMAP215-GFP was
added to ~95 nM unlabeled XMAP215 and movies were recorded using continuous streaming
video. Single molecules of XMAP215-GFP were observed diffusing on the dynamic
microtubule lattice and the microtubule seed (see Figure 2C, white arrows). The diffusion
coefficient of this motion was D = 0.30 + 0.01 xm2-s1 and the mean residence time on the
lattice was (t) = 2.45 + 0.21 s (see Supplementary Info 3). In addition, XMAP215 molecules
were observed to diffuse to and then bind to the microtubule ends (see Figure 2C, blue arrow).

Further analysis of the spike experiments showed that single XMAP215-GFP molecules
resided for extended periods at the growing microtubule end (see Figure 2C, yellow arrows,
and Supplementary Movie 3). After correction for photobleaching, the mean residence time of
XMAP215 at the microtubule end was {tenp) = 3.8 £ 0.7 s (Figure 2D, n = 198 molecules, see
Supplementary Info 3). In these experimental conditions, no microtubule growth occurred in
the absence of XMAP215; we can therefore attribute all tubulin dimer additions to XMAP215.
During the 3.8 s residence time of individual XMAP215-GFP molecules, the microtubule grew
by ~0.2 um (for the measured growth rate of 3.0 um-min1 or 82 dimers-s1), corresponding to
~330 tubulin dimers or ~25 tubulin dimers onto each of 13 protofilaments. Therefore, on
average, the XMAP215-GFP molecules are present during the addition of at least 25 tubulin
dimers if one XMAP215-GFP binds to each protofilament and greater numbers if fewer than
13 XMAP215s bind to the microtubule end at once.

XMAP215 moves with the growing plus end

The results in the previous section show that on average XMAP215 resides at the growing plus
end of the microtubule for a time during which the microtubule grows by ~0.2 um. To see
whether XMAP215 moved with the growing end during its residence time, we examined the
single molecule end events more closely. We observed single XMAP215 molecules moving
away from the microtubule seed (Figure 2E), suggesting that XMAP215 tracks with the
growing plus end. To test whether this tracking corresponded to the observed microtubule
growth, we measured the outward displacement of the single molecules of XMAP215 at
microtubule ends in the spike experiments. The mean displacement was 0.17 + 0.1 um (mean
+ SEM, n = 198), which corresponds to ~21 tubulin dimer lengths. Furthermore, the mean
velocity of outward displacement was 2.7 + 0.25 zm-min-1 (Figure 2F), which is similar to the
measured growth rate of microtubules in the presence of 100 nM XMAP215. Therefore, the
outward displacements are consistent with single XMAP215 molecules tracking with the plus
end of the microtubule during growth.

XMAP215 binds tubulin with 1:1 stoichiometry

How does XMAP215 promote the addition of so many tubulin dimers during its interaction
with the microtubule end? Previous work has shown that TOG domain scan bind tubulin (Al-
Bassam et al., 2007). Using size exclusion chromatography, we confirmed that XMAP215,
like the S. cerevisiae homologue Stu2p (Al-Bassam et al., 2006), binds tubulin (see Figure 3A
and B and Supplementary Info 4.1). We analyzed the XMAP215:tubulin complex by negative
stain electron microscopy and compared it with free XMAP215. As previously observed
(Cassimeris etal., 2001), free XMAP215 is a thin rod with multiple flexible joints (Figure 3C).
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These joints are likely to be the disordered sequences between XMAP215's ve ordered TOG
domains; free Stu2p has a similar appearance (Al-Bassam et al., 2006). The elongated structure
is consistent with our measurement of the sedimentation coefficient of XMAP215 (see
Supplementary Info 4.2). When it binds tubulin XMAP215 forms well-ordered globular
complexes with a diameter of approximately 10 nm (Figure 3D). That is, the jointed,
monomeric XMAP215 rod closes up around a tubulin dimer, forming a complex similar to that
seen with dimeric Stu2p and tubulin (Al-Bassam et al., 2006).

The formation of an XMAP215:tubulin complex suggests that XMAP215 could escort free
tubulin to the end of a microtubule, thereby increasing the association rate of tubulin dimers
to the end. If this idea were correct, our measurements of the end-residence time indicate that
either (a) one XMAP215 molecule binds to multiple tubulins and brings them en masse to the
end of the microtubule, or (b) XMAP215 executes multiple rounds of tubulin addition at the
microtubule end. We have distinguished between these possibilities by examining the
stoichiometry of the XMAP215-tubulin interaction. First, we used our size-exclusion
chromatography to show that XMAP215 and tubulin dimers are in a 1:1 complex (see
Supplementary Info 4.1). We observed that XMAP215:tubulin complexes do not change their
elution profile at tubulin concentrations higher than those used in our polymerization assays,
demonstrating that it is not possible to force more than one tubulin dimer into the complex.
Using sedimentation equilibrium analytical ultracentrifugation, we measured a molecular mass
0f220 £ 10 kDa for XMAP215 alone (see Supplementary Info 4.3), confirming that XMAP215,
with a predicted molecular mass of 228 kDa, is a monomer (Cassimeris et al., 2001; Gard and
Kirschner, 1987a). We measured amolecular mass of 320 + 30 kDa for the XMAP215:tubulin
complex. The difference between these masses is 100 + 32 kDa, indicating that the complex
contains a single tubulin dimer (predicted mass: ~110 kDa).

These biochemical findings make it unlikely that XMAP215 binds to multiple tubulin dimers
in solution. It remains possible, however, that XMAP215 binds multiple tubulin dimers when
interacting with the microtubule lattice. We therefore used TIRF microscopy to determine
whether XMAP215 binds to tubulin on the microtubule lattice and, if so, to measure the
stoichiometry. GMPCPP-stabilized, rhodamine-labeled microtubules were adhered to the
surface of a flow cell and incubated with 100 nM Alexa-tubulin. We could detect an association
between Alexa-tubulin and the microtubules only in the presence of XMAP215 (unlabeled).
At nanomolar concentrations of XMAP215, discrete foci of Alexa-tubulin were present along
the microtubule (see Figure 4B). These tubulin foci moved randomly on the microtubule lattice
in a manner comparable to the diffusive movement of XMAP215 alone (see Figure 4A). Like
XMAP215-GFP, these particles targeted to the plus ends of microtubules. The diffusion
coefficient and mean residence time of Alexa-tubulin were similar to those of XMAP215-GFP
alone (see Figure 4C and D). The lattice interactions of XMAP215-GFP and the
XMAP215:Alexa-tubulin complex were both dependent on the C-terminus of tubulin, known
as the “E-hook” (see Supplementary Info 5), suggesting an electrostatic interaction (Helenius
et al., 2006). We measured the amount of labeled tubulin in each complex by comparing the
average fluorescence intensity of the tubulin foci on the lattice with the intensity of tubulin
dimers bound to the glass surface. The fluorescence results show a 1:1 stoichiometry of
XMAP215 and tubulin on the microtubule lattice (1 =1713 + 1002 A.U. for XMAP215:Alexa-
tubulin, mean £ SD, n = 962; | = 1542 + 761 A.U. for surface Alexa-tubulin, mean + SD, n =
2197, see Supplementary Info 4.4). Thus, we conclude that XMAP215 does not bind to multiple
tubulin dimers even when interacting with the microtubule lattice in the polymerization buffer.
Our conclusion appears to contradict an earlier report that multiple tubulins can bind to
XMAP215 (Cassimeris et al., 2001); however the earlier experiments were performed ina very
low ionic strength buffer whereas our single-molecule experiments were performed in the same
buffer conditions as our polymerization experiments.
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XMAP215 depolymerizes GMPCPP microtubules in a reversal of the growth reaction

An important consideration for the mechanism is whether growth stimulation by XMAP215
requires an energy source. Even though XMAP215 does not contain ATPase or GTPase
domains, it could couple to the GTPase activity of tubulin. We have ruled out a requirement
for the GTPase activity of tubulin by observing that XMAP215 stimulated the growth of tubulin
in the presence of the slowly-hydrolysable analog GMPCPP. The microtubule growth rate in
0.5 xM GMPCPP-tubulin was 0.3 + 0.15 zm-min-! (8.8 + 4.4 dimers-s'1) at 20 nM XMAP215
(mean = SD, n = 54, see Supplementary Info 6), compared to 0.07 + 0.02 zm-min-1 (2.0 + 0.63
dimers-s1) in the absence of XMAP215 (mean = SD, n = 40). Thus, GTP hydrolysis is not
required for XMAP215 to promote microtubule growth.

The absence of an energy requirement suggests that XMAP215 may act simply as a catalyst
that accelerates growth by stabilizing an intermediate state in the reaction step at which the
incoming tubulin dimer is incorporated into the lattice. We might then expect that in the absence
of tubulin, XMAP215 should act in reverse; that is, it should remove tubulin dimers from the
microtubule end, as has been observed (Shirasu-Hiza et al., 2003; see Introduction). To test
for reversibility, we used a constant XMAP215 concentration of 100 nM while varying the
free GTP-tubulin concentration from 0 to 5 uM (see Supplementary Movie 4). The kymograph
in Figure 5A shows the results from a single microtubule: at 0 M tubulin, depolymerization
of the GMPCPP seed occurred (Figure 5A, top); by adding 0.1 uM GTP-tubulin, this
depolymerization was inhibited (Figure 5A, middle); and at 5 xM GTP-tubulin, growth
occurred (Figure 5A, bottom). Thus, the same microtubule can grow or shrink, depending on
the free GTP-tubulin concentration. It is important to note that the concentration of tubulin in
cells (~10 uM, Hiller and Weber, 1978) would always promote growth. Like polymerization,
the depolymerization rate depended on the XMAP215 concentration, increasing the shrinkage
rate of GMPCPP microtubules up to tenfold (Figure 5B). These data argue that XMAP215-
mediated depolymerization is indeed a reversal of the growth reaction and that XMAP215
increases the dissociation rate constant as well as the association rate constant.

Discussion

Our results show that XMAP215 is a processive polymerase that catalyzes numerous rounds
of tubulin subunit addition while at the microtubule end and argue against the tubulin shuttle
model. Our definition of a processive polymerase is as follows: by polymerase, we mean an
enzyme that catalyzes the addition of individual subunits to the end of a polymer; by processive,
we mean that multiple rounds of subunit addition are catalyzed by a single enzyme. The
arguments against the tubulin shuttle model and for a processive polymerase model are three-
fold. First, we have shown that XMAP215 binds tubulin with 1:1 stoichiometry, both in solution
and on the microtubule lattice. Therefore, XMAP215 cannot accelerate microtubule growth
by adding multiple tubulin dimers en masse. Second, the flux of XMAP215 to the microtubule
end is not high enough to deliver sufficient tubulin to the end to account for the growth rate.
For example, at a growth rate of 3 zm-min-1, the microtubule grows at 82 dimers-s'1, but the
estimated arrival rate of XMAP215 at the end from our experiments is only ~8 s (see
Supplementary Info 7 and Helenius et al., 2006). And third, XMAP215 resides at the growing
plus end for more than ten times longer than the time required to act as a tubulin shuttle.
Specifically, during the 3.8 s average end residence time, ~330 dimers are added to the
microtubule end, or ~25 tubulin dimers to each protofilament. Thus, while it is possible that
one tubulin dimer is added by the shuttle mechanism, our results show that many more tubulin
dimers are added when XMAP215 resides at the end, and 25 tubulin subunits corresponds to
the minimum processivity for XMAP215.

How does XMAP215 mediate multiple cycles of tubulin addition while localized at the
microtubule end? Any model for how XMAP215 catalyzes microtubule growth must take into
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account the following four experimental findings. First, XMAP215 forms a 1:1 complex with
tubulin in solution. The affinity of XMAP215 for soluble tubulin (dissociation constant <1
4M based on size exclusion chromatography experiments) is relatively high compared to its
affinity for lattice-incorporated tubulin, where the measured diffusion coefficient indicates that
XMAP215 steps between adjacent lattice tubulins at a rate exceeding 1000 s (Helenius et al.,
2006). Perhaps, XMAP215 forms a 1:1 complex by interacting with tubulin surfaces that are
exposed in the free dimer but hidden after the dimer has been incorporated into the microtubule.
Second, XMAP215 prefers to bind to the microtubule plus end rather than to the middle of the
microtubule lattice or to the minus end; it accelerates growth specifically at the plus end.
XMAP215 therefore probably contacts exposed surface residues of tubulin that are present
only at the plus end. Third, XMAP215 is present at the microtubule end for the addition of
many tubulin dimers and moves outward with the growing plus end. Fourth, in the absence of
free tubulin, XMAP215 depolymerizes microtubules. It seems that XMAP215 binds to the
more weakly-attached tubulin dimers at the end of the microtubule, pulls them from the lattice,
and forms a 1:1 complex by a reversal of the polymerization mechanism.

These observations are brought together in the following model for how XMAP215 accelerates
microtubule growth (Figure 6). The main concept of the model is that XMAP215 binds to and
stabilizes a structural intermediate in the polymerization pathway. This intermediate state may
correspond to a collision complex whose formation is very fast and diffiusion limited. In the
absence of XMAP215, the collision complex is very short-lived, and tubulin often diffiuses
away instead of being incorporated into the microtubule (Figure 6A). XMAP215 stabilizes the
intermediate state, so that there is a higher probability that the tubulin dimer will become
strongly bound and ultimately incorporated in the lattice (Figure 6B). Our data indicate that
XMAP215 increases the association rate constant of GTP-tubulin to the protofilament end from
0.3 uM1s1t0 1.5 uM 151 (see Supplementary Info 7.1); thus, in the absence of XMAP215,
microtubule growth is quite slow, and even in the presence of XMAP215 the association rate
constant is below the diffusion-limited case (Northrup and Erickson, 1992).

This model explains why XMAP215 accelerates depolymerization. Because XMAP215 lowers
the free energy of the intermediate state relative to the initial state (free tubulin and the
microtubule end), it must also lower the free energy relative to the final state (strongly-bound
tubulin incorporated into the microtubule), implying that the reverse reaction, namely removal
of tubulin from the end, must also be accelerated. Thus, we expect XMAP215 to accelerate
microtubule shrinkage at low tubulin concentrations, as observed (Figure 5). This argument is
formalized in a kinetic scheme in Supplementary Info 7.3. The scheme shows that, in the
absence of an energy source, XMAP215 should increase the net association rate constant and
the net dissociation rate constant to the same extent, with no change in the critical concentration.
Our data in both GMPCPP-tubulin and GTP-tubulin are consistent with this expectation (see
Supplementary Info 7.3.2). Thus, the stabilization of an intermediate state by XMAP215
accelerates the exchange of tubulin dimers into and out of the lattice. Although our specific
kinetic model only considers a simple microtubule end structure, it should apply equally well
to growth at the end of a closed tube (Mandelkow et al., 1991) or a sheet (Arnal et al.,
2000;Chretien et al., 1995), because the net energy difference associated with tubulin moving
from solution into the lattice does not depend on the structure of the end.

The stabilization of a weakly-attached dimer by XMAP215 could allow other tubulin dimers
to attach naturally, at sites made favorable for tubulin association (i.e., XMAP215 creates new
“*snug” sites that allow microtubule growth). In this scenario, a single XMAP215-mediated
stabilization could trigger multiple tubulin dimer additions. Such a mechanism alone is not
consistent, however, with the longitudinal displacement of XMAP215 that we observe in the
single-molecule experiments. Also, XMAP215 stays on the microtubule end for a time during
which a large number of tubulin dimers are added (~25 rows of tubulin on average). Thus,
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XMAP215 does not trigger polymerization solely via a transient “kiss-and-run” interaction
with the microtubule end. Instead, once XMAP215 has released its tubulin into the microtubule
lattice, XMAP215 remains attached to the microtubule end, perhaps through an electrostatic
interaction with the E-hooks. This interaction would allow it to quickly find a new binding site
on the microtubule plus end. We do not exclude, however, a combination of XMAP215’s
processive outward displacement along with “filling in” of now-favorable binding sites.

Why does XMAP215 diffuse on the microtubule lattice? One possibility, mentioned in the
previous paragraph, is that XMAP215 uses an electrostatic interaction with the E-hooks of
lattice-tubulins to remain bound to the end of the microtubule and polymerize processively.
Such an increase in processivity mediated by the E-hooks has been previously observed for
the directed motility of kinesin-1 (Thorn et al., 2000) and cytoplasmic dynein (Wang and
Sheetz, 2000). Another possibility is that XMAP215 uses lattice diffusion to more rapidly
target to the end initially, as has been shown for MCAK (Helenius et al., 2006). The diffusion
of XMAP215 has much in common with MCAK, a microtubule depolymerase, although
XMAP215 is not a motor protein. Both proteins diffuse to their site of action, the end of a
microtubule. A diffusion-facilitated search strategy enhances the rate of protein-protein
association in various situations, with targeting of restriction enzymes to their restrictions sites
being a canonical example (Halford and Marko, 2004). Diffusive interactions with
microtubules have recently been reported for the Dam1 complex (Westermann et al., 2006),
Eg5 (Kwok et al., 2006), and myosin MyoVa (Ali et al., 2007), indicating that diffusion is a
common mechanism of association for proteins with a microtubule surface. Diffusion of
proteins is also common on the surfaces of intracellular membranes, and membrane-diffusion
of many enzymes is critical for their in vivo function. By analogy to membrane surfaces, we
hypothesize that the microtubule surface may act as a “cellular compartment,” on which the
diffusive interactions of microtubule-associated proteins increase local concentration and
orient the proteins correctly for productive intermolecular contact.

A processive polymerase model of XMAP215 may provide new insight into the regulation of
XMAP215 by other cellular factors. For example, XMAP215 is positively stimulated by the
protein XTACC3 (Kinoshita et al., 2005), and this enzyme pair is conserved in humans
(Gergely et al., 2003), C. elegans (Srayko et al., 2003), Drosophilia (Lee et al., 2001), and S.
pombe (Sato and Toda, 2007). One possibility is that XTACC3 promotes the catalytic activity
of XMAP215 by increasing its processivity. XMAP215 is phosphorylated during M phase
(Vasquez et al., 1999), and phosphorylation could alter numerous aspects of XMAP215
activity. For example, we predict that changes in the electrostatic character of XMAP215 would
influence microtubule lattice binding through the E-hooks. It is also possible that
phosphorylation could change the capacity of XMAP215 to bind free tubulin, to recognize the
microtubule plus end, or to catalyze multiple rounds of tubulin subunit addition processively.

There are interesting similarities and differences between XMAP215 and formins, which
catalyze the addition of multiple actin monomers to the end of growing actin filaments (Goode
and Eck, 2007). Both “tip-track,” both increase the association rate of monomers by five to
tenfold, and both are processive (Kovar et al., 2006; Romero et al., 2004). The formins differ
from XMAP215 in their very long end residence (>1000 s), but structurally, both bind their
filament end and subunit simultaneously. For the formins, the relevant subunit is actin plus the
adapter molecule profilin, while XMAP215 acts on tubulin alone. The formins have FH1
domains, which bind profilin-actin (Romero et al., 2007), and FH2 domains, which bind the
barbed end of the actin filament (Otomo et al., 2005). XMAP215 has TOG domains, which
bind to the tubulin subunit. The regions responsible for end binding and lattice diffusion are
not known, although the lattice diffusion of XMAP215 is likely to involve an electrostatic
interaction with the E-hooks of tubulin. Thus, it appears that two processive polymerases have
evolved to perform related functions for their respective filaments.
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Experimental Procedures

Tubulin and Microtubule Preparation

Porcine brain tubulin was purified as described (Ashford, 1998). Labeling of cycled tubulin
with Alexa Fluor 488 or TAMRA (Invitrogen) was performed as described (Hyman et al.,
1991). GMPCPP microtubules were grown as described (Hunter et al., 2003). Polarity-marked
microtubules were made as described (Howard and Hyman, 1993). Subtilisin-digested
microtubules were made as described (Helenius et al., 2006).

XMAP215 Purification

Imaging

The coding region of XMAP215 was modified by addition of either a C-terminal His7 tag or
a C-terminal enhanced green fluorescent protein (GFP) His7 tag and cloned into the pFastBacl
vector. From these constructs, we generated baculovirus (Bac-to-Bac system, Invitrogen) that
was subsequently used to infect Spodoptera frugiperda cells. The purification of recombinant
XMAP215 and XMAP215-GFP was based on previous protocols (Kinoshita et al., 2001) and
is described in Supplementary Info 8.1. Protein concentration was determined using a Bradford
assay (Bio-Rad Protein Assay) and absorbance at A = 280 nm.

The total-internal-reflection fluorescence imaging setup used for this work was previously
described (Helenius et al., 2006). Images were collected with an Andor DV887 iXon camera
on a Zeiss Axiovert 200M microscope using a Zeiss 100X/1.45 a Plan-FLUAR objective.
Standard filter sets were used to visualize GFP, Alexa Fluor 488, and TAMRA fluorescence.
The integration time for continuous streaming video was 100 ms. The characterization of
microtubule dynamics required time lapse movies with intervals of 3-5 s between frames.

Assay conditions

The preparation of silanized cover glasses and perfusion chambers was previously described
(Helenius et al., 2006 and Supplementary Info 8.2). The assay protocol was modified to create
conditions for microtubule growth. Reaction channels were rst rinsed with BRB80: 80 mM
PIPES pH 6.9, 1 mM MgCly,, and 1 mM EGTA. Reaction channels were incubated with 1%
anti-rhodamine antibody (Invitrogen) in BRB8O0 for five minutes, followed by 1% pluronic
F127 (Sigma) in BRB8O0 for ve minutes, and finally rhodamine-labeled, GMPCPP stabilized
microtubule seeds for 15 minutes. Channels were washed once with BRB80 and once with
imaging buffer (1B): BRB80 supplemented with 75 mM KCI, 0.1 mg/ml BSA, 1% f-
mercaptoethanol, 40 mM glucose, 40 ug/ml glucose oxidase, 16 ug/ml catalase. The
microtubule seeds were placed under the TIRF microscope for viewing. We used an objective
heater (Zeiss) to warm the sample to 35 °C. At this point, the assay tested multiple conditions,
depending on what solution was perfused into the chamber of microtubule seeds.

(A) Observation of microtubule growth (Figure 1B and 1C) used IB plus 4.5 xM unlabeled
tubulin, 0.5 uM Alexa Fluor 488 tubulin (Alexa-tubulin), unlabeled XMAP215 (0-200 nM),
and GTP (1 mM). (B) Observation of XMAP215-GFP during microtubule growth (Figure 2)
used IB plus 5 uM unlabeled tubulin, a mixture of unlabeled XMAP215 and XMAP215-GFP,
and GTP (1 mM). See the Figure legends for the concentrations of XMAP215 and XMAP215-
GFP used in each experiment. (C) Observation of Alexa-tubulin interacting with XMAP215
(Figure 4B) used IB plus 100 nM unlabeled XMAP215, 5 nM Alexa Fluor 488 tubulin, and
GTP (1 mM). (D) Observation of microtubule depolymerization (Figure 5B) used IB plus 100
nM unlabeled XMAP215. (E) Observation of the transition from shrinkage to growth (Figure
5A) used IB plus 100 nM XMAP215 and a series of 0 uM tubulin, 0.1 uM Alexa-tubulin, and
4.5 uM unlabeled tubulin, 0.5 uM Alexa-tubulin, and 1 mM GTP.

Cell. Author manuscript; available in PMC 2008 July 11.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Brouhard et al. Page 10

Image Analysis

Quantitative image analyses were performed as described (Helenius et al., 2006). Microtubule
length measurements were performed in Metamorph (Universal Imaging). Tracking of single
molecules was performed in Motion Tracking by Y. Kalaidzidis (Transinsight GmbH).
Trajectories for XMAP215-GFP molecules were exported from Motion Tracking to MATLAB
(The MathWorks) for further analysis. All curve fitting was performed in OriginPro
(OriginLab).

Size Exclusion Chromatography and Gradient Sedimentation

Size exclusion chromatography (Figure 3A and 3B) used a Tosoh TSKgelG5000PWXL
column equilibrated in 25 mM TrisHCI, pH 7.5, 75 mM NaCl, 1 mM MgCl,, 1 mM EGTA,
0.1 % Tween20, 1 mM DTT, and 0.2 mM GTP. The column was calibrated with standard
proteins of known Stokes radii (GE Healthcare, see Supplementary Info 8.3). XMAP215 (5.7
#M) and tubulin (1.43 uM and 14.3 uM) were mixed with 1 mM GTP, incubated for 10 min
on ice, and then injected onto the column. Control experiments were performed with each
protein alone. The collected fractions (100 wl) were analyzed by SDS-PAGE, stained with
Coomassie brilliant blue R250 (Merck), and scanned. The staining intensity in each fraction
was compared to lanes containing known concentrations of tubulin or XMAP215 in order to
estimate the concentration of proteins in each fraction. Sucrose density gradients were
performed and analyzed as described (Schurmann et al., 2001)

Sedimentation Equilibrium Analytical Ultracentrifugation

Sedimentation equilibrium experiments of full length XMAP215 with and without tubulin were
performed as described (Al-Bassam et al., 2006)

Electron Microscopy

Early fractions of size exclusion chromatography experiments were evaluated using negative
stain electron microscopy as described (Al-Bassam et al., 2006)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. XMAP215 promotes microtubule growth and binds plus ends

(A) Schematic of the in vitro assay depicting a seed microtubule (red) immobilized above a
cover glass surface by anti-rhodamine antibodies (dark blue). Two proteins are introduced,
XMAP215 and tubulin (not shown). Polymerization occurs, resulting in the growth of a
dynamic microtubule from the seed microtubule. Either the XMAP215 or the tubulin carries
a fluorescent tag (see Methods). Excitation by total internal reflection can allow the detection
of single molecules in the evanescent field (see, e.g., Figures 2C and 2E, below). The schematic
is not to scale. (B) (top) Still image of a seed microtubule (red) with a dynamic microtubule
lattice growing from the plus end (green) in the presence of 100 nM XMAP215. (bottom)
Kymograph of the microtubule above, corresponding to Supplementary Movie 1. Two periods
of growth (rate = 3 um-min-1) and two catastrophes are visible within the kymograph. (C) Plot
of microtubule growth rate vs. XMAP215 concentration for XMAP215 and XMAP215-GFP.
Data were fitted to the Hill equation (line drawn). Error bars represent the SEM (n > 9).
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Figure 2. XMAP215 at dynamic microtubule ends

(A) Kymograph of XMAP215-GFP molecules (50 nM) associated with a plus end during
growth by “tip-tracking.” The seed microtubule is shown in red and XMAP215-GFP is shown
in green. Taken from time-lapse microscopy. (B) Kymograph depicting XMAP215-GFP
(green) associated with the plus end of a dynamic lattice during shrinkage following a
catastrophe. (C) Kymograph from a spike experiment, showing single XMAP215-GFP
molecules (green) associating with a dynamic plus end (yellow arrows) and diffusing on freshly
polymerized lattice (white arrows). Taken from streaming video. The white arrow at right
illustrates the outward displacement of the XMAP215-GFP molecules. (D) Histogram of
durations of single XMAP215-GFP end residence events. An exponential curve fit (red line)
corrected for photobleaching gives a mean end residence time, {tenp), of 3.8 £ 0.7 s. (E) Still
series of a single XMAP215-GFP molecule moving with the microtubule plus end during
growth. (F) Plot of the mean displacement of XMAP215-GFP end-residence events versus
time. Data were fitted to a line, the slope of which gives the velocity of outward displacement.
Error bars represent the SEM (n = 198).
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Figure 3. XMAP215 forms a complex with tubulin

(A) Plot of Aygy absorbance against elution volume from the size exclusion chromatography
experiments. 3 traces are shown: tubulin alone (red), XMAP215 alone (green), and a complex
of XMAP215 + one tubulin dimer (blue). (B) Intensity scan of an SDS-PAGE gel taken from
the above experiment. Lanes correspond to samples selected from the elution profile. (C-D)
Electron micrographs of negatively stained complexes of XMAP215 and tubulin. The panels
on the right are at 2x magnification. Scale bars 50 nm. (C) XMAP215 monomer. (D)
XMAP215:tubulin complex. The XMAP215:tubulin complex has a sedimentation coefficient
indicative of an elongated molecule (see Supplementary Info 4.2), indicating that the C-
terminus of XMAP215 may extend from the complex. Hints of the C-terminal extension are
evident. (E) Schematic showing XMAP215 with 5 TOG domains enclosing a single tubulin
dimer to form a 1:1 complex. TOG domains are represented by light blue boxes. The contour
lengths of XMAP215 and the tubulin dimer are approximately to scale. The arrangement of
the TOG domains in the complex with tubulin is not known.
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Figure 4. XMAP215 targets one tubulin to the microtubule end by lattice diffusion

(A) Kymograph depicting the diffusion of XMAP215-GFP alone on a GMPCPP microtubule
(white arrows). (B) Kymograph depicting the XMAP215:tubulin complex diffusing on the
microtubule (yellow arrows). Note the similarity to (A). (C) Plot of mean-squared displacement
versus time for XMAP215-GFP against the time interval over which it was measured. A linear
curve fit to the data yields a diffusion coefficient, D, of 0.3 + 0.01 zm?2-s™L. Error bars are the
SEM of the squared displacement values (n = 1383). (D) Histogram of durations of XMAP215-
GFP microtubule interactions. An exponential curve fit, corrected for photobleaching, yields
amean lifetime of the interactions, (t), of 2.45 + 0.21 s.
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Figure 5. XMAP215 catalyzes both growth and shrinkage

(A) Kymograph of a single microtubule exposed to 3 tubulin concentrations at 100 nM
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XMAP215, corresponding to Supplementary Movie 4. At 0 uM GTP-tubulin, the GMPCPP
microtubule seed depolymerized (top). At 0.1 «M GTP-tubulin, the depolymerization was
inhibited (middle), and at 5 «M GTP-tubulin, rapid microtubule growth occurred (bottom). (B)

Plot of the depolymerization rate against XMAP215 concentration at two tubulin

concentrations. Error bars represent the SEM (n > 9). The data were fitted to the Hill equation
(lines plotted). At 0.1 uM GTP-tubulin, depolymerization was inhibited.
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Figure 6. Model diagram for tubulin polymerization by XMAP215

(A) Schematic of the plus end of a microtubule (hollow circles). A weakly-attached tubulin is
shown in full color. Tubulin dimers collide with the microtubule end in a diffusion-limited
reaction (arrow pointing to microtubule), but these collision-complexes are short-lived, and
the tubulin dimer often diffuses away (bold arrow pointing to solution). (B) XMAP215
stabilizes the weakly-attached tubulin dimer, so that a larger fraction incorporate into the
microtubule (small arrow pointing to solution). Note that the collision complex forms at the
same rate with or without XMAP215.
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