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SUMMARY

The microtubules that comprise mitotic spindles in
animal cells are nucleated at centrosomes and
by spindle assembly factors that are activated in
the vicinity of chromatin. Indirect evidence has
suggested that microtubules also might be nucle-
ated from pre-existing microtubules throughout the
spindle, but this process has not been observed
directly. Here, we demonstrate microtubule nucle-
ation from the sides of existing microtubules in
meiotic Xenopus egg extracts. Daughter microtu-
bules grow at a low branch angle and with the
same polarity as mother filaments. Branching
microtubule nucleation requires g-tubulin and aug-
min and is stimulated by factors previously impli-
cated in chromatin-stimulated nucleation, guanosine
triphosphate(GTP)-bound Ran and its effector, TPX2.
Because of the rapid amplification of microtubule
numbers and the preservation of microtubule
polarity, microtubule-dependent microtubule nucle-
ation is well suited for spindle assembly and mainte-
nance.

INTRODUCTION

Mitotic andmeiotic spindles are built from dynamicmicrotubules

arranged in two half-spindles with antiparallel overlap in the

center. Generating and maintaining this array requires that

microtubule nucleation be controlled in both space and time.

The first described and best understood mechanism involves

microtubule nucleation from centrosomes (Brinkley, 1985),

which is thought to be mediated by g-tubulin ring complexes

(g-TuRC) tethered to pericentriolar proteins (Keating and Borisy,

2000; Kollman et al., 2010; Moritz et al., 2000; Wiese and Zheng,

2000, 2006). However, plant cell mitosis and animal egg meiosis

occur without centrosomes (Dumont and Desai, 2012; Zhang

and Dawe, 2011), and animal cell mitosis can occur normally

after the centrosomes have been ablated (Khodjakov et al.,
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2000; Megraw et al., 2001). Thus, nucleation of spindle microtu-

bules does not always rely on centrosomes.

A pathway for generating acentrosomal microtubules

emerged from the finding that injecting centrosome-free nuclei

into Xenopus eggs promoted microtubule nucleation (Karsenti

et al., 1984). This pathway was later recapitulated in egg extracts

using chromatin-coated beads that stimulated spindle formation

in Xenopus egg extracts (Heald et al., 1996; Karsenti and Vernos,

2001). Subsequent work revealed that this chromatin stimulation

of microtubule nucleation is mediated by the small GTPase Ran

(Carazo-Salas et al., 1999; Kalab et al., 1999; Ohba et al., 1999;

Wilde and Zheng, 1999), which, in its guanosine triphosphate

(GTP) state, releases spindle-assembly factors from importins

(Gruss et al., 2001; Wiese et al., 2001). The Ran nucleotide

exchange factor (RCC1) localizes to chromatin, resulting in

a Ran-GTP gradient (Caudron et al., 2005; Kalab et al., 2002,

2006) that is thought to promote microtubule nucleation in the

vicinity of chromatin (Athale et al., 2008; Caudron et al., 2005;

Karsenti and Vernos, 2001). Microtubules do not emerge directly

from chromatin in this pathway; rather, they form near chromatin,

typically as large bundles whose precise origin is unclear. The

primary downstream microtubule nucleator in the Ran pathway

is thought to be g-TuRC (a large protein complex consisting of

g-tubulin (g-TB) and several associated subunits), although other

factors may also contribute (Groen et al., 2009). The details of

how g-TuRC is linked to the Ran-GTP pathway are not

completely clear, although one of the intermediate effectors is

the coiled-coil protein TPX2, which is released from importins

by Ran-GTP and plays an important role in microtubule genera-

tion in both acentrosomal (Gruss et al., 2001) and centrosomal

spindles (Kufer et al., 2002). InC. elegans, TPX2 levels determine

the size of the first mitotic spindle, suggesting that it participates

in a rate-limiting step for spindle assembly (Greenan et al., 2010).

However, the mechanism by which TPX2 leads to chromosome-

stimulated microtubule nucleation remains unclear.

Recent work also has shown that newmicrotubules are gener-

ated within the body of metazoan somatic spindles (Brugués

et al., 2012; Mahoney et al., 2006). Augmin, a protein complex

discovered based upon its ability to target g-TB to spindlemicro-

tubules (Goshima et al., 2007), has been implicated in this

process. Augmin depletion lowers microtubule density within
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the spindle and the anaphase midzone, destabilizes kinetochore

fibers, and results in chromosome misalignment (Goshima et al.,

2007, 2008; Hotta et al., 2012; Lawo et al., 2009; Nakaoka et al.,

2012; Petry et al., 2011; Uehara and Goshima, 2010; Uehara

et al., 2009; Zhu et al., 2008). Augmin also plays a role in acentro-

somal spindle formation by contributing to the microtubule mass

in the spindle, especially during the initial phase of assembly, and

by stabilizing the bipolar spindle shape (Petry et al., 2011). Aug-

min was proposed to recruit g-TuRC to the side of a pre-existing

microtubule and thus initiate the nucleation of a newmicrotubule

(Goshima et al., 2008), analogous to how Arp2/3 complex nucle-

ates actin filaments by binding to a pre-existing actin filament

(Blanchoin et al., 2000). However, this process, which we term

branching microtubule nucleation, has not been observed

directly in a spindle or in a metazoan organism. Microtubule

nucleation from the sides of pre-existing microtubules has only

been observed in fission yeast (antiparallel growth [Janson

et al., 2005]) and plant cells (parallel growth at an �42� angle

[Murata et al., 2005]), but the factors that are responsible for

docking g-TB to the side of pre-existing MTs in these systems

have not been determined, and these processes have not

been recapitulated using in vitro systems.

A possible reason why branching MT nucleation has not been

visualized duringmitosis/meiosis is because the very highmicro-

tubule density in the spindle might preclude direct observation of

such events. Here, we have succeeded in visualizing branching

MT nucleation using meiotic Xenopus egg extracts and total

internal reflection (TIRF) microscopy. This in vitro assay has

allowed us to analyze the angles of branchingmicrotubule nucle-

ation, the contribution of branching nucleation to overall microtu-

bule formation in the extract, and the molecular factors that

underlie this process.

RESULTS

Visualization of Branching Microtubule Nucleation in
Meiotic Xenopus Egg Extracts
To visualizemicrotubule nucleation as itmay occur in ametazoan

spindle, we used cell-free extracts from Xenopus oocytes ar-

rested at meiosis II, which accurately recapitulate assembly of

the acentrosomal egg meiosis II spindle (Heald et al., 1996; Sa-

win and Mitchison, 1991). GFP-EB1, which tracks the growing

microtubule plus ends and thus highlights new microtubule

growth, and Alexa568-labeled tubulin were added to the extract,

and microtubule formation/growth was visualized near the glass

surface by TIRF microscopy. However, observation of microtu-

bule dynamics was hampered by their rapid transport across

the glass surface by cytoplasmic dynein, the dominant motor

activity in the extract. We therefore inhibited microtubule gliding

with vanadate. Microtubules typically displayed stable (neither

growing nor shrinking) microtubule minus ends and growing

microtubule plus ends marked by GFP-EB1 at the tip; the

velocity of plus-end growth was 13.4 ± 1.3 mm/min (mean ±

SD, n = 30), which is similar to previous studies using Xenopus

extracts (Tirnauer et al., 2004). Catastrophes (transitions to

a rapidly shrinking phase) were rarely observed. Occasionally, a

new microtubule was observed (through the formation of a new

GFP-EB1 spot) to form at the side of an existing microtubule
and then to grow either along or at a shallow angle to the

template microtubule (Figure 1A; Movie S1 available online).

This assay provides an unambiguous observation of branching

MT nucleation in a metazoan system and allows further analysis

of the factors involved.

Branching Microtubule Nucleation Is Promoted by
RanGTP and TPX2
In order to assay branching microtubule nucleation in a more

robust manner, we sought factors that might stimulate this

process. RanGTP, trapped in this nucleotide state by the nonhy-

drolyzing mutant RanQ69L, induces formation of microtubule

asters and minispindles in the absence of centrosomes or chro-

matin (Carazo-Salas et al., 1999; Kalab et al., 1999; Ohba et al.,

1999; Wilde and Zheng, 1999) and microtubule formation occurs

in an apparent autocatalytic manner after RanGTP addition

(Clausen and Ribbeck, 2007). Our previous work showing that

augmin immunodepletion delayed the formation of RanGTP

asters and minispindles also suggested a possible connection

between Ran and augmin-mediated microtubule nucleation

(Petry et al., 2011). To test this idea further, we added recombi-

nant RanQ69L to the extract system. Initially, a few isolated

microtubules appeared, followed by nucleation of new microtu-

bules along the length of the initial template microtubules (Fig-

ure 1B; Movie S2). Thus, RanGTP dramatically enhanced

branching microtubule nucleation in the Xenopus egg extract.

An important Ran effector for spindle assembly is TPX2 (Gruss

et al., 2001). The combined addition of recombinant RanQ69L

and TPX2 further stimulated branching microtubule nucleation

(Figure 1C; Movie S3). In the absence of microtubule gliding,

the junctions between daughter and mother microtubules re-

mained intact for >10min. This resulted in the consistent appear-

ance of large fan-shaped microtubule structures composed of

a tight bundle of microtubules at the base and an expanding

network of branching microtubules, all pointing in a similar direc-

tion. Addition of TPX2 alone promoted microtubule branching

(Figure S1D), although qualitatively there were more single

microtubules and the fan-shaped microtubule structures that

formed were less dense than when TPX2 and RanQ69L were

combined.

The assay conditions described above utilized vanadate,

which prevented dynein from pulling newly nucleated daughter

microtubules away from the mother microtubule. However,

branching nucleation events in the presence of RanQ69L or

RanQ69L/TPX2 were clearly observed in the absence of vana-

date (Figures S1A and S1B; Movies S4 and S5), indicating that

this inhibitor was not essential for the nucleation reaction.

However, the ‘‘fans’’ were less organized in the absence of vana-

date due to their disruption bymicrotubule gliding.We also could

observe branching and fan-shaped microtubule structures by

blocking dynein gliding with CC1, an inhibitory fragment of the

p150 subunit of dynactin (Quintyne et al., 1999) (Figure S1C).

Branching Microtubule Nucleation from an Exogenous
Template Microtubule
We next tested whether branching microtubule nucleation can

occur on an exogenously added, stabilized microtubule. For

this purpose, GMPCPP-stabilized, biotinylated porcine brain
Cell 152, 768–777, February 14, 2013 ª2013 Elsevier Inc. 769
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Figure 1. Branching Microtubule Nucle-

ation Is Stimulated by Ran and TPX2 in

Meiotic Xenopus Egg Extracts

(A) Branching microtubule nucleation in Xenopus

egg meiotic extracts without added Ran or TPX2.

EB1-GFP (green) was added to the extract to

follow the microtubule plus ends and thus identify

locations of new microtubule growth. Alexa568-

labeled bovine brain tubulin (red) was added to

visualize microtubules. Sodium orthovanadate

was added to prevent dynein-mediated sliding of

microtubules along the glass and allow better

observation of branching microtubules. Long

arrows indicate nucleated microtubules that

emerge as a clear angled branch from the mother

microtubule. Short arrows indicate nucleated

microtubules that grow along the length of the

mother microtubule. The time of this sequence is

shown in seconds. Scale bar, 5 mm. See also

Movie S1.

(B) Branching nucleation is stimulated in the

presence of a constitutively active Ran mutant

(RanQ69L). Arrows are as in the Figure 1A legend.

Asterisks indicate regions that are enlarged in the

lower panels. Scale bar, 5 mm. See also Movie S2.

(C) Microtubule nucleation in an extract containing

both RanQ69L and TPX2, leading to branched fan-

like structures in the absence of microtubule

gliding. Arrows are as in the Figure 1A legend.

Asterisks indicate regions that are enlarged in the

lower panels. Scale bar, 5 mm. See also Movie S3.

(D) Branching occurs from an exogenously added

template microtubule. GMPCPP-stabilized, Cy5-

labeled pig brain microtubules were attached to

a passivated glass coverslip (to prevent binding of

endogenous microtubules), and a reaction mixture

of Xenopus extract, RanQ69L, TPX2, EB1-GFP

and Alexa568-labeled bovine brain tubulin was

added. New microtubule growth (EB1-GFP spots)

can be seen emerging from the template micro-

tubule. Scale bar, 10 mm.

See also Figure S1, and Movies S4 and S5.
microtubules were tethered via an antibiotin antibody to the

surface of a passivated glass coverslip. Upon addition of meiotic

Xenopus egg extract complemented with RanQ69L and TPX2,

robust branching nucleation occurred exclusively along the

length of the stabilized microtubules, but not on the passivated

glass surface (Figure 1D). This further demonstrates that

RanGTP and TPX2 can induce the formation of daughter micro-

tubules from a single parent microtubule, resulting in a tight

bundle of microtubules with the same polarity. In addition, this

result indicates that the parent microtubule need not be dynamic

and indeed can be from another species.

The Kinetics and Properties of Branching Microtubule
Nucleation
The qualitative observations from the microscopy experiments

described above demonstrate that addition of exogenous Ran-

GTP and TPX2 stimulate branching microtubule nucleation. We

next sought to determine how these factors influence the

kinetics of microtubule nucleation. An individual microtubule is

marked by a single GFP-EB1 spot at its growing plus tip, and
770 Cell 152, 768–777, February 14, 2013 ª2013 Elsevier Inc.
thus, counting the number of EB1-GFP spots using an auto-

mated algorithm provides a direct measure of microtubule

number over time. Application of this method to TIRF imaging

only counts microtubules near the coverslip, but nonquantitative

confocal and widefield imaging performed on similar reactions

(not shown) suggested this reflects the total population. In the

wild-type extract, microtubule numbers increased very slowly

over time (Figure 2). Addition of RanQ69L dramatically stimu-

lated the appearance of microtubules compared to the control

extract; the kinetics revealed an initial lag phase followed by

a sigmoidal increase in microtubule number. This result is in

general agreement with experiments by Ribbeck and Clausen

(Clausen and Ribbeck, 2007) who measured total microtubule

mass after RanQ69L addition. Addition of TPX2 with RanQ69L

further accelerated the rate of formation, as well as the number

of microtubules, compared to RanQ69L alone.

We next examined the angles of daughter filaments that

emerge from the mother microtubule; a branch angle of zero

degrees is defined as a parallel growth and 180� as antiparallel

growth (Figure 3A). The branch angle was shallow in most
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(A) Quantification of branch angles between the mother microtubule and the

newly growing daughter microtubule. A 0� angle corresponds to growth of a

new microtubule parallel to the mother microtubule, whereas a 180� angle

signifies antiparallel growth. The polarity of the mother microtubule is

preserved if the branch angle is smaller than 90�. Eighty-nine percent of the

branches are <30�.
(B) Quantification of branch position along the template microtubule. The

majority of branches occur along the middle of the microtubule, about a third

originate at the microtubule minus end, and more rarely, the EB1-enriched

microtubule plus tip branches.
instances, with the daughter microtubule growing parallel or

nearly parallel to the template microtubule (<10� for 52% of

branching events) (Figure 3A; Movies S1, S2, and S3). Strikingly,

the daughter filament virtually always grew toward the plus end

of the template microtubule (94% of the branch angles of

daughter MT are <90� with RanQ69L addition (Figure 3A; Movies

S1, S2, and S3), thus replicating the polarity of parent microtu-

bules in the emerging network.

Microtubule nucleation occurred predominantly along the

length of the original microtubule (�60%) and at the very distal

minus end (�30% of events, Figure 3B). Many nucleation events

along the length of the microtubule occurred at the same site

(within the resolution of the microscope) of a previous nucleation

event (�33%). In rare cases, a growing EB1 comet appeared to

split apart, thereby generating two new microtubules from

a growing plus end.

Molecular Factors Required for Branching Microtubule
Nucleation
Using the robust branching microtubule nucleation assay in the

presence of both RanQ69L and TPX2, we tested for the involve-

ment of additional factors by immunodepletion. Formation of

fan-shaped, branching microtubule structures that originated

by branching microtubule nucleation was not affected by

a control immunodepletion with nonspecific IgG antibodies (Fig-

ure 4A; Movie S6; 1.42 ± 0.56 fans [defined as a branching

cluster of more than five MTs] per 54 3 54 mm field of view;

mean ± SEM of two independent experiments with �50 fields

each). However, after immunodepletion of g-TB (�95%; Fig-

ure S2A) (Wiese and Zheng, 2000), very fewmicrotubules formed

within 7 min (Figure 4B; Movie S6), and those that could be

observed grew very long. The formation of these few microtu-

bules might be due to the activity of residual g-TuRC or some

minor alternative pathway. Although rare on the coverslip, fans
composed of few and unusually long microtubules were

observed in g-TB-depleted extract (Figure 4B, inset; Movie S6)

(0.04 ± 0.02 fans/field of view; mean ± SEM of two independent

experiments with �50 fields each). These data indicate that

g-TuRC is required for the primary nucleation pathway.

We next investigated the role of augmin, a protein complex

shown to target g-TB to pre-existing microtubules (Goshima

et al., 2007, 2008). Unlike g-TB depletion, microtubule nucleation

and growth still occurred after augmin immunodepletion (Fig-

ure S2A), although after a delay compared to the control immu-

nodepletion (Figure 4C; Movie S6). Strikingly, branching events

and the formation of fan-shaped structures were virtually abol-

ished (no fans observed in three independent experiments);

instead, individual microtubules formed gradually. This effect is

not due to partial (�30%) g-TB depletion that accompanies aug-

min immunodepletion (Petry et al., 2011). Similar results were

obtained after TPX2 immunodepletion (Figure S2B); individual

microtubules appeared on the glass surface after a delay, but

branching microtubule nucleation was not observed and fan-

shaped structures did not form (Figure 4D; Movie S6; no fans

observed in three independent experiments). Collectively these

results reveal that g-TB is required for virtually all nucleation

activity, and that both augmin and TPX2 have an essential role

in promoting branching microtubule nucleation.
Cell 152, 768–777, February 14, 2013 ª2013 Elsevier Inc. 771
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Figure 4. Molecular Factors Required for

Branching Microtubule Nucleation in the

Presence of RanQ69L and TPX2

(A) A control immunodepletion of the extract with

total IgG fraction antibodies still produced fan-

shaped structures composed of branching micro-

tubules and did not significantly affect levels of

augmin (Dgt4 subunit), g-TB, and TPX2 levels as

quantified in a western blot (bottom). Error bars

represent the SD of three independent experiments

with different extracts).

(B) Immunodepletion of g-TB (bottom) almost ex-

tinguished microtubule nucleation; most fields had

no or only a few microtubules; after longer times

(7 min), rare examples of fan-shaped structures

with few, but long, microtubules could be found on

the coverslip (see inset).

(C) Immunodepletion of the augmin Dgt4 subunit,

which depletes the entire augmin complex and one

third of g-TB (bottom), abolished branching

microtubule nucleation but still allowed for micro-

tubule growth.

(D) Similarly, immunodepletion of TPX2 abolished

branching microtubule nucleation but still allowed

for microtubule growth.

(E) Quantification of microtubule number over time

for different immunodepletions. Reactions were

made in the presence of RanQ69L plus TPX2 (ex-

cept for the TPX2 depletion, in which case only

RanQ69Lwas added). See Figure S2 andMovie S6.

Scale bars, (A–D) 10 mm. The time shown indicates

the approximate time of recording after adding the

extracts to the flow cell. See Movie S6 for

sequences of these immunodepletions. See also

Figure S2.
We next examined the effects of augmin, TPX2, or g-TB

depletion after RanGTP/TPX2 addition on the kinetics of micro-

tubule nucleation. Strikingly, in all cases, with the g-TB deple-

tion being the most severe, the initial sigmoidal increase in

microtubule number virtually disappeared and only a slow

increase in microtubule number was observed over the first

20 min of the reaction (Figure 4E). This result, combined with

the observation that both augmin and TPX2 are required for

the appearance of microtubule branches (Figures 4C and 4D),

suggests that branching microtubule nucleation is the major

mechanism responsible for the acceleration and amplification

of microtubule numbers that occurs when RanGTP is added

to the extract.

TPX2 Interactions
TPX2 is a multidomain protein that has been implicated in many

activities during spindle assembly. The N-terminal portion of

TPX2 binds to and activates Aurora A kinase (Tsai et al., 2003);

its C terminus has been implicated in direct microtubule binding

and interactions with the kinesins Eg5 and Xklp2 (Eckerdt et al.,

2008; Wittmann et al., 1998). We prepared recombinant N- and

C-terminal TPX2 fragments (NT- and CT-TPX2) and asked

whether they could restore branching microtubule nucleation

after depleting endogenous TPX2. Add-back of NT-TPX2 did

not rescue branching microtubule nucleation (Figure 5A; Movie

S7; no fans in two independent experiments); the phenotype
772 Cell 152, 768–777, February 14, 2013 ª2013 Elsevier Inc.
was indistinguishable from TPX2-depletion alone (Figure 4D).

In contrast, add-back of CT-TPX2 restored branching microtu-

bule nucleation (Figure 5A; Movie S7) (1.73 ± 1.3 fans/field of

view; mean ± SEM of two independent experiments with �50

fields each), as did full-length TPX2 (0.77 ± 0.14 fans/field of

view; mean ± SEM of two independent experiments with �50

fields each). Using GFP-fusion proteins, we found that full-length

TPX2 and CT-TPX2, but not NT-TPX2, were recruited to the fan-

shaped microtubule networks (Figures 5B–5D). Thus, TPX2 and

CT-TPX2 bound to microtubules where branching nucleation

occurred, although they did not necessarily localize exclusively

to sites of branching.

Augmin and g-TB were previously shown to interact by immu-

noprecipitation experiments (Petry et al., 2011; Uehara et al.,

2009; Zhu et al., 2008). We next tested whether endogenous

TPX2 in the extracts interacts with augmin or g -TB. When

TPX2 was immunoprecipitated on beads, augmin and g-TB

were found to coimmunoprecipitate in a specific manner

compared to control beads (Figure 5E). Similarly, immunoprecip-

itation of augmin and g-TB resulted in a specific signal for TPX2

on these beads. These experiments do not reveal the stoichiom-

etry of interactions between these proteins or whether the inter-

actions are direct or mediated through other proteins. However,

the immunoprecipitation experiments raise the possibility that

these proteinsmay cooperate in a complex that promotesmicro-

tubule nucleation.
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Figure 5. Rescue of Branching Microtubule

Nucleation by Addition of Recombinant

TPX2 to TPX2-Depleted Xenopus Extracts

(A) Addition of purified TPX2 or CT-TPX2 to an

extract depleted of TPX2 (see Figure 3D) could

rescue branching microtubule nucleation and the

formation of branched fan-like structures. In

contrast, add-back of NT-TPX2 displayed the

same phenotype as TPX2 immunodepletion (see

Figure 3D). For each experimental condition

a montage of four adjacent fields is displayed,

which was collected with the slide explorer func-

tion of theMicroManager software (Edelstein et al.,

2010). Scale bar, 10 mm. See also Movie S7.

(B–D) Localization of full-length GFP-TPX2 (B), the

N terminus of GFP-TPX2 (GFP-NT-TPX2) (C), and

the C terminus of GFP-TPX2 (GFP-CT-TPX2) (D).

The full-length and GFP-CT-TPX2 constructs

bind along microtubules (A568-TB) of the fan-like

structures, whereas the N terminus of GFP-TPX2

can hardly be detected. Scale bar, 10 mm.

(E) Immunoprecipitations using antibodies specific

against TPX2, augmin, and g-TB, and control

antibodies (total-IgG-fraction antibodies). The

same antibodies were used in the immunoblot as

detection reagents. TPX2, augmin, and g-TB

interact with each other. The two controls reflect

separate immunoprecipitation experiments.
DISCUSSION

In this study, we have developed an assay for visualizing branch-

ing microtubule nucleation in meiotic Xenopus egg extracts and

characterized its properties. These observations demonstrate

that branching microtubule nucleation occurs in an animal cell

system. Daughter microtubules grow in a low branch angle

and thus preserve polarity, making branchingmicrotubule nucle-

ation an ideal mechanism for generating parallel microtubule
Cell 152, 768–777,
structures, such as the mitotic spindle.

We have found that RanGTP and its

downstream target TPX2 stimulate

branching microtubule nucleation and

that augmin, g-TB, and TPX2 are essen-

tial for this process.

The Branching Nucleation
Mechanism Catalyzes Microtubule
Production and Preserves Polarity
of Microtubule Structures in
Xenopus Extracts
In Xenopus egg extracts, the increase in

microtubule mass over time following

the addition of chromatin beads (Dinarina

et al., 2009; Groen et al., 2009) or

RanQ69L (Clausen and Ribbeck, 2007)

demonstrates nonlinear behavior charac-

terized by an initial lag, a steeply rising

phase, and then a plateau. Clausen and

Ribbeck (2007) showed that addition of

seed microtubules shifts this sigmoidal
curve to earlier time points. They suggested that microtubules

induce their own production in an autocatalytic manner, perhaps

through a phenomenon of microtubule-dependent microtubule

nucleation (Mahoney et al., 2006). In this study, we directly

measured microtubule number by counting EB1 spots, and we

observed a similar sigmoidal increase over time with RanQ69L

and a further enhancement of the rate by addition of TPX2.

Strikingly, immunodepletion of augmin abolishes the sig-

moidal increase of microtubule number as a function of time
February 14, 2013 ª2013 Elsevier Inc. 773



after RanQ69L/TPX2 addition and instead results in a slow linear

increase. This quantitative analysis of microtubule number is

consistent with prior results showing a delay in the formation of

Xenopus acentrosomal spindles and RanQ69L-mediated asters

after augmin depletion (Petry et al., 2011). Furthermore, we

found that branching microtubule nucleation is absent after aug-

min immunodepletion. These results suggest that branching

microtubule nucleation is the primary mechanism responsible

for the rapid, sigmoidal increase in microtubule numbers

observed after RanQ69L and TPX2 addition. This conclusion is

predicated on augmin only enhancing microtubule numbers

through a branching nucleation mechanism, an assumption sup-

ported by current data showing a role for augmin in the recruit-

ment of g-TuRC to the side of a pre-existing microtubule.

However, one cannot exclude other nucleation-promoting activ-

ities for augmin in solution.

Since daughter microtubules virtually always grow in the same

direction as the mother microtubule, branching microtubule

nucleation is ideal for quickly generating parallel microtubule

structures in the cell. This feature distinguishes animal cell micro-

tubule branching from that observed in fission yeast, where

branching nucleation generates microtubules of opposite

polarity and, hence, antiparallel microtubule structures (Janson

et al., 2005). This result, combined with the fact that augmin

homologs have not been found in yeast, suggests that branching

nucleation in yeast and metazoans occur by fundamentally

different mechanisms. Augmin has recently been shown to be

important for microtubule production in the spindle and phrag-

moplasts of plants (Ho et al., 2011; Hotta et al., 2012; Nakaoka

et al., 2012). Branching microtubule nucleation also has been

observed in plants, although it has not yet been identified as an

activity of augmin (Chan et al., 2009; Murata et al., 2005). In Ara-

bidopsis, the daughter-mother branch angles are more broadly

distributed (0�–60�) (Chan et al., 2009; Murata et al., 2005) than

those described in this study (89% between 0� and 30�).

Molecular Players of Branching Microtubule Nucleation
Since augmin’s discovery, it has been speculated that it may be

involved in a branching microtubule nucleation mechanism

(Goshima et al., 2007, 2008). This hypothesis was based circum-

stantially on the findings that (1) augmin itself localizes to spindle

microtubules; (2) augmin is needed to recruit g-TB to the spindle

microtubules; and (3) depletion of augmin by RNAi decreases

microtubule density within the spindle (Goshima et al., 2007,

2008; Hotta et al., 2012; Lawo et al., 2009; Nakaoka et al.,

2012; Petry et al., 2011; Uehara and Goshima, 2010; Uehara

et al., 2009; Zhu et al., 2008). Here, using single-microtubule

imaging, we provide direct evidence for this hypothesis by

showing that branching microtubule nucleation takes place in

meiotic Xenopus egg extracts and that augmin depletion abol-

ishes this reaction.

While the connection between augmin and branching nucle-

ation is not necessarily surprising based upon past work, the

involvement of TPX2 in this reaction was not necessarily ex-

pected. Previous studies have shown that TPX2 is a key factor

that promotes microtubule assembly in Xenopus egg extracts

and is regulated by Ran (Gruss et al., 2001). TPX2 also was found

to promote the assembly of microtubules from pure tubulin in
774 Cell 152, 768–777, February 14, 2013 ª2013 Elsevier Inc.
solution in vitro (Brunet et al., 2004; Schatz et al., 2003). Here,

we show that TPX2 immunodepletion inhibits branchingmicrotu-

bule nucleation, thereby connecting TPX2 with the augmin- and

g-TuRC-mediated nucleation reaction. TPX2 interacts with both

augmin and g-TuRC by immunoprecipitation, suggesting the

possibility of the assembly of a larger branching nucleation

complex. From these results, one might expect augmin, TPX2,

and g-TuRC to be localized at branch points. However, our

current results with antibodies to these proteins reveal general

staining throughout the microtubule fan, making it difficult to

discern specific localization at branches (unpublished data).

Further insight into the molecular mechanism of how augmin,

TPX2, and g-TuRC give rise to branching microtubule nucleation

will require in vitro reconstitution of this nucleation process with

purified proteins.

The Ran Pathway, Augmin, and Branching Microtubule
Nucleation
Our recent study showed that augmin depletion inhibited

RanGTP-mediated microtubule aster formation in Xenopus

extracts (Petry et al., 2011), but the connection to RanGTP was

not previously evident. The present studies show directly that

branching microtubule nucleation is stimulated by RanGTP

and solidifies a connection between upstream formation of

RanGTP, created by the chromosome-bound guanine-nucleo-

tide exchange factor RCC1, and downstreammicrotubule nucle-

ation by augmin and g-TuRC. Most studies to date propose that

RanGTP stimulatesmicrotubule nucleation in the vicinity of chro-

mosomes or as a gradient decaying from chromatin, rather than

occurring throughout the body of the spindle (Caudron et al.,

2005; Kaláb et al., 2006; Clausen and Ribbeck, 2007). However,

microtubule nucleation (as evidenced by the appearance of

GFP-EB1 comets) occurs throughout the spindle, even at acen-

trosomal poles located at a considerable distance from the

chromosomes (Mahoney et al., 2006; Brugués et al., 2012).

Furthermore, models in which RanGTP stimulates soluble micro-

tubule nucleators would be expected to create randomly

oriented microtubules, which would require continual sorting

by microtubule motors (Walczak et al., 1998) to maintain the

polarity of microtubules in the spindle. These aspects of the

Ran-mediated microtubule nucleation become less puzzling if

one of its downstream microtubule nucleators is located on the

microtubule itself, using the information of pre-existing microtu-

bules to define the polarity of new microtubules. Thus, the

actions of microtubule motors and branching nucleation can

synergize to create and maintain the polarity of microtubules in

the spindle. However, the question of how the combined actions

of RanGTP, the upstream activator emanating from the chromo-

somes, and augmin and g-TuRC, the downstream effectors

located on microtubules throughout the spindle (Goshima

et al., 2008; Lawo et al., 2009; Uehara et al., 2009; Zhu et al.,

2008), regulate branching microtubule nucleation spatially and

temporally during spindle assembly remains unresolved.

Role of Branching Microtubule Nucleation in Spindle
Assembly
Branching microtubule nucleation may help to explain several

unresolved aspects of meiotic and mitotic spindles, including



their rapid assembly, the maintenance of local structure and

polarity despite rapid microtubule turnover, and the sharp

boundaries at the edge of spindles. Computational studies

suggest that the two originally proposed pathways of centro-

some- and chromatin-based microtubule nucleation are insuffi-

cient to explain these features of spindle assembly (Clausen

and Ribbeck, 2007; Loughlin et al., 2010; Needleman et al.,

2010). Our observations of branching MT nucleation, specifically

the low branch angles and the contribution of augmin/TPX2-

mediated branching to the sigmoidal increase in microtubule

numbers, are consistent with this nucleation mechanism

contributing to (1) efficient amplification (during assembly) and

maintenance (at steady state) of microtubule density in the

spindle; (2) preservation of local polarity throughout the

spindle; and (3) creation of edges through strong positive feed-

back of microtubule density. These microscopic features are

also consistent with the gross perturbations that occur in the

spindle in augmin-depleted cells or Xenopus extracts, which

include a decrease in spindle microtubule density and poor

spindle shape.

Branching microtubule nucleation is also well suited to build

and maintain parallel, high-density microtubule bundles, such

as kinetochore fibers. Consistent with this idea, augmin deple-

tion reduces kinetochore fiber formation and stability (Bucciarelli

et al., 2009; Goshima et al., 2008; Lawo et al., 2009; Uehara et al.,

2009), augmin localizes to kinetochore fibers in plants (Hotta

et al., 2012), and TPX2 localizes preferentially to kinetochore

fibers in human cells (Bird and Hyman, 2008). The augmin

subunit Dgt6 also interacts with the kinetochore protein Ndc80

(Bucciarelli et al., 2009), and addition of excess importin b or

depletion of TPX2 blocks microtubule formation from kineto-

chores (Tulu et al., 2006). Thus, augmin and TPX2 might be

involved in promoting microtubule nucleation both at kineto-

chores and along kinetochore fibers.

EXPERIMENTAL PROCEDURES

Proteins, Antibodies, and Xenopus Egg Extract Generation

Purification of GFP-EB1 and production of the antibodies against Xenopus

laevis Dgt4 and g-TB were described recently (Petry et al., 2011). The anti-

TPX2 antibody (Groen et al., 2009) and GST-tagged TPX2 (Groen et al.,

2004) were prepared as described earlier. GFP-tagged full-length N-terminal

and C-terminal TPX2 constructs (Brunet et al., 2004) were bacterially ex-

pressed and purified by affinity chromatography with Ni-NTA (QIAGEN).

RanQ69L was purified in the same way, but additionally loaded with GTP as

described (Weis et al., 1996). The CC1 construct (P150-CC1) was expressed

and purified as described previously (King et al., 2003). CSF extracts were

prepared from Xenopus laevis oocytes according to Murray and Kirschner,

(1989) and either used immediately or subjected to immunodepletions

(Petry et al., 2011).

Assay Set-Up, Microscopy, and Image Analysis

Untreated or immunodepleted CSF extracts were supplemented with 0.86 mM

Alexa568-labeled bovine brain tubulin and 0.8 mMGFP-EB1. Depending on the

experiment, 0.5 mM vanadate (sodium orthovanadate), 11 mM RanQ69L, or

1 mM TPX2 (or the NT or CT TPX2 construct) were further added. The CC1

construct was substituted for vanadate at a final concentration of 0.125 mg/

ml. Each component was added from 203 stock solution in CSF-XB buffer

(10 mM HEPES [pH 7.7], 2 mM MgCl2, 0.1 mM CaCl2, 100 mM KCl, 5 mM

EGTA, and 50 mM sucrose) to minimize dilution. For control experiments, an

equivalent volume of CSF-XB buffer was used. To start the experiment,
a 5 ml reaction mixture (previously kept on ice) was pipetted into a flow cell

composed of a glass slide, two stripes of double-stick tape, and a glass cover-

slip, and examined with TIRF microscopy. Microtubule nucleation and the

formation of branched fan-like structures can be observed several minutes

after pipetting the reaction mix into the flow cell. This delay time varies slightly

with each extract and increases with the dilution of extract in the reaction mix.

For the experiment with a pig brain template microtubule, glass coverslips

were first passivated with dichlorodymethylsilane (Gell et al., 2010). The glass

surface was coated with an antibiotin antibody and blocked with k-casein

before attaching biotin- and Cy5-labeled microtubules, which were stabilized

by GMPCPP. After a final wash of the flow cell with CSF-XB, CSF extract was

added and imaging started.

Imaging was performed with TIRF microscopy on a Nikon Ti or

Eclipse TE200-E microscope equipped with an Andor Ixon EM CCD camera,

a 1003, 1.49 NA TIRF objective, and Micro-Manager imaging software (Edel-

stein et al., 2010). Dual and triple color images were acquired every 2 s at room

temperature. ImageJ (Wayne Rasband, National Institutes of Health) was used

for quantitating branch angles between the daughter and mother microtu-

bules. An angle of 0� corresponds to parallel growth, whereas an angle of

180� implies antiparallel growth. The polarity of the daughter microtubule

remains preserved with a branch angle between 0� and 90�.
For quantification of microtubule numbers, the GFP-EB1 spots of an image

sequence were sharpened by applying a Gaussian Blur function with a low (1)

and a high (5) radius of decay, followed by subtraction of the latter image

sequence from the former. Next, a threshold was set to eliminate background

noise before counting particles for each time frame with the Analyze Particles

function in ImageJ (Wayne Rasband, NIH).
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Petry, S., Pugieux, C., Nédélec, F.J., and Vale, R.D. (2011). Augmin promotes

meiotic spindle formation and bipolarity in Xenopus egg extracts. Proc. Natl.

Acad. Sci. USA 108, 14473–14478.

Quintyne, N.J., Gill, S.R., Eckley, D.M., Crego, C.L., Compton, D.A., and

Schroer, T.A. (1999). Dynactin is required for microtubule anchoring at centro-

somes. J. Cell Biol. 147, 321–334.

Sawin, K.E., and Mitchison, T.J. (1991). Poleward microtubule flux mitotic

spindles assembled in vitro. J. Cell Biol. 112, 941–954.

Schatz, C.A., Santarella, R., Hoenger, A., Karsenti, E., Mattaj, I.W., Gruss, O.J.,

and Carazo-Salas, R.E. (2003). Importin a-regulated nucleation of microtu-

bules by TPX2. EMBO J. 22, 2060–2070.

Tirnauer, J.S., Salmon, E.D., and Mitchison, T.J. (2004). Microtubule plus-end

dynamics in Xenopus egg extract spindles. Mol. Biol. Cell 15, 1776–1784.

Tsai, M.Y., Wiese, C., Cao, K., Martin, O., Donovan, P., Ruderman, J., Prigent,

C., and Zheng, Y. (2003). A Ran signalling pathway mediated by the mitotic

kinase Aurora A in spindle assembly. Nat. Cell Biol. 5, 242–248.

Tulu, U.S., Fagerstrom, C., Ferenz, N.P., and Wadsworth, P. (2006). Molecular

requirements for kinetochore-associatedmicrotubule formation inmammalian

cells. Curr. Biol. 16, 536–541.

Uehara, R., and Goshima, G. (2010). Functional central spindle assembly

requires de novo microtubule generation in the interchromosomal region

during anaphase. J. Cell Biol. 191, 259–267.

Uehara, R., Nozawa, R.S., Tomioka, A., Petry, S., Vale, R.D., Obuse, C., and

Goshima, G. (2009). The augmin complex plays a critical role in spindle micro-

tubule generation for mitotic progression and cytokinesis in human cells. Proc.

Natl. Acad. Sci. USA 106, 6998–7003.
Walczak, C.E., Vernos, I., Mitchison, T.J., Karsenti, E., and Heald, R. (1998). A

model for the proposed roles of different microtubule-based motor proteins in

establishing spindle bipolarity. Curr. Biol. 8, 903–913.

Weis, K., Dingwall, C., and Lamond, A.I. (1996). Characterization of the nuclear

protein import mechanism using Ran mutants with altered nucleotide binding

specificities. EMBO J. 15, 7120–7128.

Wiese, C., and Zheng, Y. (2000). A new function for the g-tubulin ring complex

as a microtubule minus-end cap. Nat. Cell Biol. 2, 358–364.

Wiese, C., and Zheng, Y.X. (2006). Microtubule nucleation: g-tubulin and

beyond. J. Cell Sci. 119, 4143–4153.

Wiese, C., Wilde, A., Moore, M.S., Adam, S.A., Merdes, A., and Zheng, Y.

(2001). Role of importin-b in coupling Ran to downstream targets in microtu-

bule assembly. Science 291, 653–656.

Wilde, A., and Zheng, Y. (1999). Stimulation of microtubule aster formation and

spindle assembly by the small GTPase Ran. Science 284, 1359–1362.

Wittmann, T., Boleti, H., Antony, C., Karsenti, E., and Vernos, I. (1998). Local-

ization of the kinesin-like protein Xklp2 to spindle poles requires a leucine

zipper, a microtubule-associated protein, and dynein. J. Cell Biol. 143,

673–685.

Zhang, H., and Dawe, R.K. (2011). Mechanisms of plant spindle formation.

Chromosome Res. 19, 335–344.

Zhu, H., Coppinger, J.A., Jang, C.Y., Yates, J.R., 3rd, and Fang, G. (2008).

FAM29A promotes microtubule amplification via recruitment of the NEDD1-

g-tubulin complex to the mitotic spindle. J. Cell Biol. 183, 835–848.
Cell 152, 768–777, February 14, 2013 ª2013 Elsevier Inc. 777


	Branching Microtubule Nucleation in Xenopus Egg Extracts Mediated by Augmin and TPX2
	Introduction
	Results
	Visualization of Branching Microtubule Nucleation in Meiotic Xenopus Egg Extracts
	Branching Microtubule Nucleation Is Promoted by RanGTP and TPX2
	Branching Microtubule Nucleation from an Exogenous Template Microtubule
	The Kinetics and Properties of Branching Microtubule Nucleation
	Molecular Factors Required for Branching Microtubule Nucleation
	TPX2 Interactions

	Discussion
	The Branching Nucleation Mechanism Catalyzes Microtubule Production and Preserves Polarity of Microtubule Structures in Xen ...
	Molecular Players of Branching Microtubule Nucleation
	The Ran Pathway, Augmin, and Branching Microtubule Nucleation
	Role of Branching Microtubule Nucleation in Spindle Assembly

	Experimental Procedures
	Proteins, Antibodies, and Xenopus Egg Extract Generation
	Assay Set-Up, Microscopy, and Image Analysis

	Supplemental Information
	Acknowledgments
	References


