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Direct observation of branching MT nucleation in
living animal cells
Vikash Verma1 and Thomas J. Maresca1,2

Centrosome-mediated microtubule (MT) nucleation has been well characterized; however, numerous noncentrosomal MT
nucleation mechanisms exist. The branching MT nucleation pathway envisages that the γ-tubulin ring complex (γ-TuRC) is
recruited to MTs by the augmin complex to initiate nucleation of new MTs. While the pathway is well conserved at a
molecular and functional level, branching MT nucleation by core constituents has never been directly observed in animal cells.
Here, multicolor TIRF microscopy was applied to visualize and quantitatively define the entire process of branching MT
nucleation in dividing Drosophila cells during anaphase. The steps of a stereotypical branching nucleation event entailed
augmin binding to a mother MT and recruitment of γ-TuRC after 15 s, followed by nucleation 16 s later of a daughter MT at a
36° branch angle. Daughters typically remained attached throughout their ∼40-s lifetime unless the mother depolymerized
past the branch point. Assembly of branched MT arrays, which did not require Drosophila TPX2, enhanced localized RhoA
activation during cytokinesis.

Introduction
Microtubules (MTs) play a central role in many biological pro-
cesses including cell division, cell movement, and intracellular
transport. The efficacy of MT-dependent processes depends on
spatiotemporal control of MT nucleation as well as the organi-
zation of polymerized MTs into specific 3D arrays. The centro-
some is a major MT nucleation center and MT array organizer.
However, the fact that centrosomes are absent from most
mammalian oocytes/eggs and many plant species (Budde and
Heald, 2003; Clift and Schuh, 2013; Severson et al., 2016) was
an early indication of the existence of acentrosomal nucleation
pathways. One such acentrosomal pathway is MT-dependent
branching MT nucleation, which was initially described in
plants, where the phenomenon was clearly visualized in cortical
MT regrowth assays in green algae (Wasteneys and Williamson,
1989) and then quantitatively analyzed in Arabidopsis thaliana
cortical interphase MT arrays and tobacco BY-2 cell-free lysates
(Murata et al., 2005; Chan et al., 2009; Nakamura et al., 2010;
Liu et al., 2014; Walia et al., 2014).

Centrosome-mediated MT nucleation requires γ-tubulin
and its associated proteins known as the γ-tubulin ring com-
plex (γ-TuRC; Zheng et al., 1995; Jeng and Stearns, 1999; Moritz
et al., 2000; Kollman et al., 2010). γ-TuRC is not limited to the
centrosome, as the complex localizes along the length of spindle
MTs (Goshima et al., 2008; Zhu et al., 2008), and visualization
of plant cortical arrays revealed that daughter MT branches

were nucleated by mother-associated γ-TuRC (Murata et al.,
2005). The mechanism and molecules responsible for recruit-
ing γ-TuRC to mother MTs was unknown until a genome-wide
RNAi screen in Drosophila melanogaster S2 cells identified five
dim γ-tubulin proteins (DGT2–6) that were required for
γ-tubulin localization to spindle MTs, but not centrosomes
(Goshima et al., 2007). Dgt2–6 formed a stable complex called
augmin that was required for proper spindle assembly and
function (Goshima et al., 2007). Subsequently, augmin was
determined to be a conserved octameric protein complex con-
taining DGT2–9 subunits in Drosophila (Meireles et al., 2009;
Uehara et al., 2009), and in humans, the following eight sub-
units of augmin were identified: Ccdc5 (HAUS1), Cep27
(HAUS2), hDgt3 (HAUS3), C14orf94 (HAUS4), hDgt5 (HAUS5),
hDgt6 (HAUS6), UCHL5IP (HAUS7), and Hice1 (HAUS8; Lawo
et al., 2009; Uehara et al., 2009). Hice1/HAUS8/Dgt4 has been
shown to bind directly to MTs (Wu et al., 2008; Hsia et al.,
2014), while the Dgt3, Dgt5, and hDgt6/HAUS6/Dgt6 subunits
of augmin have been reported to bind to γ-TuRC via its subunit,
NEDD1 (Haren et al., 2006; Lüders et al., 2006; Zhu et al., 2008;
Uehara et al., 2009; Chen et al., 2017). Augmin is functionally
well conserved, as depletion of augmin components in various
cell types leads to reduction in spindle MT density, chromo-
some missegregation, midzone MT assembly defects, and in-
creased incidence of cytokinesis failure (Zhu et al., 2008;
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Meireles et al., 2009; Uehara et al., 2009, 2016; Uehara and
Goshima, 2010; Hayward et al., 2014).

Since the identification of augmin, the interphase corticalMT
array in Arabidopsis has provided the best system to visualize the
central players (MTs, augmin, and γ-TuRC) during branching
nucleation (Liu et al., 2014; Wang et al., 2018). The formation of
augmin-dependent branched MT arrays was also visualized in
Xenopus laevis egg extracts (Petry et al., 2013), although the
postulated steps of branching MT nucleation, (1) augmin bind-
ing, (2) recruitment of γ-TuRC to mother MTs, and (3) nuclea-
tion of daughter MTs, were not directly observed. In the egg
extract model, autocatalytic MT nucleation mechanisms, in-
cluding the augmin-mediated branching pathway, have been
evoked to describe how very large spindles and asters can as-
semble in large cells such as eggs and oocytes (Brugués et al.,
2012; Ishihara et al., 2014, 2016; Decker et al., 2018). RanGTP and
its downstream target targeting protein for Xklp2 (TPX2), which
mediate acentrosomal spindle assembly around DNA (Groen
et al., 2009; Maresca et al., 2009; Oh et al., 2016), have been
implicated in promoting branching MT nucleation (Petry et al.,
2013; Alfaro-Aco et al., 2017; Thawani et al., 2019). Interestingly,
these factors are unlikely to contribute to branching MT nu-
cleation in interphase cortical MT arrays in plant cells, as both
RanGTP and plant TPX2 are nuclear during interphase (Vos
et al., 2008). There is also a discrepancy between measured
branch angles across systems, with plants exhibiting larger
augmin-mediated branch angles (∼40°) than those measured in
Xenopus egg extracts (Murata et al., 2005; Chan et al., 2009;
Nakamura et al., 2010; Petry et al., 2013; Liu et al., 2014; Walia
et al., 2014). Present understanding of the branching MT nu-
cleation pathway in animal cells is limited due to the absence of
direct high-resolution imaging of daughter MT nucleation
events by its molecular mediators. In this study, multicolor, live-
cell total internal reflection fluorescence (TIRF) imaging in Dro-
sophila S2 cells, the system in which augmin was first identified
(Goshima et al., 2007, 2008), was applied to visualize the entire
process of branching MT nucleation by augmin and γ-TuRC.

Results and discussion
In a previous study, we observed the assembly of astral-like MT
arrays that appeared to be generated by branching MT nuclea-
tion after anaphase onset in Drosophila S2 cells (Verma and
Maresca, 2019). To test if these arrays were generated by bona
fide branching MT nucleation events, a stable cell line coex-
pressing EGFP-α-tubulin and γ-tubulin-Tag-RFP-T was created
and imaged with dual-color, high-resolution TIRF microscopy.
Centrosomal and spindle MT populations of γ-tubulin were
observed throughout mitosis, and the localization of γ-tubulin
puncta to spindle MTs, while abundant, was transient and dy-
namic. Prior to anaphase onset, individual MTs could not be
readily visualized by TIRF microscopy; however, after anaphase
onset, more stable astral MTs entered the TIRF field, where they
could be imaged for extended durations. Indeed, γ-tubulin
puncta were observed to dynamically localize to astral MTs
and to reside at the sites of daughterMT nucleation (Fig. 1, A and
B; and Video 1). Quantification of bona fide branching nucleation

events revealed that the lag time between the localization of a
γ-tubulin puncta to a mother MT and nucleation of a daughter
MT was 15.9 ± 8.8 s (mean ± SD, n = 41 events; Fig. 1 C). In
contrast to branching MT nucleation events in Xenopus egg ex-
tracts, where reported branch angles were shallow (<10° for 52%
of branching events; Petry et al., 2013), the branching nucleation
events observed in anaphase Drosophila S2 cells exhibited a
mean branching angle of 35.7° ± 8.8° (n = 87) and in the same
orientation as the mother MT (Fig. 1 D).

Inmost cases, if themotherMT did not depolymerize past the
branch point, the daughter remained attached to the mother MT
and exhibited dynamic instability. While variable, the mean
lifetime of a daughter MTwas 36.0 ± 25.3 s (n = 90; Fig. 1 E) and,
over a typical lifetime, a dynamic daughter MT polymerized
micrometers from the branch site (Fig. 1 B). The branch point
distribution (n = 42) along the length of mother MTs spanned
between the 11–61% fractional position (relative to the minus
end), with a bias toward the minus end, as the median fractional
position was 37.5 ± 14.1% (Fig. 1 F). Interestingly, the frequency
of branching in the first third of the mother MT was reduced
relative to the peak observed around the 37% fractional length. A
caveat to this distribution is that it could bemeasured only along
the length of the mother that was present in the TIRF field,
which did not always extend to the minus end located near the
spindle pole or centrosome. In some cases, branching MT nu-
cleation of “granddaughter” MTs from daughters was observed;
however, split branching of growing MT plus ends (Basnet et al.,
2018) was not evident. We also occasionally observed de novo
MT nucleation events from cytosolic γ-tubulin puncta, albeit at a
lower frequency than branching MT nucleation, suggesting that
the nucleating activity of γ-TuRCmay be enhanced by binding to
preexisting MTs (Kaye et al., 2018).

The 36° branch angle measured in S2 cells is consistent with
branching MT nucleation in cortical interphase MT arrays in
plants (Murata et al., 2005; Chan et al., 2009; Liu et al., 2014;
Walia et al., 2014), although we did not observe obvious
branching MT nucleation events from interphase MTs, which
were stable and abundantly visible in the TIRF field. Thus,
Drosophila augmin appears to be regulated in a cell cycle–
dependent manner, most likely via phosphoregulation by mi-
totic kinases (Zhang et al., 2009; Johmura et al., 2011; Tsai et al.,
2011). Interestingly, cell cycle regulation of augmin in plants is
achieved through assembly of different complexes that incor-
porate distinct MT-binding Hice1/HAUS8-like subunits between
interphase and mitosis (Lee et al., 2017). Multiple studies in
plants have reported that during interphase, ∼80% of branches
occur at a 40° angle, while ∼20% of daughters nucleate parallel
to the mother MT. We do not rule out that parallel nucleation
events also occur in anaphase S2 cells, but we could not confi-
dently identify bona fide parallel branch events as defined by
daughters originating from a mother-associated γ-TuRC. It is
noteworthy that augmin depletion in Arabidopsis resulted in
most nucleation events (63%) becoming parallel (Liu et al.,
2014), indicative of the 40° branch angle being mediated by
the interphase augmin complex. From an evolutionary per-
spective, it will be interesting to determine if the mitotic augmin
complex in plants (Lee et al., 2017) shifts to shallow-angle
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nucleation events like those observed in metaphase Xenopus egg
extracts (Petry et al., 2013; Thawani et al., 2019) or if the com-
plex retains the ability to nucleate daughters at a 40° branch
angle, comparable to the anaphase measurements reported here
in Drosophila cells.

It has been proposed that the augmin complex targets γ-TuRC
to preexisting MTs, which in turn initiates branching MT nu-
cleation; however, this theoretical series of events has never
been directly observed in animal cells. To visualize the proper-
ties of the augmin complex and γ-TuRC throughout the
branchingMT nucleation process in Drosophila S2 cells, wemade
a stable cell line coexpressing EGFP-α-tubulin, γ-tubulin-Tag-
RFP-T, and mTurquoise2-Dgt5 (an augmin subunit) and per-
formed three-color, live-cell TIRF microscopy. Dgt5 localized as
discreet puncta to spindle MTs (Fig. 2 A) throughout mitosis.
Dgt5 puncta were dynamic but typically remained localized to
MTs slightly longer than γ-tubulin puncta and, while bound,
Dgt5 often displayed minus end–directed movements (albeit
many of these events were due to poleward movement of the
MTs). Importantly, we were also able to observe branching
nucleation events originating from colocalized puncta of Dgt5
and γ-tubulin (Figs. 2 B and S1; and Videos 2 and 3). Extensive
imaging of the core components revealed a stepwise process of
augmin-mediated branching MT nucleation whereby the aug-
min complex first associated with the mother MT and recruited
γ-TuRC from the cytosol to nucleate daughter MTs (Fig. 2 B).
The mean lag time between augmin complex binding and
γ-TuRC recruitment was 14.8 ± 8.9 s (n = 21; Fig. 2 C), while the
time between Dgt5 binding to the mother MT and daughter
nucleationwas 28.8 ± 20.3 s (n = 25; Fig. 2 D). Dgt5 and γ-tubulin

typically remained at the branch point throughout the lifetime
of the daughter unless the mother MT depolymerized past the
branch point. Upon complete depolymerization of the daughter
MT, the γ-tubulin puncta at the branch point dissociated from
the mother MT (Fig. 1 B), while the augmin complex sometimes
remained and was even capable of supporting another round of
branching MT nucleation (Fig. 2 B and Video 3).

Dgt5 puncta (n = 110) were distributed along a broader length
of the mother MT (5–93% fractional distance) than the branch
point distribution (Fig. 1 F), but the median fractional distance of
43% for Dgt5 was comparable to the branch point median (37%),
and the first third of the mother MT also exhibited reduced Dgt5
compared with the peak at ∼40% (Fig. 2 E). The branch point
and augmin distributions suggest that there may be a spatial
regulatory mechanism that reduces augmin binding, and hence
branching, in the first third of mother MTs that emanate from
centrosomes and/or spindle poles. Interestingly, aurora A ki-
nase, which can generate a polar activity gradient that has been
shown to spatially regulate other important mitotic phenomena
(Chmátal et al., 2015; Ye et al., 2015; Mangal et al., 2018), reduces
the binding affinity of augmin forMTs by phosphorylating Hice1
(Tsai et al., 2011). There was not a significant difference between
the intensity of Dgt5 puncta that supported branching versus
those that did not (Fig. 2 F). These data do not preclude the
possibility that augmin oligomers recruit γ-TuRC. Further in-
vestigation of the number of Dgt5 molecules in the puncta will
be informative, especially since augmin binds to NEDD1 (Zhu
et al., 2008; Uehara et al., 2009; Chen et al., 2017), of which
there is thought to be multiple copies in a single γ-TuRC (Tovey
and Conduit, 2018). The mean dwell time of Dgt5 puncta at

Figure 1. Direct visualization of branching MT nucleation in Drosophila S2 cells. (A) Two-color TIRF imaging of an astral MT in a post-anaphase cell
coexpressing EGFP-α-tubulin (green) and γ-tubulin-Tag-RFP-T (red). This representative branching event encompasses γ-tubulin landing on the mother MT
through disassembly of the daughter MT, both of which contact the cortex (white line at 00:26). (B) Kymograph of the branching event from region (dashed
line at 00:04) in A. (C) Histogram of the lag time between (b/w) γ-tubulin recruitment to the mother MT and birth of a daughter MT; n = 41. (D) Distribution of
branch angles between mother and daughter MTs. The branch angles were measured 5–10 s after the appearance of daughter MTs; n = 87. (E) Dot plot shows
distribution of lifetimes of daughter MTs; n = 90; lifetime is time from birth to death of the daughter MT. (F) Histogram shows distribution of branch origins
along the length of mother MTs; n = 42. Time, min:s. Scale bars, 5 µm (A and B). Mean ± SD values are reported in all the histograms. Error bar on the dot plot
indicates ± SD.
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Figure 2. Direct visualization of the keymediators of branchingMT nucleation. (A) Representative TIRFmicrographs showing expression and localization
of γ-tubulin-Tag-RFP-T (red) and mTurquoise2-Dgt5 (blue) in a mid-anaphase Drosophila S2 cell. Inset shows a representative MT branching event where
mTurquoise2-Dgt5 and γ-tubulin-Tag-RFP-T colocalized. (B) Still frames from a TIRF time-lapse of MT branching events in a cell coexpressing GFP-α-tubulin
(green), mTurquoise2-Dgt5 (blue), and γ-tubulin-TagRFP (red). The events include the following: (a) Localization of two Dgt5 puncta at 10 s on mother MT (one
indicated by the red circle and marked 1, and another indicated by the red arrowhead and marked 2 in the mTurquoise2 channel). (b) Dgt5 puncta (1) recruits
γ-tubulin (1) (RFP channel, 0:20). The γ-tubulin puncta (1) dissociates from Dgt5 (1) within 30 s without a branch event; although the Dgt5 puncta (1) remains
associated with the mother. (c) Dgt5 (2) recruits γ-tubulin (2) (RFP channel, 0:50), and this complex nucleates a daughter within 30 s (1:20). (d) Dgt5 puncta
(now denoted 1*) recruits a second γ-tubulin (3) (RFP channel, 1:30), which nucleates a branch within 20 s (1:40). The first daughter MT grows for 20 s (plus end
indicated by white arrowheads in GFP channel) while the second daughter MT was born shortly before the mother depolymerizes. The asterisk (GFP channel,
1:20) indicates a rare event in which a daughter with minus end–associated γ-tubulin and Dgt5 dissociates from an intact mother. The unattached daughter
depolymerized completely within 20 s. (C) Average lag time between (b/w) mTurquoise2-Dgt5 (augmin complex subunit) binding to the mother MT and
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nucleation sites was 58.3 ± 24.0 s (n = 23) versus 9.9 ± 6.4 s (n =
48) for Dgt5 puncta that did not support daughter nucleation
(Fig. 2 G). These dwell times are comparable to measurements
made for nucleating versus nonnucleating augmin and γ-TuRC
components in plant cells (Nakamura et al., 2010; Liu et al., 2014;
Walia et al., 2014), as well as to a subset of purified augmin
complexes on MTs in vitro (Hsia et al., 2014). The observations
that nucleation-supporting Dgt5 puncta are not significantly
brighter than nonnucleating puncta yet reside on the MT for
5.9 times longer (which is in accordance with the fact that
augmin and γ-TuRC typically remain at the branch point for the
daughter’s lifetime) suggest that the affinity of augmin for MTs
may be increased by γ-TuRC binding, either directly or through
the introduction of another regulatory factor such as an enzyme
or MT-binding factors.

TPX2 is a highly conserved protein, and its activity has been
associated with multiple roles in mitosis, such as spindle as-
sembly (Wittmann et al., 2000; Gruss et al., 2001, 2002; Ma
et al., 2010; Wadsworth, 2015), MT nucleation, and MT stabili-
zation (Groen et al., 2009; Petry et al., 2013; Reid et al., 2016;
Alfaro-Aco et al., 2017; Roostalu and Surrey, 2017). In Xenopus
egg extracts, branching MT nucleation events were observed
following the addition of 5–10-fold molar excess TPX2 and
RanGTP, and branching MT nucleation was compromised in
extracts depleted of endogenous TPX2 (Petry et al., 2013;
Thawani et al., 2019). One model of augmin-mediated branching
MT nucleation proposes that γ-TuRC is recruited to augmin
complex via TPX2, because the three components coimmuno-
precipitated from egg extracts (Petry et al., 2013). TPX2 contains
a composite binding sequence that shows resemblance to the
yeast Spc110/Pcp1 motif and centrosomin motif (CM1)/γ-TuRC
nucleation activator motif (γ-TuNA), deletions of which resulted
in reduced or no branching MT nucleation in the Xenopus egg
extract branching assay (Alfaro-Aco et al., 2017).

Sequence alignment between Xenopus TPX2 and Drosophila
D-TPX2 indicated that D-TPX possesses a partially conserved
CM1/γ-TuNAmotif “ERRRDD,’’while the other conserved motif,
Spc110/Pcp1motif, is absent (Fig. 3 A). Further investigation into
the predicted secondary structure of D-TPX2 revealed that its
C-terminus (190–325 amino acids) contains five short stretches
of α-helices, and the partially conserved γ-TuNA motif lies
within the predicted α-helices (Fig. 3 B), as is the case for Xen-
opus TPX2 (Alfaro-Aco et al., 2017). To further investigate the
role of D-TPX2 in branching MT nucleation events in Drosophila
S2 cells, TIRF microscopy was performed in stable cell lines
expressing mTurquoise2-Dgt5, γ-tubulin-Tag-RFP-T, and EGFP-
α-tubulin depleted of D-TPX2 by RNAi. Consistent with previous
reports from live S2 cells, spindle assembly was largely unper-
turbed following D-TPX2 depletion (>95%; Fig. 3 C; Goshima,
2011). Therefore, we were able to readily analyze the effects of

D-TPX2 depletion on branching MT nucleation events after
anaphase onset. D-TPX2 depletion did not alter key parameters
of branchingMT nucleation (Fig. 3, D–F). The same branch angle
(Fig. 3 E, control RNAi, 36.2° ± 10.4°, n = 22; TPX2 RNAi, 35.7° ±
9.7°, n = 22) and lifetime of daughterMTs (Fig. 3 F, control RNAi,
37.7 ± 19.8 s, n = 22; TPX2 RNAi, 47.2 ± 20.5 s, n = 22) were
measured in control and D-TPX2–depleted cells. The branch
frequency, as defined by the number of branching events ob-
served in the TIRF field over a 3-min imaging window after
anaphase onset, was also indistinguishable between control and
TPX2-depleted cells (control RNAi, branch/1.3 min; TPX2 RNAi,
branch/1.5 min, n = 44 branching events in control and TPX2
RNAi cells). Taken together, these results indicate that D-TPX2 is
dispensable for branching MT nucleation in Drosophila despite
D-TPX2 possessing a putative CM1/γ-TuNA–like motif.

While TPX2 is required for branching in Xenopus egg extracts,
the fact that it is not required in Drosophila S2 cells is not sur-
prising when one considers that (1) there is a strong effect of
augmin depletion on spindle MT density and morphology in S2
cells (Goshima et al., 2007, 2008), but (2) spindle assembly is
largely unperturbed in D-TPX2–depleted cells (Goshima, 2011).
While Drosophila is distinct from Xenopus in this regard, our
direct visualization shows that branching nucleation occurs via a
multistep sequential process, as was recently proposed in a se-
quential model of branching nucleation in Xenopus egg extracts
(Thawani et al., 2019). However, unlike the Xenopus system in
which the first step was proposed to be TPX2 binding, D-TPX2
appears to be dispensable for the sequential branching process
in Drosophila cells, although we cannot exclude the possibility
that other factors fulfill the role of TPX2. The RanGTP gradient
aroundmitotic chromatin (Kalab and Heald, 2008) has also been
implicated in promoting branching MT nucleation (Petry et al.,
2013). We propose that RanGTP is not required for branching
MT nucleation in Drosophila S2 cells because (1) branching nu-
cleation occurs at a significant distance (>5 µm) from segre-
gating chromosomes in anaphase and (2) robust branching
nucleation continues throughout telophase after the nuclear
envelope has reformed.

Augmin-dependent branching MT nucleation contributes to
furrow ingression and abscission during cytokinesis (Uehara
et al., 2016). To better understand how branching may con-
tribute to cytokinesis, we performed live-cell microscopy on
dividing cells coexpressing Tag-RFP-T-α-tubulin and EGFP-
Rhotekin, a reporter for RhoA-GTP (Bement et al., 2005;
Benink and Bement, 2005). During anaphase, we often observed
amplification of Rhotekin in the vicinity of large branched MT
arrays (Fig. 4, A and B; and Video 4). Quantification of Rhotekin
fluorescence intensity revealed that localized RhoA-GTP in-
creased by ∼30% proximal to the mother and daughter MTs
during the branching MT event, while a nearby cortical area

recruitment of γ-tubulin-TagRFP-T; n = 21. (D) Histogram of lag time between Dgt5 recruitment to the mother MT and birth of a daughter MT; n = 25.
(E)Histogram shows distribution of Dgt5 puncta along the length of mother MTs; n = 110. (F) Dot plot of fluorescence intensities of Dgt5 puncta that supported
nucleation of branched MTs (n = 20) versus those that do not support nucleation of branched MTs (n = 48). (G) Dot plot of dwell times of Dgt5 puncta that
supported nucleation of branchedMTs (n = 23) versus those that do not support nucleation of branched MTs (n = 48). Time: min:s. Scale bars, 5 µm (A), 1 µm (A
inset and B). Mean ± SD values are reported. Two-tailed P values of Student’s t tests are reported; n.s., not significant or P > 0.05.
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where astral MTs were absent exhibited no change in Rhotekin
fluorescence during the same time period (Fig. 4, C and D). We
recently showed that the plus ends of astral MTs recruit the
RhoGEF ECT2 and activate RhoA upon physically contacting the
plasma membrane (Verma andMaresca, 2019). Thus, we propose
that branching MT nucleation acts as a mechanism to amplify
cortical RhoA activation by generating new MT plus ends ori-
ented toward the plasma membrane. We propose that reduced
RhoA activation by branching astral MTs could contribute to
cytokinesis defects observed in augmin-depleted cells, which
heretofore has been attributed to compromised midzone assem-
bly (Uehara et al., 2009, 2016).

The lag time from γ-tubulin binding to nucleation (15.9 ± 8.8 s)
and the branch angle (35.7° ± 8.8°) in anaphase Drosophila S2
cells are nearly identical to branching parameters quantified in
plants (Murata et al., 2005; Chan et al., 2009; Nakamura et al.,
2010; Liu et al., 2014; Walia et al., 2014). Interestingly, smaller

(<30°) branch angles have been measured in Xenopus egg ex-
tracts (Petry et al., 2013), observed by electron tomography of
metaphase spindles in human U2OS cells and inferred from
tracking EB3 comets in human HeLa and RPE1 cells (David et al.,
2019). This discrepancy may stem from fundamental mecha-
nistic and/or structural differences between the fly/plant and
vertebrate branching pathways. However, we propose an al-
ternative explanation for the observed differences in branch
angles stemming from two considerations: (1) the structural
organization and physical properties of the augmin complex,
and (2) the cellular environment in which a daughter is born.

Negative stain EM of the reconstituted octameric complex
revealed that human augmin is an ∼40–45-nm-long, Y-shaped
structure with an ∼30-nm-long stem and ∼15-nm flexible
splayed end that can adopt multiple conformations (Hsia et al.,
2014; Fig. 5 A). Structural analyses of a human augmin sub-
complex indicated that one end of a stem-like structure contains

Figure 3. Branching MT nucleation is unaf-
fected by D-TPX2 depletion. (A) Protein se-
quences of Xenopus (Xl) TPX2 and Drosophila
(Dm) TPX2 (D-TPX2) were aligned using T-Coffee
multiple alignment software (Notredame et al.,
2000). Red dashed rectangle indicates a partially
conserved CM1/γ-TuNA motif in D-TPX2.
(B) Secondary structure prediction of D-TPX2
was generated using PSIPRED bioinformatics
software (Buchan and Jones, 2019). Partially
conserved CM1/γ-TuNA motif is expected to lie
within α-helices (indicated with red dashed
square). Conf, confidence; pred, predicted.
(C) Western blot showing depletion of endoge-
nous TPX2 with tubulin as a loading control
(Ctrl). (D) A representative MT branching event
in a D-TPX2–depleted cell coexpressing GFP-
α-tubulin (green), mTurquoise2-Dgt5 (blue), and
γ-tubulin-TagRFP (red). Time point 00:00 in-
dicates landing of a Dgt5 molecule, which re-
cruits γ-tubulin at 0:15 s. The Dgt5-γ-tubulin
complex nucleates a MT branch at 0:35 s. Scale
bar, 1 µm. (E) Distribution of branch angles in
control and D-TPX2–depleted cells; n = 44.
(F) Lifetime of branched daughter MTs in control
and D-TPX2–depleted cells; n = 44. Time: min:s.
Box plots indicate full range of variation (from
minimum to maximum), the interquartile range,
and the median. Two-tailed P values of Student’s
t tests are reported; n.s., not significant or P >
0.05.
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the MT binding region of Hice1/HAUS8 (Hsia et al., 2014). It is
compelling to postulate that the splayed Y-shaped end of the
complex contains γ-TuRC binding activities. In sum, the augmin
complex may contain a rigid 30-nm-long stem that binds MTs at
one end and a flexible splayed end that recruits γ-TuRC. Further
angular flexibility could be achieved via a flexible hinge, anal-
ogous to a wrist, between the MT-binding “arm” and γ-TuRC-
binding “hand” (Fig. 5, A and B). Interestingly, negative stain EM
of the Xenopus augmin complex revealed a stem-like structure
bound at a nearly perpendicular angle to the MT, with a fair
number of MT-bound particles exhibiting hinge-like bends
(Song et al., 2018).

Augmin complex flexibility would allow a daughter MT to
sample a broad range of possible branch angles relative to its
mother. The branch angle will almost certainly be impacted by
MT-based motors and cross-linkers, but the cellular environ-
ment in which a daughter is nucleated is also likely to have an
impact on the branch angle. Specifically, we propose that
daughters born into “open” cytosol with fewer spatial con-
straints, as is the case for the equatorial astral MTs in early
anaphase observed here, will be more likely to exhibit larger
branch angles than daughters nucleated in the spatially con-
strained environments of axonal bundles (Sánchez-Huertas
et al., 2016), the spindle, or midzone MT arrays (Fig. 5 C). If

this is true, then the branch angle of “unbridled” daughters
would be closer to the angle at which an augmin complex binds
to the mother MT. On the other hand, a daughter that encoun-
ters spatial constraints, for example, in a spindle or axon with
many MTs oriented nearly parallel to the mother, would flex
inward due to flexible or hinge-like parts of the augmin com-
plex. Interestingly, mother and daughter MTs of small-angle
branches visualized by electron tomography in human meta-
phase spindles were linked by 29-nm “rods” that bound the
mother at a 60° angle (Kamasaki et al., 2013). While the mo-
lecular identity of these rods was not determined, it was rea-
sonably speculated that the rods may be augmin (Kamasaki
et al., 2013). In fact, the rods could be the 30-nm stem of the
augmin complex.

We propose that branch angle flexibility may allow the
branching MT nucleation pathway to make diverse functional
contributions throughout mitosis. During spindle assembly and
metaphase, shallow branch angles would contribute to the es-
tablishment and maintenance of kinetochore–MT attachments
(David et al., 2019). However, the functional contribution of
branching is likely different in the context of pioneering astral
MTs during anaphase/telophase. We recently characterized an
MT-based RhoA activation pathway that functions during ana-
phase, telophase, and cytokinesis via recruitment of the RhoGEF

Figure 4. Branching MT nucleation amplifies
RhoA activation during cytokinesis. (A) The
active RhoA reporter Rhotekin is enriched near
the MT plus ends of branched MT arrays (top);
enlarged view of the branched MT arrays (red
dashed box) that activate cortical RhoA (bot-
tom). (B) Fold change in Rhotekin fluorescence
intensity near the MT plus ends with respect to a
nearby cortical region devoid of astral MTs. Data
were pooled from three independent experi-
ments (n = 3). (C) Still frames from a multicolor
TIRF time-lapse showing a branching event that
locally increases cortical RhoA activation, visu-
alized with Rhotekin. (D) Rhotekin fluorescence
increases ∼30% (red) proximal to the mother
and daughter MTs during the branching nuclea-
tion event shown in C. A nearby cortical region
devoid of astral MTs (blue) exhibited no change
in Rhotekin fluorescence during the same time
period. Red boxes correspond to the time points
in C. Error bars indicate SD. Time: min:s.
Color wedge, pixel values 150–1,200. Scale bars,
5 µm (A), 1 µm (C).
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ECT2 to cortical sites contacted by MT plus ends enriched with
the centralspindlin complex (Verma and Maresca, 2019; Fig. 5, B
and D). Interestingly, MT arrays with larger branch angles
(>35°) produced more plus ends that contacted the cortex,
thereby amplifying localized RhoA activation (Figs. 4 A and 5 D).
We posit that larger branch angle nucleation from equatorial
astral MTs would allow for the activation of cortical RhoA over
micrometers, the size/scale in which a cleavage furrow is ini-
tiated and an area significantly larger than a submicrometer-
sized kinetochore. Furthermore, autocatalytic amplification of
astral MT arrays (Ishihara et al., 2016; Decker et al., 2018) via
larger branch angle nucleation would more efficiently (relative
to shallow branching) fill the MT array expansion volume ob-
served in large cells (100–1,000 µm) during early embryonic cell
divisions (Wühr et al., 2008; Mitchison et al., 2012; Ishihara
et al., 2014). Unlike actin network organization that uses

distinct nucleation mechanisms and molecules for branched
versus parallel arrays (Svitkina, 2013), angular flexibility of
branching MT nucleation may allow a single complex to effec-
tively assemble both branched and near-parallel MT arrays.

More than 30 yr ago, Salmon and colleagues demonstrated
the power of directly observing a cellular phenomenon and
quantifying its parameters by visualizing MT dynamic insta-
bility in vitro and in cells (Cassimeris et al., 1988; Walker et al.,
1988). The work transformed thinking aroundMT dynamics and
laid the foundation for decades of research that continues today
(Heald and Khodjakov, 2015). To date, the branching MT nu-
cleation pathway has been visualized and quantified in plants
but not in animals, a significant knowledge gap given the central
importance of this pathway to animal cell division (Lawo et al.,
2009; Uehara et al., 2009, 2016). Much like the quantification of
MT dynamic instability parameters accomplished many years

Figure 5. Model of augmin-mediated branching MT nucle-
ation and its role in cytokinesis. (A) Based on negative stain
EM of the augmin complex, we propose that the augmin com-
plex contains a rigid ∼30-nm-long stem that binds MTs at one
end and an ∼15-nm flexible splayed end that recruits γ-TuRC
through Dgt6 and possibly other interfaces. MTBR, MT binding
region in Hice 1/HAUS8. (B) Key to molecular schematics in the
figure. Note the overlaid “Y” on the augmin complex schematic,
which is drawn based on negative stain EM of the complex.
(C) A flexible hinge region in the augmin complex and/or flexi-
bility in the splayed Y-end of augmin may allow a daughter MT
to sample a broad range of possible branch angles relative to its
mother. The branch angle is impacted by the local cellular en-
vironment such that “unbridled” daughter MTs with fewer
spatial constraints (e.g., astral MTs in anaphase) would have
larger branch angles than daughters nucleated in the spatially
constrained environment of the spindle and midzone MT array.
(D) Branched MT arrays may amplify RhoA activation by gen-
erating more MT plus ends that are capable of recruiting cortical
ECT2 via direct interaction with plus end–bound (polo-phos-
phorylated) centralspindlin.
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ago, we hope that the direct observation of branching MT nu-
cleation and quantification of its parameters in living animal
cells will inform future mechanistic models of cellular processes
that depend on dynamic MTs.

Materials and methods
DNA constructs
The γ-tubulin gene (CG3157) with its endogenous promoter was
amplified from the genomic DNA of Drosophila. The resulting
PCR product was cloned between 59 KpnI and 39 EcoRI sites of
the pMT/V5-His vector (Invitrogen). In-frame Tag-RFP-T gene
was then introduced at the 39 end of γ-tubulin gene between 59
EcoRI and 39 NotI sites. The Drosophila Dgt5gene (augmin com-
plex subunit, CG 8828) was PCR amplified from cDNA clone LD
47477 with a 59 SpeI site and a 39 EcoRI site. The resulting PCR
product was then inserted into the 59 SpeI and 39 EcoRI sites of
the pMT/V5 His-B vector (Invitrogen) containing in-frame
mTurquoise2 gene at the 59 end, cloned between 59 NcoI and
39 SpeI sites, and the Mis12 promoter at the 59 end, cloned be-
tween a single Kpn1 site.

Cell culture and generation of stable cell line
Drosophila S2 cells were grown in Schneider’s medium (Life
Technologies) supplemented with 10% heat-inactivated FBS and
0.5× antibiotic/antimycotic cocktail (Sigma-Aldrich) and main-
tained at 25°C. Cell lines were generated by transfecting the DNA
constructs containing the gene of interest with Effectene
transfection reagent (Qiagen), following the manufacturer’s
protocol. 4 d after transfection, expression of EGFP/Tag-RFP-T/
mTurquoise2-tagged proteins was checked by fluorescence mi-
croscopy. To make a stable cell line, cells were selected in the
presence of Blasticidin S HCl (Thermo Fisher Scientific) and/or
Hygromycin B (Sigma-Aldrich) until there was no observable
cell death. Thereafter, cell lines were either frozen down or
maintained in the S2 medium at 25°C without Blasticidin or
Hygromycin B.

RNAi experiments
Approximately 500 base pairs of the D-Tpx2 gene (also known as
Ssp1/mei-38 in Drosophila, CG14781) was amplified from cDNA
clone RE11134 by PCR to contain flanking T7 promoter se-
quences. Double-stranded RNA was synthesized from the
D-TPX2 PCR product at 37°C using the T7 RiboMax Express
Large-Scale RNA Production System (Promega), following the
manufacturer’s protocol. For RNAi experiments, cells at ∼25%
confluence were incubated in a 35 × 10-mm tissue culture dish
for 1 h. Thereafter, medium was carefully aspirated off the dish,
and 1 ml of serum-free Schneider’s medium containing 20 µg of
double-stranded RNA was added to the dish. After 1 h, 1 ml of
fresh medium containing FBS was added to the dish and incu-
bated for 4 d at 25°C. Depletion of endogenous D-TPX2 was
confirmed by Western blot.

Western blotting
Equal amounts of proteins were loaded into an 8% SDS-PAGE
gel. After the gel was run, proteins were transferred to a

nitrocellulose membrane using the Trans-Blot Turbo transfer
system (Bio-Rad) for 10 min. Subsequently, the membrane was
incubated in 5% milk (wt/vol, made in Tris-buffered saline with
0.1% Tween [TBST]) for 1 h. Following block, the membrane was
incubated with either α-D-TPX2 antibody at 1:2,000 dilution or
α-tubulin antibody (DM1-A; Sigma-Aldrich) at 1:10,000 dilution
for 1 h, followed by three 10-min washes in TBST and secondary
antibody incubation at 1:5,000 dilution for 1 h. Following sec-
ondary antibody incubation, membrane was washed three times
for 10 min in TBST and developed with ECL reagent (Millipore).
The blot was imaged with a G:BOX system controlled by Gene-
Snap software (Syngene). Images were further quantified to
estimate the knockdown efficiency using Fiji/ImageJ software
(Schindelin et al., 2012). To obtain the intensity values, identical
regions were drawn over each band, and their integrated in-
tensity was recorded. Intensity values were normalized to their
respective loading controls (tubulin) to estimate the knockdown
efficiency.

Live-cell TIRF microscopy
Cells at ∼50% confluence, expressing the gene of interest, were
seeded on a 35-mm glass-bottom dish (Cellvis) coated with
concanavalin A for 30–60 min. Before imaging, the total volume
was brought up to 2 ml with fresh Schneider’s medium con-
taining FBS.Multicolor, live-cell TIRF videos of all the constructs
(EGFP-α-tubulin and γ-tubulin-Tag-RFP-T; EGFP-α-tubulin,
γ-tubulin-Tag-RFP-T, and mTurquoise2-Dgt5; Tag-RFP-T-α-
tubulin and Rhotekin-EGFP) were acquired on a Nikon Ti-E
microscope equipped with a 100× 1.49-NA differential inter-
ference contrast Apochromat oil-immersion objective, a Hama-
matsu ORCA-Flash 4.0 LT digital complementary metal-oxide
semiconductor camera (C11440), four laser lines (447, 488, 561,
and 641 nm), and MetaMorph software (Molecular Devices).
Metamorph was used to control the imaging systems.

Measurement of augmin intensity, distribution along the
length of MTs, and dwell time
Identical regions were drawn over the mTurquoise2-Dgt5
puncta to measure the fluorescence intensity of Dgt5 that nu-
cleated a branched MT and those that did not. The local back-
ground was estimated by placing the same region to a nearby
location on the mother MT lacking Dgt5. Background intensity
values were subtracted frommTurquoise2-Dgt5 intensity values
to estimate the actual mTurquoise2-Dgt5 fluorescence intensity.
The distribution of mTurquoise2-Dgt5 puncta along the length
of the mother MT was measured by drawing a line from the
minus end of the mother MT to the Dgt5 puncta (note that this
measurement was done for theMTs that were visible in the TIRF
field). The distance of Dgt5 puncta from theminus end of theMT
was divided by the total length of the mother MT to calculate the
fractional distance of Dgt5 puncta on mother MTs. Frame rates
of the live-cell imaging videos were used to calculate the dwell
time. Metamorph software was used to measure the intensity
values, distribution of mTurquoise2-Dgt5 puncta along the
length of MTs, and dwell time. Histograms and dot plots
were generated using Excel (Microsoft) or Prism software
(GraphPad), and figures were assembled using Illustrator
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(Adobe Systems). Statistical analysis was performed using Prism
software.

Online supplemental material
Fig. S1 shows an MT branching event from a colocalized augmin
and γ-tubulin puncta during anaphase. Video 1 shows two-color
TIRF imaging of γ-tubulin and MTs during an MT branching
event. Videos 2 and 3 show augmin-mediated MT branching.
Video 4 shows activation of RhoA near the branched MT arrays.
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