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The microtubule-based mitotic spindle is responsible for
equally partitioning the genome during each cell division, and
its assembly is executed via several microtubule nucleation
pathways. Targeting Protein for XKlp2 (TPX2) stimulates the
branching microtubule nucleation pathway, where new microtubules are nucleated from preexisting ones within mitotic
or meiotic spindles. TPX2, like other spindle assembly factors,
is sequestered by binding to nuclear importins-α/β until the
onset of mitosis, yet the molecular nature of this regulation
remains unclear. Here we demonstrate that TPX2 interacts
with importins-α/β with nanomolar afﬁnity in a 1:1:1 monodispersed trimer. We also identify a new nuclear localization
sequence in TPX2 that contributes to its high-afﬁnity interaction with importin-α. In addition, we establish that TPX2
interacts with importin-β via dispersed, weak interactions. We
show that interactions of both importin-α and -β with TPX2
inhibit its ability to undergo phase separation, which was
recently shown to enhance the kinetics of branching microtubule nucleation. In summary, our study informs how importins
regulate TPX2 to facilitate spindle assembly, and provides
novel insight into the functional regulation of protein phase
separation.

The propagation of life requires the rapid and accurate assembly of the microtubule-based mitotic spindle (1, 2). During
mitosis, Ran is repurposed from its role in regulating nuclear
import to serve as a key regulator of both microtubule
nucleation and spindle organization (3, 4). At prometaphase,
Ran gets converted into its GTP-bound state near chromatin,
wherein it releases spindle assembly factors from sequestration
by karyopherins (3, 5). There is a growing repertoire of about
two dozen spindle assembly factors, but the molecular mechanism of how karyopherins inhibit spindle assembly factors,
and thereby spindle assembly, is poorly understood (5, 6).
The majority of spindle assembly factors are inhibited by the
canonical and abundant karyopherin complex, the importin-α/
β heterodimer (6–10). Importin-α contains an importin-βbinding (IBB) domain, which in the absence of importin-β
masks its nuclear localization signal (NLS) binding pocket and
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prevents the association of importin-α with NLS-containing
proteins. Within the importin-α/β heterodimer, importin-β is
bound to the IBB of importin-α, thereby making the heterodimer competent to bind the NLS-containing protein (11–13).
It has been proposed that importin-α/β binding to NLS sites
on spindle assembly factors sterically blocks microtubule
binding domains that lie adjacent to the spindle assembly
factor’s NLS (14, 15). However, the possibility of other modes
by which importins could inhibit spindle assembly factors has
yet to be explored (16, 17).
The spindle assembly factor and microtubule-binding protein targeting protein for XKlp2 (TPX2) (3) promotes the
formation of spindle microtubules via branching microtubule
nucleation (18), which contributes the majority of spindle
microtubules (19–21). In this process, microtubules are
autocatalytically ampliﬁed from preexisting ones, while preserving their polarity (18, 20). TPX2 is a key factor for
branching microtubule nucleation, as it initiates this reaction
by binding to microtubules and marking the branch site to
recruit the other essential key molecules of this reaction (22,
23). Therefore, TPX2’s inhibition by importin-α/β is critical for
the cell cycle and the onset of spindle formation. It was
recently demonstrated that a fragment of TPX2 that localizes
to microtubules in vitro overlaps with a known importin-α/βbinding site (23), which led to the proposal that importin-α/β
sterically inhibits microtubule binding and thereby spindle
assembly (14). However, importin-α/β reduces, but does not
inhibit TPX2 microtubule localization in vitro (24) and does
not appear to affect microtubule localization in isolated Xenopus egg cytosol (12, 25). Furthermore, the minimal functional
fragment of TPX2 for branching microtubule nucleation does
not contain this microtubule-binding region yet can bind to
microtubules (26). Finally, the molecular architecture of the
TPX2-importin–α/β complex and their binding afﬁnity remain
unknown. Therefore, we investigated how importin-α/β inhibits TPX2 and thereby branching microtubule nucleation.
Proteins can condense, often via liquid–liquid phase separation, to achieve compartmentalization or reaction enhancement (27) for a range of cellular processes, including spindle
assembly (27–30). Regulation of condensates and their associated functions is therefore crucial for cellular health. A
karyopherin related to importin-α/β (karyopherin 2-β) was
recently shown to prevent aberrant cytoplasmic condensation
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of nuclear proteins by engaging in weak interactions distributed throughout the karyopherin and target protein (16, 17,
31). We recently uncovered that TPX2 undergoes condensation via liquid-liquid phase separation to enhance the reaction
efﬁciency of branching microtubule nucleation (32). Most
importantly, importin-α/β inhibits TPX2 phase separation
in vitro and TPX2-mediated microtubule nucleation in isolated Xenopus cytosol (32). However, the molecular details of
how importins inhibit TPX2 condensation and function
remain unknown.
Here, we characterize how importin-α/β interacts with
TPX2 and determine which interactions are relevant for
inhibiting TPX2 condensation and function. We identiﬁed a
new NLS within TPX2 that interacts with importin-α and
demonstrate that importin-β inhibits TPX2 condensation by
engaging in dispersed, weak interactions. Similarly, we
demonstrate that these same weak interactions are sufﬁcient to
inhibit TPX2-mediated branching microtubule nucleation.
These ﬁndings highlight a critical role for dispersed, weak
interactions in the inhibition of an essential spindle assembly
factor by karyopherins and may also inform how other phase
separating proteins are regulated.

Results
Importin-α or importin-β alone inhibit TPX2-mediated
branching microtubule nucleation
In classic work using Xenopus egg cytosol, TPX2 was
demonstrated to be the key factor downstream of RanGTP that
initiates the formation of microtubule networks (3, 33). The
nucleation capacity of both RanGTP and TPX2 can be suppressed by adding excess importins to Xenopus egg cytosol (3,
33), but the molecular nature of this effect remained unclear.
Using total internal reﬂective ﬂuorescence microscopy to
resolve microtubule nucleation events, it was recently shown
that TPX2, when added to Xenopus egg extract, induces the
formation of branched microtubule networks (18) (Fig. 1A).
Previously, we used this method to reveal that the importin-α/β
heterodimer inhibits TPX2-mediated branching microtubule
nucleation (32). To decipher the role of each importin subunit
within this inhibition process, we tested whether importin-α or
importin-β alone suppresses TPX2-mediated branching
microtubule nucleation.
In the importin-α/β heterodimer, importin-β binds to
importin-α’s autoinhibitory IBB domain to expose the NLSbinding pocket on importin-α. To mimic this state, we used a
truncated form of importin-α, which does not contain the IBB
domain (importin-αΔIBB) (11, 24) (Figs. 1D). We added TPX2
mixed with either importin-αΔIBB or importin-β to Xenopus
egg cytosol, keeping TPX2 constant at 150 nM and including
importins at a range of fold excesses—2.5× (375 nM), 5×
(750 nM), 10× (1.5 μM), or 20× (3 μM). When only importin-αΔIBB was included at 20-fold molar excess of TPX2 the total
number of microtubules nucleated relative to the no importin
condition was drastically reduced (Fig. 1, A and C). Furthermore, TPX2 addition with only importin-β at 10-fold molar
excess led to an even greater reduction in microtubule number
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than importin-αΔIBB at 20-fold molar excess, with branching
microtubule nucleation being reduced to background levels
(Fig. 1, B and C). These data show that, surprisingly, importin-α
and importin-β can each independently inhibit TPX2-mediated
branching microtubule nucleation, with importin-β being
particularly effective. Next, we investigated the nature of the
interactions between TPX2 and importin-α or importin-β to
gain mechanistic insight into this inhibition.
Importin-α or importin-β alone inhibit TPX2 condensation
TPX2 binding to microtubules serves as the ﬁrst essential step
to build a branch site, from which TPX2 recruits additional
branching factors (22, 23). Moreover, we showed that TPX2
forms a liquid-like co-condensate with tubulin on the microtubule lattice, which enhances the reaction kinetics of branching
microtubule nucleation (32, 34). Thus, the ability to inhibit
TPX2 condensation could be key to the regulation of branching
microtubule nucleation and the onset of spindle assembly.
Therefore, we investigated the role of individual importins and
the importin-α/β heterodimer in inhibiting TPX2 condensation.
We monitored TPX2 condensation via ﬂuorescence microscopy with the inclusion of either importin-αΔIBB or
importin-β alone or the importin-α/β heterodimer. TPX2
concentrations were held constant at 1 μM, and importins
were included at a range of molar excess concentrations.
Mixtures of importin-αΔIBB and TPX2 resulted in an
enhancement of TPX2 condensation at lower concentrations
followed by an inhibition of TPX2 condensation at approximately 20-fold excess (Fig. 2A). In contrast, importin-β
inhibited TPX2 condensation between 4- and 8-fold excess
and importin-α/β did so at 2-fold excess, making them both
more effective than importin-α (Fig. 2, B and C).
To ensure that importin-inhibited TPX2 solutions are
indeed monodisperse and do not contain any subresolution
condensates, we tested each sample with dynamic light scattering, which measures an intensity–intensity autocorrelation
function of scattered light from the solution. Because the
scattered intensity is proportional to the sixth power of particle
sizes, any residual amount of condensate can be detected. Our
light scattering data further validated the results obtained by
light microscopy: importin-α/β abrogates TPX2 condensation
more efﬁciently than importin-β (Fig. 2D). Importin-β, in turn,
suppressed TPX2 condensation more efﬁciently than importin-αΔIBB. The efﬁciency of inhibiting TPX2 condensation is
correlated with importin-β’s ability to inhibit branching
microtubule nucleation more strongly than importin-αΔIBB
(Fig. 1, A–C). Yet, this was surprising because, although TPX2
has an NLS that is known to interact with importin-α, it does
not harbor any known IBB sites. Therefore, we next interrogated how TPX2 interacts with the importin-α/β heterodimer,
as well as importin-αΔIBB and importin-β alone (Fig. 1D).
TPX2 strongly associates with importin-α/β to form a trimer
Although small fragments of TXP2 have been shown to bind to
importin-αΔIBB (12, 24), it remained to be tested how full-length
TPX2 associates with the importin-α/β heterodimer (Fig. 1D).
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Figure 1. Competency of importins at inhibiting TPX2-mediated branching microtubule nucleation in cytosol. A and B, representative total internal
reﬂective ﬂuorescence micrographs of TPX2-mediated branching microtubule nucleation in Xenopus meiotic cytosol in the presence of importin-αΔIBB (A)
or importin-β (B) at indicated fold excess and concentrations. [TPX2] was kept constant at 150 nM and importins were added in excess 2.5× (375 nM), 5×
(750 nM), 10× (1.5 μM), or 20× (3 μM). Images were taken 20 min into the reaction. Cy5-labeled tubulin (magenta) and mCherry-EB1 (cyan) highlight
microtubules and growing microtubule plus ends, respectively. C, total number of microtubules generated by 20 min at indicated fold-excess concentration
of importin-αΔIBB (dark orange) or importin-β (blue). Each data point represents the total number of microtubules in an analyzed ﬁeld of view, which is
normalized to the no importin condition from that experimental set. The dashed line represents total microtubules nucleated after 20 min with no proteins
added (i.e., background). D, schematic of TPX2–importin-α/β heterodimer. In the importin-α/β complex, the nuclear localization sequence–binding pockets
of importin-α are exposed upon binding of importin-β to the IBB (importin-β-binding) domain of importin-α (a.a. 1–70).

We ﬁrst addressed this question by determining the molecular
weight and stoichiometry of the TPX2–importin-α/β complex
via size exclusion chromatography in line with multiangle light
scattering (SEC-MALS) (Fig. 3A). GFP-TPX2 eluted off the SEC
column with an average molecular weight of 159 ± 52 kDa,
comparable with its predicted molecular weight of 112.1 kDa,
indicating that it exists mainly as a monomer with no detectable
aggregate/oligomers (Fig. 3A, green dotted curve and Fig. S1A).
We then allowed GST-importin-α to bind to importin-β and
assessed the formation of the importin-α/β heterodimer via
SEC-MALS. The eluted complex exhibited a molecular weight
of 130.0 ± 29 kDa determined via MALS, consistent with the
predicted molecular weight of the importin-α/β heterodimer
in a 1:1 stoichiometry (165.0 kDa) (Fig. 3A, red dashed curve
and Fig. S1B).
When TPX2 and importins-α/β were allowed to bind, they
eluted as a complex faster than TPX2 and importins-α/β

alone. This rapid elution reﬂects a larger molecular weight of
310 ± 70 kDa via MALS (Fig. 3A, black solid curve) similar to the
predicted molecular weight of 286.8 kDa. This suggests that
TPX2–importin-α/β exists as a trimer with 1:1:1 stoichiometry.
In order to determine how strongly TPX2 interacts with
importin-α/β, we determined their equilibrium dissociation
constant via biolayer interferometry, which detects refractive
index ﬂuctuations upon binding and dissociation events of
target proteins on the sensor surface (13, 34). We determined a
Kd between TPX2 and importin-α/β of 75 ± 15 nM (Fig. 3B),
indicating that TPX2 binds strongly to importin-α/β.

TPX2 interacts strongly with importin-α via nuclear
localization sequences
We next investigated how each individual importin binds to
TPX2, both to address how importin-α and importin-β each
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Figure 2. Competency of importins at inhibiting TPX2 condensation. A–C, representative epiﬂuorescence microscopy images of TPX2 in the presence of
(A) importin-αΔIBB, (B) importin-β, and (C) importin-α/β at indicated concentrations and fold excess of importin to TPX2. [TPX2] was kept constant at 1 μM,
and importins were added in excess 1× (1 μM), 2× (2 μM), 3× (3 μM), 4× (4 μM), 5× (5 μM), 8× (8 μM), or 20× (20 μM). D, diffusion coefﬁcient of TPX2
solutions in CSF buffer (+0.1 M KCl) in the presence of indicated ratio of importin-αΔIBB, importin-β, or importin-α/β to TPX2 concentration as measured by
dynamic light scattering. The error bars are calculated from ten distinct intensity–intensity correlation functions. TPX2 concentration is ﬁxed at 1 μM.

contribute to forming the TPX2-importin-α/β trimer and to
interrogate how their respective binding mode relates to their
ability to inhibit TPX2.
By applying biolayer interferometry, we measured a dissociation constant of Kd = 61 ± 10 nM between importin-αΔIBB and
TPX2 (Fig. 4B), indicating it alone has a strong afﬁnity for TPX2,
comparable with importin-α/β. We next asked whether this
interaction is mediated by the two nuclear localization sequences (NLSs), NLS1 and NLS2, which had previously been
shown to form a complex with importin-αΔIBB (Fig. 4A) in a
crystal structure (23). This crystal structure was obtained with a
co-complex of importin-αΔIBB and a small fragment of Xenopus TPX2 (a.a. 270–350). It was demonstrated that NLS1 solely
mediates the interaction with importin-αΔIBB, whereas NLS2 is
dispensable and not conserved to humans (23). We created a
double-mutant TPX2 (2M-TPX2), in which NLS1 and NLS2
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were mutated to alanines at the key residues that mediate this
interaction (in NLS1 K284A and R285A, and in NLS2 K327A
and K330A, were mutated). Surprisingly, the 2M-TPX2
exhibited a similar binding afﬁnity to importin-αΔIBB as wtTPX2 (wild-type TPX2), with a dissociation constant Kd =
45 ± 6 nM (Fig. 4D). This suggests that another strong binding
site on TPX2 must exist to allow importin-αΔIBB to bind.
To investigate where this potential new binding site was
located, we ﬁrst assessed whether it lies within the C-terminal
half of TPX2 (amino acids 319–716). However, this construct
exhibited an extremely weak association with importin-αΔIBB
(Fig. S2), suggesting that an additional binding site must exist
within TPX2’s N-terminal half (amino acids 1–318). Because
NLS2 lies within TPX2’s C-terminal half, this ﬁnding corroborates that NLS2 does not contribute to the interaction of
TPX2 with importin-αΔIBB (23).

Importin inhibition of TPX2-mediated microtubule branching

Figure 3. TPX2 strongly associates with importin-α/β to form a trimer. A, size exclusion chromatography in line with light scattering reveals a stoichiometry of 1:1 for importin-α/β and 1:1:1 binding for TPX2–importin-α/β trimer. The left axis is normalized absorbance (λ = 280 nm), and the right axis
shows the molecular weight of eluted complexes. The molecular weight of eluted complex for TPX2–importin-α/β and importin-α/β is shown with black
(310 kDa) and red (130 kD) arrows, respectively. The molecular weight of TPX2 alone (180 kDa) is shown in Fig. S1A. TPX2 and importin-α/β concentrations
are 5 M and 15 μM, respectively. B, biolayer interferometry (Octet) normalized amplitude as a function of importin-α/β concentration. The measured binding
constant is Kd = 75 ± 15 nM. The error bars are calculated from two distinct measurements. At the low concentrations, the OCTET readout is approaching
the limit of detection (<0.1).

Since NLS1 and NLS2 were previously identiﬁed by scanning TPX2 amino acids 270 to 350 (23), we focused the search
for a new binding site to amino acids 1 to 260 of TPX2. We
created three TPX2 constructs that cover amino acids 1 to 99,
1 to 178, and 1 to 260. The short construct 1 to 99 exhibited
only weak binding to importin-αΔIBB, whereas the two longer

TPX2 constructs 1 to 178 and 1 to 260 exhibited strong
binding with dissociation constants of 15 ± 3 and 20 ± 4 nM,
respectively (Fig. S2). Bioinformatic analysis revealed a putative NLS sequence within TPX2, in amino acids KKLK located
at positions 123 to 126, which is conserved in mammals. To
test whether this sequence indeed functions as an NLS, we

Figure 4. TPX2 interacts with importin-αΔIBB via nuclear localization sequences at a.a. 123 and a.a. 284. A, the architecture of TPX2, importin-α, and
importin-αΔIBB. TPX2 comprises a disordered N-terminal region (light green, a.a.1–480) and an ordered C-terminal region (dark green, a.a. 480–716). The two
previously reported nuclear localization sequences (NLSs) are shown in light brown, centered at NL1 a.a. 284 and NL2 a.a. 327. The newly identiﬁed putative
NLS3 is shown in brown, centered at a.a. 124. Importin-α, in the absence of importin-β, exists in an autoinhibited conformation wherein the NLS-binding
pockets are occluded by the IBB domain. A truncated version of importin-α without the IBB domain (importin-αΔIBB) has exposed NLS-binding pockets. B,
TPX2 binding to importin-αΔIBB is mediated by NLSs at a.a. 124 and a.a. 284. Biolayer interferometry (Octet) of wild-type TPX2 with importin-αΔIBB. Wildtype TPX2 and importin-αΔIBB associate strongly with Kd = 61 ± 10 nM. C, TPX2 interacts with importin-αΔIBB as a dimer/trimer complex. Size exclusion
chromatography in line with light scattering reveals a stoichiometric 2:1/1:2 and 1:1 binding for importin-αΔIBB with TPX2. The left axis is normalized
absorbance (λ = 280 nm), and the right axis shows the molecular weight of the eluted complex. The TPX2 and importin-αΔIBB concentrations are 2 and
20 μM, respectively. D and E, biolayer interferometry (Octet) of double mutant TPX2 (2M-TPX2) and triple-mutant TPX2 (3M-TPX2) with importin-αΔIBB,
respectively. 2M-TPX2 for which the two NLSs (lysines at 284/5/7, and 325/8 are mutated to alanines) and importin-αΔIBB associate strongly with Kd = 45 ±
6 nM. Triple-mutant TPX2 (3M-TPX2), for which the three NLSs (lysines at 123/4/6, 284/5/7, and 325/8) are mutated to alanines, exhibits a 10-fold lower
binding afﬁnity to importin-αΔIBB, Kd = 410 ± 70 nM. Values are normalized amplitudes as a function of importin-αΔIBB concentration. Error bars are
calculated from two distinct measurements.
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mutated the lysines to alanines within this motif of TPX2 1 to
178 (K123A, K124A, K126A), which resulted in a 10-fold loss
of binding to importin-αΔIBB compared with the wild-type-1178 TPX2 construct (Fig. S2). Furthermore, it was shown that
the comutation of NLS1 and NLS3 led to a more signiﬁcant
reduction in nuclear import in mammalian cells than mutation
of either alone (35). These ﬁndings indicate that the KKLK
motif (amino acids 123–126) of TPX2 constitutes another NLS
sequence, which facilitates TPX2 binding to importin-αΔIBB
and import into the nucleus, and which we, therefore, term
NLS3 (Fig. S2).
To assess whether NLS1 and NLS3 are indeed the major and
only bindings sites on TPX2 for importin-αΔIBB, we created a
triple-mutant TPX2 (3M-TPX2), for which all the NLS sequences were modiﬁed (K123A, K124A, K126A, K284A,
R285A, K327A, and K330A). Strikingly, 3M-TPX2 exhibited a
10-fold decrease (Kd = 410 ± 70 nM) in the strength of its
interaction with importin-αΔIBB, compared with 2M-TPX2 or
WT-TPX2 (Fig. 4, B and D). This suggests that, within the
entire sequence of TPX2, NLS1 and NLS3 represent the only
canonical NLS sites that promote high-afﬁnity interactions
with importin-αΔIBB.
Because TPX2 contains two NLS sequences to which
importin-αΔIBB can bind, we investigated the stoichiometry of
the TPX2-importin-αΔIBB complex via SEC-MALS. The
eluted complexes exhibited a molecular weight of 326 kDa
with a dispersity of ±88 kDa (Fig. 4C). Comparison of the
TPX2–importin-αΔIBB MALS proﬁle to importin-αΔIBB
alone, which displays a molecular weight of 159 kDa (implying
it dimerizes), suggests TPX2–importin-αΔIBB is relatively
dispersed and exists in a complex with stoichiometries above
1:1 (Fig. 4C). Taken together, these data show that importinαΔIBB strongly interacts with TPX2 via two NLS sequences.
TPX2 weakly and reversibly associates with importin-β
Importin-β is known to associate with some nuclear proteins (8) and affect aspects of spindle assembly (36) independent of importin-α. Given that importin-β can strongly
suppress both TPX2 phase separation and TPX2-mediated
branching nucleation (Figs. 1 and 2), we reasoned that
importin-β could associate with TPX2 in the absence of
importin-α, rather than solely acting as an inert adaptor to
occlude the IBB domain of importin-α, according to the
existing model. To test this, we measured the binding afﬁnity
between TPX2 and importin-β by biolayer interferometry.
Surprisingly, importin-β and TPX2 only weakly associate, with
a dissociation constant of Kd = 530 ± 75 nM. Of interest, this
association is driven by TPX2’s N terminus (a.a. 1–480), which
exhibits a similar dissociation constant of 512 ± 70 nM
(Fig. 5B) as full-length TPX2. Meanwhile, TPX2’s C terminus
(a.a. 480–716) displays almost no binding with importin-β,
exhibiting a Kd > 4 μM (Fig. S1D).
Given the surprisingly weak interactions between TPX2 and
importin-β, we next examined the stoichiometry of the TPX2–
importin-β complex. The SEC-MALS data displayed complexes eluting in the range of 200 to 700 kDa, indicative of a
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range of oligomeric species (Fig. S1C), which could be due to
reversible assembly or irreversible aggregation. To delineate
between these possibilities, we conducted a series of SEC experiments keeping TPX2 at 2 μM and varying importin-β
concentration ranging from 2 to 30 μM, and integrated the
area under the peak corresponding to the eluted complexes
from SEC-MALS (blue shading, Fig. 5C). If these complexes
were irreversible aggregates, a linear dependence on importinβ concentration would be expected. Instead, we observed a
sigmoidal binding curve (Fig. 5D) suggesting that there exists a
dynamic equilibrium that saturates upon the addition of
importin-β at 3-fold excess. To conﬁrm that the saturation is
not due to consumption of TPX2, we calculated the unbound
fraction of TPX2 using the dissociation constant of Kd =
0.5 μM measured by biolayer interferometry. At the maximum
concentration of importin-β, c = 30 μM, more than 5% of
TPX2 is still in the unbound state. Based on these measurements, the concentration of importin-β would need to exceed
100 μM for ≥99% of the 2 μM of TPX2 to be bound. Therefore,
the saturation of the SEC curve was not likely due to the
depletion of TPX2 and rather due to the equilibrium nature of
the TPX2:importin-β complex. Thus, our data demonstrate
that TPX2 weakly and reversibly associates with importin-β
and this appears to be sufﬁcient to prevent TPX2 phase separation (Fig. 2).
Last, we sought to explore explanations for why importin-β
is effective at inhibiting TPX2 phase separation and its
branching microtubule nucleation function, despite a relatively
weak binding. The low pI of importins (pI < 5.5) and the high
negative surface charge suggest that the proteins should be
self-repulsive (Fig. S3A), which could be a mechanism for
importins to prevent TPX2 phase separation when they bind.
To address this possibility, we quantiﬁed the osmotic
compressibility of importin solutions via the second virial
coefﬁcient (B2) obtained from static light scattering, wherein
repulsion would result in a positive B2 (37). Strikingly,
importins exhibited a negative B2 (slope in Fig. S3C), indicative
of attractive intermolecular van der Waals forces originating
from the exposed hydrophobic residues on the surface of
importins (Fig. S3B) (37, 38). Despite these attractive forces,
we do not observe macromolecular phase separation of
importins in bulk solution, suggesting that we are below the
critical saturation concentration.
Of most interest, the magnitude of B2, and therefore the
strength of intermolecular van der Waals forces, follows the
competency of importins to impede the condensates—jB2 j:
importin-α/β > importin-β > importin-αΔIBB. This correlation suggests that short-range van der Waals forces play an
important role in disrupting TPX2 condensation, which may
work in conjunction with or supersede electrostatic repulsion
of TPX2–importin complexes. Furthermore, these observations suggest that van der Waals forces probably do not
contribute to a high-afﬁnity interaction, which appears to be
conﬁned to TPX2’s NLSs. The weak nature of van der Waals
interactions could explain why excess molar amounts of
importins were required to inhibit TPX2 condensation, similar
to the excess molar of Karyoperhin-2β needed to inhibit fused
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Figure 5. TPX2 weakly and reversibly associates with importin-β. A and B, importin-β weakly associates with TPX2-N terminus. Biolayer interferometry
(Octet) measuring the association of importin-β with (A) full length TPX2, Kd = 530 ± 75 nM, and (B) the N-terminal region (a.a. 1–480) of TPX2, Kd = 512 ±
70 nM. Values are normalized amplitude as a function of importin-β concentration. Error bars are calculated from two distinct measurements. C and D, the
TPX2–importin-β complex is reversible. C, size exclusion chromatography with TPX2–importin-β complex exhibits dissolution of the complex upon varying
the importin-β concentration under constant TPX2 concentration. The left axis is absorbance (λ = 280 nm). The dashed green and pink chromatograms are
TPX2 and importin-β alone at concentrations 2 and 20 μM, respectively. D, area under the curve in the complex elution area (1.2–1.6 ml-A280) exhibits an
equilibrium saturation for varying concentrations of importin-β.

in sarcoma condensation (16, 31). Future experiments are
needed to determine the role that van der Waals interactions
play in preventing condensation of TPX2 or other
karyopherin-regulated proteins.

Discussion
Here we investigated the mechanism of TPX2 regulation by
importins-α/β. Previous structural studies indicated that inhibition of TPX2 function may be achieved by importin-α
directly blocking a microtubule-binding region of TPX2 (14,
24). Yet, this mechanism appears to be incomplete since
importin-α/β only partially reduces TPX2 localization to microtubules in vitro and does not appear to reduce binding in
cytosol (24, 25). Furthermore, the microtubule nucleation
function of TPX2 resides in a C-terminal region of TPX2 that
lacks the putative microtubule localization domain (18).
The stoichiometry of a full-length spindle assembly factor
bound to importin-a/b had not been determined before but
was only inferred from studies of non-spindle assembly
factors, such as the classic nuclear protein nucleoplasmin (11),
and a truncation of the spindle assembly factor Nuclear

Mitotic Apparatus protein 1 (NuMA) (15). It was not evident a
priori that TPX2 would engage with importin-α/β as a trimer
as inferred, since TPX2 is 4× longer than nucleoplasmin,
mostly disordered (≥70%) (26), and associates nonstoichiometrically with other interaction partners (30, 39). Nonetheless, our data indicate that the three proteins form a
stable 1:1:1 trimer, primarily coordinated via high-afﬁnity interactions with NLSs (Fig. 3).
We investigated the nature of intermolecular forces driving the
formation of the TPX2–importin-α/β trimer by determining the
afﬁnity and stoichiometry with which individual importins
interact with TPX2. Importin-αΔIBB (importin-β binding
domain removed) was previously shown to bind to TPX2 via
NLS1 (located at a.a. 284–287) (12, 24). Although NLS1 on TPX2
is well established biochemically, mutating it does not fully
abrogate the nuclear import of TPX2 in mammalian cells (35). By
measuring the relative apparent Kd’s of TPX2 truncations and
mutants with biolayer interferometry, we discovered the existence of an NLS sequence located at a.a. 123 to 126 of TPX2
(KKLK), termed NLS3. The high dynamic range of biolayer
interferometry allowed us to measure both strong interactions
J. Biol. Chem. (2021) 297(3) 100998
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Figure 6. Schematic of TPX2–importin-α/β tricomplex. Importin-α association with TPX2 is mediated by a high-afﬁnity interaction with the nuclear
localization signals on TPX2, which brings importin-β in the proximity of TPX2. Importin-β interacts with TPX2-NT via weak and dispersed forces.

(<100 nM) mediated by NLS1 and NLS3 and relatively weak
interactions (>400 nM) that persisted in their absence. Finally,
NLS3 was previously demonstrated to play a role in nuclear
import (35), and our data show that it can mediate TPX2–
importin-αΔIBB complex formation in the absence of NLS1
(Fig. 4). Collectively these data suggest that NLS1 and NLS3 on
TPX2 may function redundantly to ensure regulation of TPX2.
Canonically, nuclear proteins associate with importin-α/β
exclusively through an NLS–importin-α interaction (11). Some
proteins, however, functionally interact with importin-β either
alone or when it is in complex with importin-α (8). Furthermore, some spindle assembly factors are thought to exclusively
interact with importin-β (6, 9) and importin-β alone can
inhibit Ran-GTP-mediated microtubule nucleation (36).
Nonetheless, biochemical details of spindle assembly factor–
importin-β interactions remain uninvestigated. Our data
demonstrate that importin-β associates with TPX2 via weak
interactions, which is reminiscent of other disordered proteins
with a different karyopherin–Transportin-1/Karyoperhin-2β
(16, 17, 31). Moreover, our data reveal that these weak interactions between TPX2 and importin-β are reversible and
promote equilibrium assemblies rather than irreversible aggregation (Fig. 5). In sum, our investigations reveal molecular
insight into the TPX2–importin-β complex, which is based on
dispersed, weak, reversible interactions. Although such interactions have been implicated in driving condensation
(40–44), we show here that dispersed, weak, reversible interactions are also implicated in preventing it.
Inhibition of TPX2 condensation, and also inhibition of
branching microtubule nucleation, by importins displayed a
trend opposite to afﬁnity measurements (Kd values). Specifically, the hierarchy of inhibition competency is importin-α/β
> importin-β >> importin-αΔIBB, whereas the hierarchy of
afﬁnity is importin-αΔIBB ≈ importin-α/β >> importin-β
(Figs. 1 and 2). This suggests that weak interactions can be a
driving force to inhibit condensation and potentially function.
Collectively our data indicate that importin-α acts as a highafﬁnity bridge that holds TPX2 (via its NLS motifs) in
proximity to importin-α and importin-β. In so doing both
importins appear to collectively suppress TPX2 intermolecular
forces and abolish condensation (Fig. 6). We suspect that the
primary role of NLS-importin-α high-afﬁnity interactions is to
target TPX2 among the many NLS-containing proteins found
in a living cell. Once bound to the importin-α/β complex,
importin-β (twice as large as importin-α) appears to play a
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major role in preventing TPX2 condensation through
dispersed and relatively weak intermolecular interactions. By
elucidating the dual roles of strong and weak interactions in
inhibiting TPX2, our study sheds light into how protein phaseseparation and spindle assembly are regulated.

Experimental procedures
Please see the Supplemental information for details. Recombinant proteins are all Xenopus laevis versions and were puriﬁed
to >95% purity (Fig. S4A). Size exclusion chromatography (SEC)
was carried out on an AKTA Pure-25L. SEC in line with multiangle light scattering (SEC-MALS) was done with a 3.2/300
column packed with Superdex-200-increase-in line with a Wyatt
light scattering machine. Biolayer interferometry was carried out
by varying importin concentration and measuring binding to
TPX2 that was attached to sensors (Fig. S4B), according to vendor
speciﬁcations of ForteBio. Condensation (phase separation) was
achieved by diluting protein mixtures at 0.5 M into 0.1 M salt
(KCl). Static and dynamic light scattering measurements
were taken at a ﬁxed right angle. Normalized intensity–intensity
correlation functions of 20 s duration were collected. To
visualize TPX2-mediated microtubule nucleation at indicated
excess molar ratios of importins, naturally meiotically arrested
X. laevis egg cytosol was immunodepleted of endogenous
TPX2, indicated proteins were added, and the reaction was
imaged over time. Images in each panel are representative
crops from a single experimental set with brightness and
contrast optimized to allow visualization of the relevant structures. The studies involving X. laevis egg cytosol have been
approved by the American Association for Laboratory Animal
Science (IACUC).
Data availability
All data are either provided in this article or will be provided
upon request to Dr Matthew King, Washington University in
St Louis (Matthewking@wustl.edu).
Supporting information—This
information (30, 45–51).

article

contains

supporting

Acknowledgments—We thank members of the Petry Lab for their
support of this work and discussions. We thank Professor Peter. G.
Vekilov for the edits to the discussion section of the paper and Dr
Venu Vandavasi for discussion of the interaction studies. We thank
Aparna Ragu for her help with cloning during the early stages of this

Importin inhibition of TPX2-mediated microtubule branching
project. The Brangwynne lab is supported by the Howard Hughes
Medical Institute.
Author contributions—M. S. S., M. R. K., C. P. B., and S. P.
conceptualization; M. S. S., M. R. K., C. P. B., and S. P. methodology;
M. S. S. and M. R. K. validation; M. S. S. and M. R. K. formal
analysis; M. S. S. and M. R. K. investigation; S. P. resources; M. S. S.
and M. R. K. data curation; M. S. S. and M. R. K. writing-original
draft; M. S. S., M. R. K., C. P. B., and S. P. writing-review and
editing; M. S. S. and M. R. K. visualization; C. P. B. and S. P. supervision; S. P. project administration; S. P. funding acquisition.
Funding and additional information—This work was supported by
PhD training grant T32GM007388 by NIGMS, National Institutes
of Health (to M. R. K.), as well as the New Innovator Award of
NIGMS, National Institutes of Health (DP2), the Pew Scholars
Program in the Biomedical Sciences, and the David and Lucile
Packard Foundation (all to S. P.). The content is solely the responsibility of the authors and does not necessarily represent the
ofﬁcial views of the National Institutes of Health.
Conﬂict of interest—The authors declare that they have no conﬂicts
of interest with the contents of this article.
Abbreviations—The abbreviations used are: IBB, importin-β-binding domain; NLS, nuclear localization signal; SEC-MALS, size
exclusion chromatography in line with multiangle light scattering;
TPX2, targeting protein for XKlp2.

References
1. Petry, S. (2016) Mechanisms of mitotic spindle assembly. Annu. Rev.
Biochem. 85, 659–683
2. Heald, R., and Khodjakov, A. (2015) Thirty years of search and capture:
The complex simplicity of mitotic spindle assembly. J. Cell Biol. 211,
1103–1111
3. Gruss, O. J., Carazo-Salas, R. E., Schatz, C. A., Guarguaglini, G., Kast, J.,
Wilm, M., Le Bot, N., Vernos, I., Karsenti, E., and Mattaj, I. W. (2001) Ran
induces spindle assembly by reversing the inhibitory effect of importin
alpha on TPX2 activity. Cell 104, 83–93
4. Heald, R., Tournebize, R., Blank, T., Sandaltzopoulos, R., Becker, P.,
Hyman, A., and Karsenti, E. (1996) Self-organization of microtubules into
bipolar spindles around artiﬁcial chromosomes in Xenopus egg extracts.
Nature 382, 420–425
5. Clarke, P. R., and Zhang, C. (2008) Spatial and temporal coordination of
mitosis by Ran GTPase. Nat. Rev. Mol. Cell Biol. 9, 464–477
6. Cavazza, T., and Vernos, I. (2016) The RanGTP pathway: From nucleocytoplasmic transport to spindle assembly and beyond. Front. Cell. Dev.
Biol. 3, 82
7. Wittmann, T., Wilm, M., Karsenti, E., and Vernos, I. (2000) TPX2, A
novel Xenopus MAP involved in spindle pole organization. J. Cell Biol.
149, 1405–1418
8. Christie, M., Chang, C. W., Róna, G., Smith, K. M., Stewart, A. G.,
Takeda, A. A., Fontes, M. R., Stewart, M., Vértessy, B. G., Forwood, J. K.,
and Kobe, B. (2016) Structural biology and regulation of protein import
into the nucleus. J. Mol. Biol. 428, 2060–2090
9. Forbes, D. J., Travesa, A., Nord, M. S., and Bernis, C. (2015) Nuclear
transport factors: Global regulation of mitosis. Curr. Opin. Cell Biol. 35,
78–90
10. Wühr, M., Güttler, T., Peshkin, L., McAlister, G. C., Sonnett, M., Ishihara, K., Groen, A. C., Presler, M., Erickson, B. K., Mitchison, T. J.,
Kirschner, M. W., and Gygi, S. P. (2015) The nuclear proteome of a
vertebrate. Curr. Biol. 25, 2663–2671
11. Stewart, M. (2007) Molecular mechanism of the nuclear protein import
cycle. Nat. Rev. Mol. Cell Biol. 8, 195–208

12. Schatz, C. A., Santarella, R., Hoenger, A., Karsenti, E., Mattaj, I. W.,
Gruss, O. J., and Carazo-Salas, R. E. (2003) Importin alpha-regulated
nucleation of microtubules by TPX2. EMBO J. 22, 2060–2070
13. Catimel, B., Teh, T., Fontes, M. R., Jennings, I. G., Jans, D. A., Howlett, G.
J., Nice, E. C., and Kobe, B. (2001) Biophysical characterization of interactions involving importin-alpha during nuclear import. J. Biol. Chem.
276, 34189–34198
14. Zhang, R., Roostalu, J., Surrey, T., and Nogales, E. (2017) Structural
insight into TPX2-stimulated microtubule assembly. Elife 6, 1–22
15. Chang, C. C., Huang, T. L., Shimamoto, Y., Tsai, S. Y., and Hsia, K. C.
(2017) Regulation of mitotic spindle assembly factor NuMA by importinβ. J. Cell Biol. 216, 3453–3462
16. Guo, L., Kim, H. J., Wang, H., Monaghan, J., Freyermuth, F., Sung, J. C.,
O’Donovan, K., Fare, C. M., Diaz, Z., Singh, N., Zhang, Z. C., Coughlin,
M., Sweeny, E. A., DeSantis, M. E., Jackrel, M. E., et al. (2018) Nuclearimport receptors reverse aberrant phase transitions of RNA-binding
proteins with prion-like domains. Cell 173, 677–692.e20
17. Hofweber, M., Hutten, S., Bourgeois, B., Spreitzer, E., NiednerBoblenz, A., Schifferer, M., Ruepp, M. D., Simons, M., Niessing, D.,
Madl, T., and Dormann, D. (2018) Phase separation of FUS is suppressed by its nuclear import receptor and arginine methylation. Cell
173, 706–719.e13
18. Petry, S., Groen, A. C., Ishihara, K., Mitchison, T. J., and Vale, R. D. (2013)
Branching microtubule nucleation in Xenopus egg extracts mediated by
augmin and TPX2. Cell 152, 768–777
19. Verma, V., and Maresca, T. J. (2019) Direct observation of branching MT
nucleation in living animal cells. J. Cell Biol. 218, 2829–2840
20. Decker, F., Oriola, D., Dalton, B., and Brugués, J. (2018) Autocatalytic
microtubule nucleation determines the size and mass of Xenopus laevis
egg extract spindles. Elife 7, 1–20
21. Loughlin, R., Heald, R., and Nédélec, F. (2010) A computational model
predicts Xenopus meiotic spindle organization. J. Cell Biol. 191, 1239–
1249
22. Thawani, A., Stone, H. A., Shaevitz, J. W., and Petry, S. (2019) Spatiotemporal organization of branched microtubule networks. Elife 8, 1–29
23. Alfaro-Aco, R., Thawani, A., and Petry, S. (2020) Biochemical reconstitution of branching microtubule nucleation. Elife 9, 1–16
24. Giesecke, A., and Stewart, M. (2010) Novel binding of the mitotic regulator TPX2 (target protein for Xenopus kinesin-like protein 2) to
importin-alpha. J. Biol. Chem. 285, 17628–17635
25. Trieselmann, N., Armstrong, S., Rauw, J., and Wilde, A. (2003) Ran
modulates spindle assembly by regulating a subset of TPX2 and Kid activities including Aurora A activation. J. Cell Sci. 116, 4791–4798
26. Alfaro-Aco, R., Thawani, A., and Petry, S. (2017) Structural analysis of the
role of TPX2 in branching microtubule nucleation. J. Cell Biol. 216, 983–997
27. Jiang, H., Wang, S., Huang, Y., He, X., Cui, H., Zhu, X., and Zheng, Y.
(2015) Phase transition of spindle-associated protein regulate spindle
apparatus assembly. Cell 163, 108–122
28. Woodruff, J. B., Ferreira Gomes, B., Widlund, P. O., Mahamid, J., Honigmann, A., and Hyman, A. A. (2017) The centrosome is a selective
condensate that nucleates microtubules by concentrating tubulin. Cell
169, 1066–1077.e10
29. Monterroso, B., Zorrilla, S., Sobrinos-Sanguino, M., Robles-Ramos, M. A.,
López-Álvarez, M., Margolin, W., Keating, C. D., and Rivas, G. (2019)
Bacterial FtsZ protein forms phase-separated condensates with its
nucleoid-associated inhibitor SlmA. EMBO Rep. 20, e45946
30. King, M. R., and Petry, S. (2020) Phase separation of TPX2 enhances and
spatially coordinates microtubule nucleation. Nat. Commun. 11, 270
31. Yoshizawa, T., Ali, R., Jiou, J., Fung, H. Y. J., Burke, K. A., Kim, S. J., Lin,
Y., Peeples, W. B., Saltzberg, D., Soniat, M., Baumhardt, J. M., Oldenbourg, R., Sali, A., Fawzi, N. L., Rosen, M. K., et al. (2018) Nuclear
import receptor inhibits phase separation of FUS through binding to
multiple sites. Cell 173, 693–705.e22
32. Shin, Y., and Brangwynne, C. P. (2017) Liquid phase condensation in cell
physiology and disease. Science 357, eaaf4382
33. Nachury, M. V., Maresca, T. J., Salmon, W. C., Waterman-Storer, C. M.,
Heald, R., and Weis, K. (2001) Importin beta is a mitotic target of the
small GTPase Ran in spindle assembly. Cell 104, 95–106

J. Biol. Chem. (2021) 297(3) 100998

9

Importin inhibition of TPX2-mediated microtubule branching
34. Hulme, E. C., and Trevethick, M. A. (2010) Ligand binding assays at equilibrium: Validation and interpretation. Br. J. Pharmacol. 161, 1219–1237
35. Eibes, S., Gallisà-Suñé, N., Rosas-Salvans, M., Martínez-Delgado, P.,
Vernos, I., and Roig, J. (2018) Nek9 phosphorylation deﬁnes a new role
for TPX2 in Eg5-dependent centrosome separation before nuclear envelope breakdown. Curr. Biol. 28, 121–129.e4
36. Jakel, S., Mingot, J. M., Schwarzmaier, P., Hartmann, E., and Görlich, D.
(2002) Importins fulﬁl a dual function as nuclear import receptors and
cytoplasmic chaperones for exposed basic domains. EMBO J. 21, 377–386
37. Miyatake, H., Sanjoh, A., Unzai, S., Matsuda, G., Tatsumi, Y., Miyamoto,
Y., Dohmae, N., and Aida, Y. (2015) Crystal structure of human importinα1 (Rch1), revealing a potential autoinhibition mode involving homodimerization. PLoS One 10, e0115995
38. Görlich, D., Prehn, S., Laskey, R. A., and Hartmann, E. (1994) Isolation of
a protein that is essential for the ﬁrst step of nuclear protein import. Cell
79, 767–778
39. Roostalu, J., Cade, N. I., and Surrey, T. (2015) Complementary activities
of TPX2 and chTOG constitute an efﬁcient importin-regulated microtubule nucleation module. Nat. Cell Biol. 17, 1422–1434
40. Wang, J., Choi, J.-M., Holehouse, A. S., Lee, H. O., Zhang, X., Jahnel, M.,
Maharana, S., Lemaitre, R., Pozniakovsky, A., Drechsel, D., Poser, I.,
Pappu, R. V., Alberti, S., and Hyman, A. A. (2018) A molecular grammar
governing the driving forces for phase separation of prion-like RNA
binding proteins. Cell 174, 688–699
41. Brangwynne, C. P., Tompa, P., and Pappu, R. V. (2015) Polymer physics of
intracellular phase transitions. Nat. Phys. 11, 899–904

10 J. Biol. Chem. (2021) 297(3) 100998

42. Das, R. K., and Pappu, R. V. (2013) Conformations of intrinsically disordered proteins are inﬂuenced by linear sequence distributions of oppositely
charged residues. Proc. Natl. Acad. Sci. U. S. A. 110, 13392–13397
43. Pan, W., Vekilov, P. G., and Lubchenko, V. (2010) Origin of anomalous
mesoscopic phases in protein solutions. J. Phys. Chem. B 114, 7620–
7630
44. Pan, W., Galkin, O., Filobelo, L., Nagel, R. L., and Vekilov, P. G. (2007)
Metastable mesoscopic clusters in solutions of sickle-cell hemoglobin.
Biophys. J. 92, 267–277
45. Hyman, A., Drechsel, D., Kellogg, D., Salser, S., Sawin, K., Wordeman, L.,
and Mitchison, T. (1991) Preparation of modiﬁed tubulins. Methods
Enzymol. 196, 478–485
46. Tan, S., Kern, R. C., and Selleck, W. (2005) The pST44 polycistronic
expression system for producing protein complexes in Escherichia coli.
Protein Expr. Purif. 40, 385–395
47. Thawani, A., Kadzik, R. S., and Petry, S. (2018) XMAP215 is a microtubule nucleation factor that functions synergistically with the γ-tubulin
ring complex. Nat. Cell Biol. 20, 575–585
48. Gill, S. C., and von Hippel, P. H. (1989) Calculation of protein extinction
coefﬁcients from amino acid sequence data. Anal Biochem. 182, 319–326
49. M. Mothilal, SPR nonlinear kinetics.pdf, SRM University.
50. Frisken, B. J. (2001) Revisiting the method of cumulants for the analysis of
dynamic light-scattering data. Appl. Opt. 40, 4087–4091
51. Hannak, E., and Heald, R. (2006) Investigating mitotic spindle assembly
and function in vitro using Xenopus laevis egg extracts. Nat. Protoc. 1,
2305–2314

