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The mitotic spindle is typically thought of as an array of micro-
tubules, microtubule-associated proteins and motors that self-
organizes to align and segregate chromosomes'. The major
spindle components consist of proteins and DNA, the primary
structural elements of the spindle’. Other macromolecules
including RNA and lipids also associate with spindles, but their
spindle function, if any, is unknown. Poly(ADP-ribose) (PAR) is a
large, branched, negatively charged polymeric macromolecule
whose polymerization onto acceptor proteins is catalysed by a
family of poly(ADP-ribose) polymerases (PARPs)>. Several PARPs
localize to the spindle in vertebrate cells, suggesting that PARPs
and/or PAR have a role in spindle function®. Here we show that
PAR is enriched in the spindle and is required for spindle
function— PAR hydrolysis or perturbation leads to rapid disrup-
tion of spindle structure, and hydrolysis during spindle assembly
blocks the formation of bipolar spindles. PAR exhibits localiza-
tion dynamics that differ from known spindle proteins and are
consistent with a low rate of turnover in the spindle. Thus, PAR
is a non-proteinaceous, non-chromosomal component of the
spindle required for bipolar spindle assembly and function.
PAR polymers are the product of post-translational modifi-
cations and are required for normal cell division; in Drosophila,
PARP knockouts are embryonic lethal>. PAR is polymerized by
PARPs onto acceptor proteins using NAD ™" as substrate?, and the
concentration, length and extent of PAR branching are regulated by
a balance of activities of the PARPs and poly(ADP-ribose) glyco-
hydrolase (PARG), a highly specific, processive endo- and exo-
glycosidase®. Most PARPs localize to the spindle: PARP1 and PARP2
localize to centromeres and interact with CENPA, CENPB and Bub3
(ref. 5); VPARP localizes throughout the spindle®; PARP1 and
PARP3 associate with centrosomes’; and tankyrasel and 2 are
found at chromosomes and spindle poles’, where they interact
with the spindle pole protein NuMA?. Cellular PAR concentrations
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markedly increase during metaphase and anaphase—telophase
owing to PARP activity’. Together, these observations suggest that
PARPs, or PAR itself, might be important in spindle function.

We examined PAR localization in metaphase spindles by staining
isolated spindles—assembled in cycled Xenopus egg extract and in
somatic cells—using three different antibodies against PAR, and
varied fixation conditions (Fig. la, b). In all cases, PAR was
filamentous and punctate in appearance, co-localized with spindle
microtubules, and was enriched at spindle poles and kinetochores
(Fig. 1a, b; see also Supplementary Fig. S1). PAR filaments were
most evident without fixation and became more punctate after
fixation, suggesting that traditional fixation methods developed
for proteins perturb PAR localization. PAR localization to the
kinetochore is particularly interesting in light of data demonstrating
PARPI recruitment to metaphase centromeres'’, suggesting a role
for PARP1 or PAR in centromere/kinetochore function.

The staining pattern in metaphase cells was similar to isolated
Xenopus spindles except for a more pronounced enrichment at the
poles (Fig. 1b). At the poles, PAR was primarily associated with
spindle pole material rather than centrosomes, and spindle pole
staining was similar to the localization pattern seen for tankyrasel
(ref. 11). Interestingly, PARG also co-localized with spindle micro-
tubules in BSC1 and HeLa cells (Fig. 1c). This co-localization of
PARPs, PAR and PARG with spindle microtubules suggests that one
or more PARP(s) and PARG may actively regulate PAR levels in the
spindle.

To determine whether PAR is enriched in the metaphase spindle,
we compared the amount of spindle-associated PAR to total mitotic
frog egg extract (CSF) by isolating spindles from Xenopus extract,
and resolving equivalent concentrations of purified spindles and
CSF on SDS polyacrylamide gels. Immunoblotting with anti-PAR
antibodies showed a ~10-fold enrichment of PAR in the spindle
relative to surrounding cytoplasm (Figs 1d and 2c). Most of the
poly(ADP-ribosyl)ated (PARsylated) proteins were between ~97
and ~200kDa. These may represent a single, highly modified
protein, or a population of PARsylated proteins of varying sizes
(Figs 1d and 2¢). PAR and tubulin concentrations were unaffected
by detergent treatment before spindle isolation, showing that PAR
directly associates with the spindle rather than the membranes that
co-purify with isolated spindles.

To ask whether PAR has an important function in the spindle, we
assembled spindles in the presence of X-rhodamine-labelled tubulin
in extracts containing replicated chromosomes'” (cycled spindles),
and perturbed PAR polymer by adding exogenous PARG or high
concentrations of purified anti-PAR antibodies. We observed spin-
dle structure using real-time, spinning-disk confocal microscopy
(Fig. 2a) or examined fixed samples at defined time points (Fig. 2b,
e). Notably, addition of 100 ugml ™' PARG resulted in the rapid
breakdown of spindle structure (Fig. 2a; see also Supplementary
Movie M1). Microtubules rapidly splayed outward from the spindle
centre, after which the two half spindles appeared to become
disconnected and the degree of anti-parallel microtubule overlap
decreased markedly. This effect was specific to the hydrolytic
activity of PARG, as simultaneous addition of 100 uM of the
PARG inhibitor ADP-HPD" blocked the phenotypic effect of
PARG (Fig. 2b). We quantified the effect of PARG addition on
both PAR and tubulin concentrations in the spindle by isolating
treated and untreated spindles and blotting for PAR or tubulin
(Fig. 2c¢). Addition of 100 ug ml~' PARG to assembled spindle
reactions resulted in the complete hydrolysis of PAR polymer up
to the detection limit of our testing, whereas simultaneous addition
of 100 uM ADP-HPD partially protected PAR, especially at high
molecular weight. Addition of 500 pg ml ™' of affinity-purified anti-
PAR antibody to cycled spindles phenocopied the effects of PARG
addition (Fig. 2a; see also Supplementary Movie M2). In all cases
extracts remained in mitosis, as demonstrated by the presence of
condensed chromosomes. The phenotype of PAR hydrolysis was not
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due to increased concentrations of soluble PAR, as addition of
500 ugml~ ' purified exogenous PAR had no effect on spindle
structure (not shown). Taken together, these results suggest that
PAR within the spindle is required for maintenance of bipolar
spindle structure.

To determine whether PAR is required for the assembly of
spindles, we added PARG before spindle assembly and analysed
fixed samples 30 min after bipolar spindles had formed in untreated
control reactions. Addition of 100 pg ml~" PARG led to a complete

Tubulin

a PAR

Prophase

Tubulin

Figure 1 PAR is enriched in the spindle. a, PAR localization in purified Xenopus spindles.
Xenopus egg extract spindles were isolated and stained for PAR, tubulin and DNA, without
fixation (no fix), or after fixing with 4% paraformaldehyde (fix). PAR localizes throughout
the spindle and is enriched at kinetochores and spindle poles (Supplementary Fig. S1).
PAR appears filamentous when not fixed, and appears more punctate after fixation. In the
merged panel, PAR is green, tubulin red and DNA is blue. b, Mitotic localization of PAR in
somatic cells. HeLa, U20S, LLPCK, XLK and BSC1 cells were fixed and stained for PAR,
tubulinand DNA. All cell types exhibited similar staining patterns. Hela cells during G2-M,
prophase, prometaphase (P-M), metaphase, anaphase and cytokinesis stages of the cell
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abrogation of spindle assembly—no bipolar spindles were ident-
ified in ten fields analysed at 40 X magnification. However, mono-
polar microtubule asters were present in association with normal
mitotic chromosomes (Fig. 2b). Co-incubation of PARG and
100 uM ADP-HPD partially restored spindle assembly (Fig. 2b) —
60 bipolar spindles were identified in ten random fields in two
independent experiments. The presence of microtubule asters
suggests that PAR is specifically required for bipolar spindle
assembly. Furthermore, when we treated non-chromosomal, acen-

cycle are shown. PAR localizes to the mitotic spindle throughout mitosis and appears
filamentous during metaphase, similar to the staining pattern seen in isolated Xenopus
egg extract spindles, which are arrested in metaphase. In the merged panel, PAR is green,
tubulin red and DNA is blue. ¢, PARG localizes to the mitotic spindle. Hela cells were
stained with antibodies against PARG and tubulin. PARG co-localizes with tubulin, as
shown in the merged panel (PARG is green, tubulin red and DNA is blue). d, PAR is
enriched in the spindle. Immunoblot of equivalent amounts of CSF extract or isolated
spindles (Spd) probed with anti-PAR antibody. Molecular mass is marked along the left
(kDa).
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Figure 2 PAR is required for bipolar spindle assembly and function. a, PAR perturbation
results in rapid loss of spindle structure. Cycled Xenopus egg extract spindles assembled
in the presence of X-rhodamine-labelled tubulin were treated with 100 g ml~" PARG or
500 ng ml~" purified anti-PAR antibody, and real-time images obtained every 30s for
15min on a spinning disk microscope. (See Supplementary Movie M1 (PARG addition)
and Supplementary Movie M2 (PAR antibody addition) for full sequences.) b, PAR is
required for spindle assembly and function. Addition of 100 pg ml~" PARG for 2 h during
(pre-assem.) and for 15 min after (15 min) spindle assembly both resulted in spindle
monopoles with associated condensed chromosomes. These phenotypes are specific for
PAR hydrolysis, as addition of 100 wM ADP-HPD (+inhibitor), a PARG inhibitor, rescues
spindle bipolarity. Tubulin is red and DNA is blue. ¢, Quantification of PAR hydrolysis.
Equal amounts of CSF extract (lane 1) or cycled spindles reactions were untreated (lane 2),
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15 min
-

PARG

treated with 100 g mi~" PARG (lane 3), or 100 ngmi~ " PARG plus 100 uM ADP-HPD
(lane 4) and probed for antibodies against PAR (left blot) or tubulin (right blot). PARG
treatment (Ilane 3) results in complete hydrolysis of PAR, whereas simultaneous addition of
ADP-HPD partially protected PAR (lane 4). Molecular mass is indicated along the left (kDa).
d, PAR s not required for microtubule aster structure or assembly. A total of 100 pgml~"
PARG was added 25 min before DMSO- or RanGTP-induced (Ran) aster assembly in CSF
extract, and real-time images obtained every 30 s for 15 min. PARG addition had no effect
on aster assembly or structure. e, Egb and NuMA localization after PAR disruption. Cycled
Xenopus extract spindles were not treated (top) or were treated with 100 pg mi~" PARG
(bottom), isolated and stained for tubulin (red) and Eg5 or NuMA (green), two proteins
required for spindle assembly. Eg5 and NuMA remained associated with the resulting
structures (PARG), suggesting that PAR may not be required for their targeting to spindles.
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trosomal asters—formed by addition of Ran-GTP'* or DMSO —
with 100 pg ml ™' PARG (Fig. 2d), neither the size nor the density of
asters was affected. Thus, PAR has a specific role in organizing
bipolar spindles, and is not required for microtubule nucleation or
dynamics.

We next determined the effect of PAR disruption on the localiz-
ation of proteins previously implicated in spindle assembly: that is,
Eg5, a tetrameric kinesin motor protein required for spindle
bipolarity'®, and NuMA, a non-centrosomal component of
the spindle poles required for pole focusing'®. Importantly, Eg5
(ref. 15) and NuMA' localize to both bipolar spindles and micro-
tubule asters. We added 100 pgml ™' PARG to assembled cycled
spindles containing X-rhodamine-labelled tubulin, purified the
resulting structures through glycerol cushions, and stained for
Eg5 or NuMA (Fig. 2e). Both proteins associated with the micro-
tubule structures, suggesting that PAR is not required for their

a
b

10504

95.0

85.0

75.0

65.0

Intensity relative to baseline (%)

0 5 10 15

Time (min)
PAR
0 min

TPX2
0 min 10 min 20 min

Figure 3 PAR exchange between the spindle and cytoplasm is slow. a, Real-time
localization of PAR in the spindle. X-rhodamine-labelled anti-PAR Fab fragments were
added to cycled spindles containing Alexa-488-labelled tubulin and visualized. PAR
localization to the spindle largely overlaps with tubulin. b, Rate of PAR exchange between
the spindle and cytoplasm. Xenopus egg extract spindles incubated with X-rhodamine-
labelled anti-PAR Fab or anti-TPX2 antibodies were partially purified by sedimentation,
diluted 1:20 into unlabelled mitotic egg extract and images taken every 30's for 20 min
using wide-field microscopy. The graph depicts the percentage relative fluorescence
intensity with respect to time O at every minute for three separate experiments. PAR
(red line) exhibits a slow rate of cytoplasmic exchange relative to TPX2 (blue line), longer
than known spindle components. Error bars represent standard deviation of three
independent experiments. Below are images of anti-PAR and anti-TPX2 antibodies at 0,
10 and 20 min.
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targeting to spindles, although we cannot rule out more subtle
interactions of these proteins with PAR.

Microtubule-associated spindle components including tubulin,
microtubule-associated proteins and Eg5 have been shown to
exchange rapidly between spindle-associated and cytoplasmic
pools'®?° PAR differs biochemically and biophysically from
known spindle molecules and might exhibit unique localization
dynamics. As a first approach to analysing dynamics, we measured
the half-life of anti-PAR Fab fragments bound to spindles. Fab
fragments generated from purified anti-PAR LP96-10 antibody
were directly labelled with X-rhodamine. In addition, we directly
labelled LP96-10 IgG and anti-PAR IgY with X-rhodamine and
Alexa 488. All yielded similar localization patterns. Directly labelled
anti-PAR Fab was added to cycled spindles, and its localization
examined using real-time wide-field microscopy (Fig. 3a). These
low concentrations of antibody, unlike the 50 X higher concen-
trations used earlier to disrupt spindle function, had no obvious
effect on spindle morphology. To measure exchange between
spindle-associated and cytoplasmic PAR, we concentrated spindles
labelled with 10 pgml™" X-rhodamine-labelled anti-PAR Fab by
sedimentation, diluted them 1:20 in unlabelled extract, and
measured the loss of fluorescence intensity relative to the initial
time point. For comparison, we repeated the experiment using
10pgml™" X-rhodamine-labelled antibody against the microtu-
bule-associated protein TPX2 (ref. 21). Labelled tubulin exchanged
out of the spindle rapidly, as expected (not shown). TPX2 antibody
exchanged out with a half-life of ~5 min, confirming that TPX2 is a
dynamic spindle component. In contrast, PAR fluorescence did not
decrease appreciably during the course of the dilution experiment
(Fig. 3b), indicating a half-life longer than that of known spindle
components.

Our data demonstrate a requirement for PAR in the assembly and
structure of bipolar spindles, and help to explain PARP localization
to the spindle. How might PAR function in the spindle? The best
understood mechanism of PAR activity is regulation of polynucleo-
some activity during DNA damage: PARsylation of histones results
in a conformational change in the polynucleosome leading to
altered nucleosome—DNA interactions and changes in chromatin
condensation®. Similarly, PARsylation of spindle proteins includ-
ing microtubule-associated proteins and molecular motors may
regulate their activity, and as a result, spindle assembly and func-
tion. Thus PAR may act as a molecular on/off ‘switch’ for spindle
assembly. Phosphorylation, a hallmark of mitosis, increases the
activity of PARP1 and tankyrasel (refs 23, 24) and may regulate the
activity of all PARPs. For example, PARP1 is inactive in oocytes, and
PAR is not detectable; however, PARP activity is increased after
phosphorylation of PARP1 by mitotic kinases, without any change
in PARP protein concentrations™. This suggests that phosphoryl-
ation may also regulate PARP activity during mitosis, explaining the
increase in PAR concentration during mitosis’. We do not know the
identity of PAR acceptors in the spindle aside from the PARPs
themselves, as all known PARPs undergo auto(ADP-ribosyl)ation.
One interesting candidate is NuMA, a spindle protein required for
spindle pole assembly and recently shown to interact directly with
tankyrasel (ref. 8). PARsylation of NuMA may be required for
spindle function.

Another possibility is that PAR has a structural role in the spindle.
The size, branching, high negative charge and aromatic heterocycle
functionality of PAR suggest that it could mediate charge—charge
interactions with proteins in addition to covalent modification of
acceptors. This would explain the disruption of spindle structure
observed when large amounts of anti-PAR antibody are added.
PARsylated proteins in the nucleus have been shown to interact with
non-modified proteins through charge—charge interactions with
PAR, interactions thought to mediate assembly of a nuclear
matrix”. A similar matrix may exist in the spindle, as proposed
by the spindle matrix hypothesis*. Finally, we note that PARP1 is a
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common drug target”, suggesting that the spindle-associated
PARPs are potential cancer drug targets. g
Methods

Imaging and antibodies

Cycled Xenopus egg extract spindles were assembled as described'? with or without
X-rhodamine-labelled or Alexa-488-labelled tubulin, and isolated through 40% glycerol
BRB80. For staining of non-fixed spindles, isolated spindles were processed for
immunofluorescence in solutions containing 5% glycerol BRB80. For
immunofluorescence and immunoblotting, polyclonal rabbit LP96-10 IgG was purchased
from BD Biosciences, polyclonal chicken IgY anti-PAR antibodies from Tulip Biolabs, and
monoclonal 10H from Trevigen. All anti-PAR antibodies were pre-adsorbed against BSA
transferred to nitrocellulose. LP96-10 Fab fragments were generated using an
Immunopure Fab preparation kit (Pierce Biotech). Anti-NuMA, TPX2 and Eg5 polyclonal
rabbit antibodies were gifts from A. Groen and D. Miyamoto. Rabbit anti-PARG antibody
was obtained from Oncogene Inc. Primary antibodies were directly labelled using Alexa
488 and X-rhodamine NHS esters (Molecular Probes) as per the manufacturer’s
instructions. Measurements of fluorescence intensity were calculated by background
subtraction, then integration of fluorescence. Images were obtained using a Princeton
Instruments CCD camera, controlled by Metamorph software (Universal Imaging Corp.).
Spinning disk confocal microscopy movies were obtained using a Nikon TE2000U
inverted microscope, a Perkin Elmer Ultraview spinning disk confocal head, and a
Hamamatsu Orca ER cooled-CCD camera controlled using Metamorph software. Spindle
reactions were imaged in open chambers®, and images obtained every 30's for 15 min.

Protein purification and biochemistry

Recombinant bovine PARG was expressed and purified as described”. For quantification
of PAR after PARG treatment, spindles treated with 100 pg ml~' PARG, 100 pg ml~' PARG
plus 100 puM ADP-HPD, or untreated spindles were isolated as above and resolved on 8%
SDS-PAGE gels, transferred to nitrocellulose, and probed with LP96-10 antibody. CSF was
added for comparison.
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Clathrin-coated pits invaginate from specific membrane com-
partments and pinch off as coated vesicles. These vesicles then
uncoat rapidly once released. The Hsc70 molecular chaperone
effects the uncoating reaction, and is guided to appropriate
locations on clathrin lattices by the J-domain-containing co-
chaperone molecule auxilin'™. This raises the question of how
a local event such as ATP hydrolysis by Hsc70 can catalyse a
global disassembly. Here, we have used electron cryomicroscopy
to determine 12-A-resolution structures of in-vitro-assembled
clathrin coats in association with a carboxy-terminal fragment of
auxilin that contains both the clathrin-binding region and the J
domain. We have located the auxilin fragment by computing
differences between these structures and those lacking auxilin
(described in an accompanying paper’). Auxilin binds within
the clathrin lattice near contacts between an inward-projecting
C-terminal helical tripod and the crossing of two ‘ankle’ seg-
ments; it also contacts the terminal domain of yet another
clathrin ‘leg’ It therefore recruits Hsc70 to the neighbourhood
of a set of critical interactions. Auxilin binding produces a local
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