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Summary

In mitosis, NuUMA localises to spindle poles where it
contributes to the formation and maintenance of focussed
microtubule arrays. Previous work has shown that NUMA

is transported to the poles by dynein and dynactin. So far,
it is unclear how NUMA accumulates at the spindle poles
following transport and how it remains associated
throughout mitosis. We show here that NuMA can bind to
microtubules independently of dynein/dynactin. We
characterise a 100-residue domain located within the C-
terminal tail of NUMA that mediates a direct interaction

with tubulin in vitro and that is necessary for NuMA
association with tubulin in vivo. Moreover, this domain
induces bundling and stabilisation of microtubules when
expressed in cultured cells and leads to formation of
abnormal mitotic spindles with increased microtubule
asters or multiple poles. Our results suggest that NUMA
organises the poles by stable crosslinking of the
microtubule fibers.
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Introduction

spindle pole organization in vertebrates &rdsophilaseem

During cell division, the microtubule network is transformedto share striking similarities: NUMA has been shown to
into a spindle apparatus that separates chromosome pairs @sgociate with the minus-end directed motor dynein and the
transports them to opposite poles. The functionality of thes@ctivator dynactin and is transported towards the poles at early
spindle poles depends on focussed arrays of microtubufé@ges of spindle formation (Merdes et al., 1996; Merdes et al.,
minus-ends, in most animal cells anchored in a matrix o£000). By attaching to parallel microtubules in the spindle, the
electron-dense material surrounding the centrosomes. But evBlpvVing NUMA complex can focus them in a zipper-like
cell types that don’t contain centrosomes, such as oocytes fgshion. By analogy, it was proposed that Dmsophila
many animal species, are capable of organizing intact spindR¥otein Msps is transported polewards by Ncd, where it has a
poles. This is done with the help of structural and motoptabilizing effect on the microtubule ends (Cullen and Ohkura,

proteins that accumulate at microtubule minus-ends during001). Whereas Msps is anchored to the spindle poles by D-
spindle formation (for reviews, see Merdes and ClevelandlACC, the mechanisms that retain NUMA at the poles are less
1997; Compton, 1998). IBrosophila a set of pole-forming clear: Although the association of NUMA with dynein and
proteins has been characterized, including Asp (Avides arfdynactin in a multi-protein complex can explain the transport
Glover, 1999; Wakefield et al., 2001), D-TACC (Gergely et al.of NUMA along spindle fibres and the process of microtubule
2000b; Cullen and Ohkura, 2001; Lee et al., 2001), thécussing, the question remains how NUMA is able to attach
microtubule-associated protein Msps (Cullen et al., 1999), ard accumulate at the poles, and why the protein isn't falling
the minus-end directed motor protein Ncd (Matthies et al9ff the microtubule minus-ends following transport.
1996). There are homologues of several of these proteins fffeviously, we suggested that NUMA might possess a direct
vertebrates that fulfil similar roles: a protein family related tc@ffinity for microtubules (Merdes et al., 1996), which could
D-TACC has been described (Gergely et al., 2000a), the proteRiovide stable crosslinking of spindle fibres once NuMA is
Msps is a homologue of ch-TOGp and XMAP 215 (Charrasséeposited at the poles. In this report, we provide direct
et al., 1998; Dionne et al., 2000), and the kinesin-relate@vidence for this model: we map and characterize a 100-

protein Ncd is very similar to the human motor protein hSETesidue region in the tail domain of NuMA that binds directly
and the protein CHO2 in rodents (Kuriyama et al., 1995t0 tubulin, and that induces formation of microtubule bundles

Mountain et al., 1999). with an increased stability.

Other spindle pole proteins, NUMA and TPX2, have been
identified only in vertebrates (Compton et al., 1992; Yang et
al., 1992; Wittmann et al., 2000). Both NUMA and TPX2 showMaterials and Methods
a cell-cycle-dependent localization: they are nuclear durin@inding studies in vitro
interphase, and re-localize to the spindle poles in mitosi€ytostatic factor-arrestedenopus laeviegg extract was prepared as
Despite varying protein compositions, the mechanisms fodescribed (Murray, 1991). A high speed supernatant of the extract was
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prepared by centrifugation at 150,a9fdr one hour. To inhibit dynein  unlabelled NuMA tail Il; bound material was quantified directly from
or dynactin, antibody 70.1 from Sigma (Dorset, UK) or p50/dynamitindried protein gels on a phosphoimager.
were added as described (Merdes et al., 2000). Samples @itk Morphological effects of NuUMA tail fragments on microtubule
incubated for 30 minutes with|IM taxol and 45.g taxol-stabilized  formation with pure tubulin were studied as described (Merdes et al.,
microtubules, and subsequently mixed with TOBRB80 (80 mM  1996), with the modification that rhodamine-labelled tubulin was
K-PIPES, 1 mM MgCJ, 1 mM EGTA, pH 6.8) supplemented with added to the assay. Microtubule aster formationX@mopusegg
0.1% Triton X-100, 1 mM dithiothreitol, 5 mM EGTA, leupeptin, extracts was studied by mixing 248 NuMA tail Il or tail IIA with
pepstatin, chymostatin and cytochalasin B. The mixture was loadetD pl of metaphase extract and incubating for 35 minutes (Merdes et
onto a 750ul cushion of 25% glycerol in the same buffer and al., 1996). Affinity adsorption experiments Xenopusegg extracts
centrifuged in a Beckman TLS55 rotor for 15 minutes at 35g00@61  were carried out using bacteriadtis NUMA tail | and tail Il proteins
20°C. Pellets were resuspended in ilbBuffer and one-tenth of each dialyzed against PBS and diluted to 0.2 mg/ml inub@amples of
volume was separated on a 5% SDS polyacrylamide gel. Phosphataseract. The NuMA tail proteins were recovered usinguBof Ni-
treatment of Jul concentrated low speed egg extract was performedgarose, followed by two washes in PBS and one wash in 0.2% Triton
for 30 minutes at 30°C using 300 units of lambda protein phosphata¥e100 in PBS, and elution in 30l SDS gel sample buffer. Tubulin
(New England Biolabs, Hertfordshire, UK) in a total volume ofilR0  was identified by immunoblotting.
containing phosphatase buffer and 2 mM Mn&ipplied from the
manufacturer. Lambda phosphatase was inhibited with 50 mM EDTA ) ] )
or 50 mM sodium fluoride, according to the manufacturer’s Transfection experiments and microscopy
instructions. Alternatively, microtubule pellets of taxol-treated lowHeLa cells were grown in Dulbecco’s modified Eagle’s medium with
speed extracts were resuspended in phosphatase buffer containing®6 fetal calf serum and transfected with calcium phosphate. To
mM MnClz, and one-quarter of this material was treated with 500ncrease the mitotic index, a single block of 15 hours with 2 mM
units of lambda phosphatase in a volume of BONUMA was  thymidine was used. Cells were fixed either in methanol for 20
analyzed on immunoblots, using affinity purified antibody against aninutes at —20°C, or with 3.7% formaldehyde in 0.1 M NaCl, 0.3 M
NuMA tail peptide (Merdes et al., 1996). sucrose, 10 mM PIPES, 3 mM Mg¢CpH 6.8 for 10 minutes at room
Hexa-histidine tagged bacterial fusion proteinXehopusNuMA temperature, followed by permeabilization in 0.2% Triton X-100.
tail and rod fragments were prepared as described (Merdes et alells were incubated with PBS, 0.1% Tween, 0.5% BSA for 5
1996). A hexa-histidine tagged fusion protein of XemopusNuMA minutes, then with primary antibody [i.e. mAblF1l anti-NuMA
head domain was expressed using pRSET-C (Invitrogen, San Dieg@&ompton, 1991); anti tubulin DM, or anti-acetylated tubulin (both
CA), in which XenopusNuMA nucleotides 196 to 885 were cloned from Sigma, Dorset, UK) for 30 minutes], and with secondary
at BarHI and EcoRlI sites, using PCR products of previously antibody (Texas-Red-conjugated anti-mouse, Sigma, Dorset, UK) for
identified library clones (Merdes et al., 1996). A vector encodind30 minutes. For actin staining, cells were incubated with TRITC-
hexa-histidine taggedSNAP (Whiteheart et al., 1993) was obtained phalloidin (0.25uM, Sigma, Dorset). After DNA staining with DAPI
from C. Rabouille, University of Edinburgh. All fusion proteins were (2.5 pg/ml), coverslips were mounted on microscope slides with
solubilized from bacteria in 8 M urea, 50 mM sodium phosphate, piectashield (Vector Laboratories, Burlingame, CA) and sealed with
7.6, purified over Ni-agarose (Qiagen, Hilden, Germany), angh50 nail polish. Conventional fluorescence microscopy was performed as
of each were precipitated with 1.7 volumes of saturated ammoniumescribed previously (Merdes et al., 2000). For electron microscopy,
sulfate. The proteins were solubilized in a total volume ofuBO cells on coverslips were fixed with 1% glutaraldehyde in PBS. Cells
containing 23ug of phosphocellulose-purified tubulin in BRB80. that expressed GFP-NuMA tail Il were identified by fluorescence
Following 1 hour incubation at room temperature, samples wereicroscopy and photographed, and coordinates of the microscope
diluted with 100pl of cytoskeleton buffer (0.1 M NaCl, 0.3 M stage were recorded for following relocation. Cells were subsequently
sucrose, 10 mM PIPES, 3 mM MgCIpH 6.8), incubated for a treated with 2% osmium tetroxide, dehydrated in a graded series of
further 10 minutes, and mixed with Ni-NTA magnetic agarose beadsthanol, and flat-embedded in Araldite CY212 (Agar Scientifc, Essex,
pelleted from 5Qul of a 5% suspension (Qiagen). After 10 minutes UK). After relocation of the transfected cells, the glass coverslip
of incubation on a rotator, the beads were separated from trsurface was removed with hydrofluoric acid, and the cells were
supernatant using a magnet, and washed twice with 1 ml ahounted on blocks of Araldite. Ultrathin sections were counterstained
cytoskeleton buffer containing 0.5 M NaCl, and twice containingwith lead citrate and viewed on a Philips CM120 electron microscope.
additional 0.2% Triton X-100. Proteins were eluted in SDS sample
buffer, separated by gel electrophoresis, and immunoblotted usin ] o
either monoclonal antibody DMdagainst tubulin (Sigma, Dorset, Construction of GFP-NUMA derivatives
UK), or antibody against an epitope ofHis-Gly from Invitrogen  Constructs were derived from GFP-human NuMA in the eukaryotic
(San Diego, CA). expression vector pCDNA3 (Merdes et al., 2000). Fragments of
In a different set of experiments, NUMA fusion proteins wereNuMA tail were obtained from this template by PCR, using the
dialyzed against PBS, and 11§ were mixed with 1pg of previously  proofreading Pfu polymerase (Stratagene, Amsterdam, Netherlands).
polymerized and taxol-stabilized tubulin in a total volume ofu20 All primers carried the restriction siteddotl (5) and Xbd (3',
BRB80. After 15 minutes of incubation at room temperature, thdollowing a STOP codon), allowing substitution of the full-length
solution was carefully underlayed by 2of 30% glycerol in BRB80, NuMA in the parental plasmid by the tail fragments. In our constructs,
and centrifuged for 10 minutes at 16,0pCSupernatants and pellets nucleotide positions of NUMA cDNA [GenBank Z11584 (Compton
were analyzed by gel electrophoresis. For the estimation of thet al., 1992)] were the following: 5101-5595 for tail |, 5602-6306 for
binding constanti{a) of NuMA tail Il to tubulin, increasing amounts tail Il, 5602-5901 for tail [IA, 5932-6306 for tail IIB. For the deletion
of NuMA tail Il were used in this assay, and the material inof the nuclear localization signal in GFP-NuMA, wild-type sequence
supernatants and pellets was quantified by scanning of CoomassietweenEcoRV andXbd in pCDNA3 GFP-NuMA was replaced by
stained gels, and by quantitative immunoblotting using aan EcdRV/EcoRI fragment of pUC19 NuMANLS (Saredi et al.,
phosphoimager and antibodies against tubulirxéti$-Gly, followed 1996). The deletion constructs NuM#illl and AtailllA+NLS were
by 123-labelled protein A. Analogously, microtubule binding of 0.4 cloned by substitution of the' nd of NUMA in pCDNA3 GFP-
Mg NuMA tail 1l that were phosphorylated with recombinant NuMA with PCR products. For NuMAtailll, the PCR product
cdc2/cyclinB (New England Biolabs, Hertfordshire, UK) and [ extended from a singldatl site to nucleotide 5604 (3primer
32P]ATP was assayed after mixing with increasing amounts otarrying an Xba site following a STOP codon). For
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!_ Fig. 1. Taxol-stabilized microtubules
untreated  dynamitin  anti-dynein B metaphase interphase bind to N'_JMA fromxenopU$gg
extracts, irrespective of dynactin or
n— -~ dynein inhibition. (A) Anti-NuMA
- ——— —— H ‘ 4 l ‘ immunoblot of egg extract, and of
supernatants (sup.) and pellets from

extracts containing taxol-stabilized
microtubules. Extracts were either
untreated (left), or treated with
recombinant dynamitin (middle), or
monoclonal antibody against dynein
intermediate chain (right). The cell cycle does not affect binding of NUMA to
microtubules. (B) Anti-NuMA immunoblot; comparison of taxol microtubule
pellets and supernatants from metaphase-arrested egg extract with equivalent
material from extract released into interphase by calcium chloride. The taxol-
treated extracts were supplemented with additional microtubules to increase the
~ ~ pelleting efficiency. Identical percentages of supernatants and pellets were
7 A loaded. NuMA in phosphatase-treated extract still binds to microtubules.

(C) Anti-NuMA immunoblot of egg extract (extract), supernatant (taxol S.) and

pellet (taxol P.) after centrifugation of taxol-treated extract, and the same pellet
treated with either control buffer (b.contr.) or lambda phosphakagptése). The phosphatase treatment consistently led to an increased
immunoreactivity of NUMA on western blots (identical amounts were loaded for phosphatase treatment and controls, asRerifiediby
staining in multiple experiments). The phosphatase-treated pellet was subsequently resuspended and re-centrifugedg Bupeesatant
(S.2) and pellet (P.2) are shown.
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NuMAAtailllA+NLS, two PCR products were used: the first extendeddistinct events. To test this possibility in a biochemical
from theAatl site to position 5598_ (Jprimer carrying d3g||l site), approach, we re-designed the experiment in metaphase-
the second extended from nucleotide 593(@ner carrying 8glll - arrested cytoplasmic extract capable of forming asters from

site) to 6306 (3 primer carrying anXbd site following the tay|_stabilized microtubules (Gaglio et al., 1995; Gaglio et al
endogenous STOP codon). The introductiogll did not modify 1 qgg6- Gaglio et al., 1997) (Pellgeting of'this rﬁate?ial from’
the amino acid sequence at the deletion point. For both deleti ' t t" I' d that than 50% of NUMA
constructs, the PCR products were first cloned into pBluescriptk enopusegg extracls reveale at more than o OF NU

NUMA usingAatll/Xba, then transferred into pCDNA3 GFP-NuMA Dinds to the taxol-stabilized microtubules, irrespective of
usingEcoRV/Xba. An overview of the various constructs is given in Whether dynein or dynactin are inhibited or not (Fig. 1A). In
Fig. 3E. the same experiment, we detected an enrichment of a slower
Expression levels of GFP NuMA constructs were measured bgnigrating form of NUMA in the pellets, raising the question
trypsinising and counting transfected HelLa cells from a culture dishwhether post-translationally modified NuMA in metaphase
and analysing the levels of GFP signal by quantitative immunoblottingxtracts or alternatively a splice variant (Tang et al., 1994)
of Hela extract, using a GFP-specific antibody%8-labelled  might possess a higher binding affinity to microtubules.
secondary antibody, and a phosphoimager. Measured amounts ©£:5,se NUMA has been reported to be phosphorylated during

recombinant GFP were loaded on the same gel for calibration. Ti}ﬁitosis (Sparks et al., 1995; Gaglio et al., 1995; Compton and
percentage of transfected cells was analysed by fluorescence P o ! 9 o ' P

microscopy of a glass coverslip with cells grown from the sam to, 1995), we .teSte.d whether conversion of metqphase-
culture dish, and the variation of NUMA levels was measured with &Tested extract into interphase extract by the addition of
digital CCD camera (Zeiss Axiocam, Oberkochen, Germany) an§alcium chloride and loss of cdc2 kinase activity (Murray,

Adobe PhotoShop software (Adobe, San Jose, CA). 1991) affected the binding properties of NUMA (Fig. 1B).
Secondary structure prediction of NuMA tail IIA was conductedGeneration of interphase extract did not alter the migration of
using PredictProtein software (Rost et al., 1994). the NuMA doublet, even though a sample of the same extract,

to which frog sperm was added, disassembled all mitotic
spindles and re-formed interphase nuclei (data not shown).

Results _ _ _ Extracts containing nuclei were able to drive NUMA import
NuMA binding to microtubules does not require dynein into the nucleoplasm (Merdes et al., 1996); however, the small
or dynactin number of nuclei was unable to segregate all NuMA from the

Previous work has shown that NUMA associates with théarge volume of extract. Therefore, the majority of NUMA
microtubule motor complex of dynein and its activatorremained cytoplasmic and was able to interact with
dynactin and that it moves towards spindle poles during mitosimicrotubules. Moreover, NUMA in both metaphase extract and
(Merdes et al., 1996; Merdes et al.,, 2000). Moreovernnterphase extract pelleted with taxol-stabilized microtubules
accumulation of NuMA on the microtubule minus ends wago the same degree, indicating that cell cycle has no significant
partially inhibited by antibodies against dynein, or addition ofeffect on NuMA binding to microtubules. In further
excess amounts of dynamitin, the p50 subunit of the dynactiexperiments, we tested whether treatment of taxol-microtubule
complex. However, despite inhibition of dynein or dynactin,pellets from extracts with lambda phosphatase affected the
substantial amounts of NuMA were still bound along themicrotubule binding of NuMA, but couldn’t detect a significant
surface of spindle microtubules, suggesting that binding dfiifference in co-pelleting between the phosphatased fast
NuMA to the spindle and transport towards the pole are twaigrating form of NUMA and the slow migrating form after
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Fig. 2. A region within the
A tubulin immunoblot B = distal half of the NuMA tail
; domain binds directly to
4 ] tubulin. (A) Immunoblot for
- tubulin, showingXenopusgg
extract, and eluates of Ni-
agarose beads after incubation
in untreated egg extract
(beads only), or egg extract
supplemented with hexa-
histidine-taggeXenopus
NuMA tail | (beads+taill) or
NuMA tail Il (beads+tail2).
For comparison,
phosphocellulose-purified
. w' tubulin (tubulin) is shown.
anti (B) Top: Coomassie-stained
6xHis-G - Tw - .' gel showing purified tubulin
. L - . (tub.), hexa-histidine tagged
supernatant Ni++ beads eluate GSNAP @SNAP), al’_ld hexa-
histidine-tagged fusion
proteins ofXenopusNuMA
C head domain (N. head), a 425-
supernstant pellet D residue fragment of the
XenopuNuMA rod domain
(N. rod), the proximal half of
the XenopusNuMA tail (N.
taill), and the distal half of
the XenopusNuMA tail (N.
tail2). Middle: immunoblot
for tubulin, showing a binding
assay of soluble tubulin mixed
with hexa-histidine-tagged
fusion proteins as shown on
the Coomassie-stained gel,
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of soluble tubulin, binding to
Ni-beads only; ‘tub.” indicates
purified tubulin only. The
relative amounts of tubulin
bound in each reaction were
measured with a
phosphoimager and noted

S underneath; the NUMA tail2

o sample, showing the strongest
TET e binding, was set to 100%.

° Bottom: an identical
immunoblot, probed with

' b 0 : p antibody against the peptide

0 2E-06 4E-06 GE-06 BE-06 1E-05 o 5 10 18 .
NuMA tail 2 [bound] g unphosphorylated NuMA tail 2 added sequence of hexa-His-Gly

(anti 6xHis-G). The lack of
reactivity against thaSNAP
fusion protein is due to cloning in a pQE-9 vector, encoding hexa-histidine without glycine. All other fusion proteinsnedra @&SET,
leading to immunoreactive fusion proteins containing hexa-His-Gly. (C) Coomassie stained gel, showing supernatants ariabp#lkets o
serum albumin (BSA)XenopusNuMA tail Il (NuMA t.2), taxol-stabilized microtubules (tub.), and taxol-stabilized microtubules incubated
with bovine serum albumin (BSA+tub.) BenopusNuMA tail Il (Nu.t2+tub.). (D) Microtubule assembly from phosphocellulose-purified
tubulin mixed with rhodamine-labelled tubulin, without additions (left), or with adadadpusNuMA tail | (middle), or tail Il (right). Bar,
20 um. (E) Scatchard plot, showintenopusNuMA tail Il binding at increasing concentrations (in mol/l) to taxol-stabilized microtubules.
(F) The percentage of boudxagznopusNuMA tail 1l to taxol-stabilized microtubules, quantifying unphosphorylated protein (open squanes), or
counts of NuMA tail Il phosphorylated with recombinant cdc2 kinase/cyclinB and radioactive ATP (open diamonds).

100
Ii y =-4357817x + 20.65 F

75

O unphospherylated
¢ phosphorylated

50

NuMA tai 2 [boundfiree]

MuMA tail 2 9% bound

254 eaa




A tubulin binding domain in NuMA 1819

A tubulin GFP Merge / DNA

e

! NLS 2101

C NuMA / tail I1A D actin / tail I1A ik e

NuMA ANLS

AIBGE-19T6

Fr
Atail IA+NLS
NuMA ; 1868
Atail 11 [ |
1701 1865 1868 2101

NuMA

tail 1 tail 11
IR6E 1967 1978 2101

Fig. 3.NuMA tail llA co-localizes with microtubules in interphase cells and induces the formation of straight
and stable microtubule bundles. (A) Cells expressing GFP-NuMA tail fragments (tail I, tail 1l or tail l1A), il A tail 11B

fixed and processed for immunofluorescence of tubulin (left column), corresponding fluorescence of the GFP-

tag (middle column), and merged fluorescence (right column). Red, tubulin; green, GFP; blue, chromosomes

stained with DAPI. Bar, 2Qm. (B) Cell expressing GFP-NuUMA tail IIA, fixed and processed for fluorescence microscopy of GFP (upper left
panel), followed by electron microscopy. Lower left panel: low magnification electron micrograph of the same cell, upper aightow

panels: high magnification views showing microtubule bundles in areas 1 and 2, as indicated by arrows in the GFP fluoresgeapie mic

Bar, 1um. (C,D) Cells expressing GFP-NuMA tail I1A (green), fixed and processed for immunofluorescence of endogenous NuMA (C, red), or
fluorescence of actin using rhodamine-phalloidin (D, red). Bargn2(C,D). (E) Diagram of the various human NuMA constructs used for
transfection experiments. Amino acid positions are indicated.

solubilisation and re-pelleting (Fig. 1C). Our data indicate thall, respectively) (Merdes et al., 1996). As shown in Fig. 2A,
NuMA possesses an affinity for microtubules independent obnly the distal half of the NuMA tail (tail 1) was able to bind
its dynein/dynactin transporter or the cell cycle. to tubulin. To determine whether other regions of the NuUMA
molecule possessed any affinity to tubulin, we also purified
_ . _ fusion proteins of the head domain, as well as a 425 amino acid
NuMA binds directly to tubulin long region within the rod domain, anBNAP as a control
To test the possibility of a direct NuMA-tubulin interaction, we protein, usually involved in membrane vesicle fusion. All
purified bacterial fusion proteins covering the various domainproteins were incubated with soluble pure tubulin, and isolated
of XenopudNuMA and assayed their binding to tubulin. NUMA using magnetic nickel agarose beads. Fig. 2B shows that the
has a tripartite structure, comprising a centraielical rod tail Il region of NUMA has the highest affinity to tubulin. A
domain flanked by globular head and tail domains. Becaugelatively high background binding of tubulin to beads alone
previous reports pointed towards an interaction betweecomplicated this experiment. In a different assay, NUMA tail
spindle microtubules and the tail domain of NuUMA (Comptonll fusion protein bound quantitatively to taxol-stabilized
and Cleveland, 1993; Maekawa and Kuriyama, 1993; Tang eticrotubules (Fig. 2C). This experiment also demonstrated that
al., 1994; Gueth-Hallonet et al., 1996), we studied whethethe amount of soluble tubulin left in the supernatant was
tubulin could be isolated froidenopusegg extracts by affinity  significantly reduced after NuUMA tail Il incubation compared
interaction with hexa-histidine tagged fusion proteins of thawvith controls incubating with BSA or no additional protein. We
first and second half of the NuMA tail domain (tail | and tailused this assay to incubate taxol-stabilized microtubules with
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A . between amino acids 1970 and 1991 [corresponding to
tubulin GFP merge / DNA positions 1984 and 2005 in a longer NUMA isoform (see Tang
et al.,, 1994; Gueth-Hallonet et al., 1996)]. However, when
NuMA tail Il was further truncated to remove the nuclear
localization signal and all C-terminal amino acids (Fig. 3E),
the resulting construct tail 1A decorated multiple thick fibres
in the cytoplasm of interphase cells (Fig. 3A). These fibres
represented parallel bundles of microtubules, as shown both by
B . immunofluorescence microscopy and electron microscopy
ac. tubulin GFP merge / DNA (Fig. 3A,B). To test whether tail Il also aligned alongside actin-
containing stress fibres, we performed staining with phalloidin
and demonstrated that NuMA tail II1A and actin bundles did not
co-localize (Fig. 3D). We showed that the formation of
microtubule bundles was a direct effect of the NuMA tail 1A
expression and not mediated by endogenous full-length
NuMA, which localized entirely to the nucleus and was not
present in the cytoplasmic fibres (Fig. 3C). In this experiment,
Fig. 4.NuMA tail IIA stabilises microtubules. Cells expressing GFP- endogenous NuMA was detected with the rod-specific
NUMA tail IIA (green) were incubated on ice for 1 hour, fixed and gntibody 1F1 (Compton et al., 1991), which does not crossreact
processed for |mmunofluo_rescence of tubulin (A, rc_ed) or incubated akith the NuMA tail 1A construct. Other regions of NUMA
room temperature and_stalne_d for acetylated tubulin (B, red). such as the distal half of the tail (tail I) had no effect on
Chromosomes are stained with DAPI (blue). Note the absence of a ~ . o . -
microtubule network in the untransfected cell in (A) Barp2 m!crotubu_le organization (Fig. 3A). Also, furth.er truncation of
tail 1A did not produce any fusion proteins capable of
microtubule binding (data not shown), suggesting that tail [I1A
increasing concentrations of NUMA tail Il, to estimate thedefines the minimal domain necessary for microtubule binding
binding constant under saturating conditions. Scatchard plénd bundling.
analysis (Fig. 2E) revealed an affinity constnt of 4x10° The microtubule bundles formed in the presence of NUMA
M-1 (+2), which is in good agreement with values previouslytail 1IA were unusually stable and resisted prolonged cold
published for microtubule associated proteins (Andersen et atreatment (Fig. 4A). Consistent with this, the bundles stained
1994; Butner and Kirschner, 1991). Because putative cdgositively with an antibody against acetylated tubulin (Fig.
kinase phosphorylation sites had been reported in the NuMAB), a previously characterized marker for stable microtubule
tail (Compton and Luo, 1995), we tested the microtubulearrays (Webster and Borisy, 1989).
binding properties of NUMA tail Il treated with recombinant We measured the expression levels of GFP NuMA tail 1A
cdc2/cyclinB  protein. NuMA tail Il was efficiently causing this phenotype by quantitative immunoblotting and by
phosphorylated using y2PJATP (not shown), and was fluorescence microscopy, and determined a range between 0.1
pelleted with taxol-stabilized microtubules in a competitionand 1 pg protein per cell, equivalent to 2-20 million copies per
assay, at increasing concentrations of unphosphorylaterll. This range is between 10 and 100 times more than the
NuMA. Consistent with our data on equal microtubule bindinghumber of copies of endogenous NuMA per cell (Compton et
by interphase or metaphase NuUMA (see above), this assal, 1992). We found that the strongest effects on microtubule
revealed that phosphorylation by cdc2 kinase did not increaswindling were obtained above 0.3 pg GFP NuMA tail IIA per
NuMA binding (Fig. 2F), but led to a small reduction of thecell.
microtubule affinity compared with unphosphorylated NuUMA
tail Il. This reduction was only about 1.6-fold and sometimes
within the variance of the experiment. The NuMA tail 1l The NUMA tail llA fragment induces abnormal spindle
fragment also had a striking morphological effect onpoles
microtubule  organization: when polymerized from In mitosis, the 100-residue region of NUuMA tail IIA caused the
phosphocellulose purified tubulin, thick cables of microtubule$ormation of abnormal spindle poles when overexpressed. A
formed in the presence of NuMA tail Il (Fig. 2D), eachvariety of phenotypes was observed: in 47% of the cells
containing parallel bundles of multiple microtubules, as showiin=150), additional spindle poles were observed (Fig. 5A) that
previously by electron microscopy (Merdes et al., 1996).  also contained endogenous, full length NuMA (Fig. 5B); in
27% of the cells, bipolar spindles formed with one of two poles
. o o being unusually large, and with mono-oriented chromosome
A 100-residue region in the NUuMA tail induces stable pairs grouped around the larger pole; in 14% of the cells,
microtubule bundles in vivo virtually no pole separation could be seen, resulting in astral
The observation of microtubule bundles in vitro led us tamicrotubule arrays with rosettes of mono-oriented
investigate whether NuMA tail 1l had a similar effect on chromosomes. Only 12% of the cells overexpressing tail IIA
microtubule organization in the living cell. A tagged form of displayed apparently normal bipolar spindles. Identical
human NuMA tail Il, containing GFP at its N-terminus, wasphenotypes were seen when the longer, 234-residue construct
overexpressed and followed by fluorescence microscopy iil Il was overexpressed. The formation of asymmetric
Hela cells. In interphase, the fusion protein segregated entiregpindles with enlarged polar microtubule asters or additional
into the nucleus (Fig. 3A), due to its nuclear localization signgboles was reminiscent of mitotic cells treated with taxol-related




A tubulin binding domain in NuMA 1821

A tubulin/DNA  GFP B NuMA/DNA  GFP 1998), such mutant protein was
tail ITA

seen in cytoplasmic aggregates
with a fibrous substructure and co-
localized with large amounts of
aggregated tubulin polymers. In a
similar experiment in this report,
tubulin aggregates were induced by
full-length NUMA in which the
Y . nuclear localization signal was
C tail II tail ITA deleted (Fig. 6A, top row), but did
not form when the tubulin binding
region was deleted. Both deletion
of the entire tail Il region at the C-
terminus Qtail 1), as well as
specific removal of the nuclear
localization sequence plus the 100-

47% residue region of tail IIA Atall
IA+NLS)  produced  NuMA
molecules that failed to concentrate
tubulin during interphase (Fig. 6A,
middle and bottom  rows).

Fig. 5. NuMA tail IIA localises to However, in mitosis, both mutant

27% spindle poles in mitotic cells and inducesforms of NuMA were still able to
microtubule asters, as well as multipolar hind to the spindle and to
and asymmetric spindles. (A) Cells concentrate at the poles (Fia. 6B
expressing GFP-NuMA tail fragments presumably by in?eractigngwith),
(tail 1, tail 11, tail 11A or tail 1B, green) d full-| th NUMA
fixed in mitosis and processed for endogenous full-ieng UMIA.
immunofluorescence of tubulin (red).

14% Chromosomes are stained with DAPI . .

(blue). The frequencies of individual Discussion

phenotypes are indicated on the right ~We have shown that NUMA can
(also see text). (B) Mitotic cell interact with microtubules by direct
expressing GFP-NUMA tail 1A (green), binding to tubulin. Using purified
immunofluorescence staining of components in vitro, we have
endogenous NuMA (red). (C) Bacterially mapped the tubulin binding site to
expressed hexa-histidine-tagged fusion the distal half of the NUMA tail
proteins of NUMA tail 11 (left) or tail II1A domain (NUMA tail Il) and, in a
_(right) indu_ce microtubule asters when i f transfection ex r,im nt
incubated ifXenopusegg extracts. Bars, SEMES Or transiection experiments,
10pm (A,B); 20pm (C). we have further narrowed down the

binding site to amino acids 1868-
1967 of human NuMA (tail IIA).
drugs (Paoletti et al., 1997). As with taxol, this effect of tailThe fact that a GFP fusion protein is targeted to interphase
IIA - may be explained by local microtubule stabilization. microtubules by tail llA, and that a deletion mutant of NUMA
Similar to previous findings with bacterially expressed NuMAlacking tail 1IA and the nuclear localization signal fails to
tail Il (Merdes et al., 1996), the shorter fusion protein of NuMAinteract with tubulin, indicates that the tail IlA region is both
tail 1A was able to induce large microtubule asters when addetkecessary and sufficient for tubulin binding. The finding that
to metaphaseXenopusegg extracts (Fig. 5C). Any tail the same NuMA mutants, lacking the tubulin binding site, still
fragments lacking the 100 amino acids of tail I, such as tail bind to mitotic spindle poles appears to contradict this
or tail 1B, localized diffusely in metaphase cells, withouthypothesis. However, in contrast to interphase cells,
effects on spindle pole organization or any other aspects of celhdogenous NuMA is now freed into the mitotic cytoplasm and
division (Fig. 5A). able to bind to the deletion mutant via its dimer-forming rod
domain (Harborth et al., 1995) and therefore contribute to the

) _ ) spindle targeting of the mutant protein. Our findings are
Without tail lA, NuMA can no longer bind to consistent with reports in which C-terminal deletion mutants
microtubules by itself of NUMA after amino acid residue 1936 were able to induce
Whereas full-length  wild-type  NuMA  concentrates tubulin aggregates, whereas truncation after residue 1921
guantitatively in the nucleus (Fig. 3C), mutant NuMA in whichabolished this effect. (Note that in Gueth-Hallonet's work,
the nuclear localization sequence has been renderekletion mutants were numberAd950 andA1935, because
unfunctional, accumulates in the cytoplasm and has a sevdteey were made from a NuMA isoform that contains 14
effect on microtubule organization. In previous studies (Saredidditional amino acids in the rod domain.) The truncation after
et al., 1996; Gueth-Hallonet et al., 1996; Gueth-Hallonet et alamino acid 1921 must have eliminated essential sequence
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A

B tubulin/ DNA GFP
ANLS

tubulin GFP merge / DNA

Atail 11

Atail IIA+NLS

Fig. 6. Full-length NuMA requires tail IIA to associate with tubulin when expressed in the cytoplasm of interphase cells. Celisge@GiEss
NuMA ANLS, Atail Il or Atail IA+NLS (green), fixed and processed for immunofluorescence of tubulin (red). Chromosomes are stained with
DAPI (blue). (A) Interphase cells. Note the presence of tubulin aggregates co-localizing with GFPANUII®Atop row), and the absence of
tubulin in protein aggregates of the mutants lacking tail 1l or tail II1A. Bapr20(B) Mitotic cells. Bar, 1Qum.

within the tail lIA region. Based on these results, one mightells and in microtubule polymerization assays in vitro (see
conclude that the tubulin binding region is restricted toalso Merdes et al., 1996). The induction of bundles could be
sequence from amino acids 1868 to 1936. We tested whethexplained either by the existence of multiple tubulin binding
this smaller region was still able to target a GFP fusion proteisites within the 100 amino acid region of NUMA tail IIA, or
to microtubules, but failed to see any association (not showny the ability of multiple NuMA tail 11A polypeptides to bind
One possible explanation would be that, to fold properly, theach other. According to the first model, this small region
tubulin binding region needs flanking sequence either at the Nvould have to contain two tubulin binding sites, separated by
terminus or the C-terminus, and that such flanking sequensgfficient linker sequence to bridge two adjacent microtubules.
would be lost in a fusion protein that is too small. The predicte@he second scenario seems more likely: NUMA has been
secondary structure of this region includes two shdrelices  shown to form large fibrous networks (Saredi et al., 1996;
flanking a loop of 23 amino acids, with high sequenceSueth-Hallonet et al., 1998; Harborth et al., 1999) that are
conservation in human andenopusNuMA (67% identity). based on dimerization of the NUMA rod domains and on the
The 100 amino acid region characterized in this work showsubsequent association of multiple NuMA dimers via their tail
microtubule binding affinity similar to that of other domains. Harborth et al. reported that the binding of multiple
microtubule-associated proteins, but doesn’t carry sequen®duMA tail domains to each other does not depend on the last
similarities with any known MAP. Whereas proteins of thel12 amino acids of the tail, indicating that oligomerization is
MAP2/tau family and MAP4 contain up to four repeats of alargely mediated by tail | or tail lIA (Harborth et al., 1999).
conserved 31 amino acid sequence mediating microtubulEhus, the binding of multiple tail IIA polypeptides to each
binding (Lewis et al., 1988; West et al., 1991; Doll et al., 1993)other could well mediate the association of parallel
and MAP 1B contains several repeats of the sequence KKERicrotubules. Moreover, the formation of spindle poles during
KKEI or KKEV (Noble et al., 1989), no repeats are foundcell division could be explained in two steps: first, the polar
within the microtubule binding site of NUMA. Moreover, the accumulation of NuMA driven by dynein/dynactin (Merdes et
amino acid composition of the microtubule binding motif inal., 2000) and, second, the direct binding of the NuMA talil
NuMA is significantly different from other MAPs: the tau domain to the microtubule surface, whereby networks of
sequence in rat contains 23% basic amino acids in itsultiple NUMA dimers linked at their tail domains would
microtubule binding site, bringing the calculated isoelectrianaintain a focussed array of spindle fibres. The binding of
point of this domain to 10.3. This is similar in MAP2 and MAP NuMA to the microtubule surface could provide an additional
4, whereas NUMA contains a more acidic microtubule bindingtep of regulating spindle dynamics by preventing uncontrolled
site with an amino acid composition of only 12% basic aminalisassembly of microtubule minus ends and by increasing the
acids in human, or 14% KenopusNuMA, and an isoelectric  stability of the mitotic apparatus, as shown by our finding that
point of 5.1 or 5.6, respectively. NuMA tail IlA increases microtubule stability.

A surprising finding was that NuMA tail 1A not only It is still unclear which mechanisms regulate NUMA binding
decorated microtubules along their length, but also massivetp the spindle and what causes the release of NUMA from the
induced the formation of strong microtubule bundles, both imicrotubule ends and its re-import into nuclei during
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telophase. Phosphorylation of NUMA by cdc2/cyclin B has the integrity of mitotic centrosomal microtubule organizing cengsince
been suggested to affect binding to spindle microtubules 283 1733-1735. o
(Compton and Luo, 1995; Gaglio et al., 1995). We have testeg/"e: K. A. and Kirschner, M. W. (1991). Tau protein binds to
hi ibility di v b h h lati i . microtubules through a flexible array of distributed weak siteGell Biol.
this possibility directly by phosphorylating NuMA tai Iin - 115 717-730.

vitro with cdc2 kinase, but could not detect major differencegnarrasse, S., Schroeder, M., Gauthier-Rouviere, C., Ango, F., Cassimeris,
in microtubule binding affinity. Although there is no doubt that L., Gard, D. L and Larroque, C. (1998). The TOGp protein is a new
full length NUMA is phosphorylated during mitosis (Sparks et ;‘(‘Kﬂrﬁ[‘z12"?‘22*')'“;%}‘31515{’3'?791" 1§£gte'” homologous  to Xemopus
al., 1995; Gagl_lo etal.,, 1995; Co.mpto.” and Lu_o, 1995)_’ detalléompton, D IA. (1998). Focusing on. spindle poled. Cell Sci. 111
on the regulation through specific kinases still remain to be 1477.1481.

investigated. It is possible that a large protein such as NUMAGompton, D. A. and Cleveland, D. W(1993). NuMA is required for the
with multiple potential phosphorylation sites in various proper completion of mitosis. Cell Biol. 120, 947-957.

; ; ; ompton, D. A. and Luo, C.(1995). Mutations in the predicted p34cdc2
domains, is regulated by more than one kinase. Furthermor%’bhosphorylation sites in NuMA impair the assembly of the mitotic spindle

the _regulation of NuMA binding to microtul:_)ules might involve 3.4 biock mitosisd. Cell Sci108 621-633.

additional factors and might not be directly affected bycompton, D. A, Yen, T. J. and Cleveland, D. W(1991). Identification of
phosphorylation. Given that overexpressed NuMA tail IIA as novel centromere/kinetochore-associated proteins using monoclonal
well as full-length NuMA in frog egg extracts can bind avidly gf‘tilb‘icljfslgggelfg;d against human mitotic chromosome scaffoldsll

to microtubules both in mterphase and r_n|t05|s, part|C|pat|on 0(Eompton, D. A, Szilak, I. and Cleveland, D. W(1992). Primary structure
other factors seems to be the most likely explanation. Oneof NumA, an intranuclear protein that defines a novel pathway for
recently suggested mechanism involves the regulation by segregation of proteins at mitosis.Cell Biol. 116, 1395-1408.

importin B and Ran GTP (Wiese et al., 2001; Nachury et al.Cullen, C. F. and Ohkura, H. (2001). Msps protein is localized to

2001) Recent reports showed that the tail Il region of NUMA acentrosomal poles to ensure bipolarityDybsophila meitotic spindles.
b: d df . bul . o - ft. Nat. Cell Biol.3, 637-642.
can bind and focus microtubulés into mitotic asters after a@ullen, C. F., Deak, P., Glover, D. M. and Ohkura, H(1999). Mini spindles:

inhibitor, importin 3, is released from NUMA by Ran GTP. agene encoding a conserved microtubule associated protein required for the

Consequently, at the exit of mitosis, NuMA could re-associate'integrity of the mitotic spindle iDrosophila J. Cell Biol.146, 1005-1018.

with importin, detach from the spindle and subsequently gePER T, b BOCR 26 TR TORRn, . maliah mitoti extact

transported into the nucle_us. Using our microtubule peII_etlng Biol. Chem275 12346-12352.

assay, we tested whether impoudir 3 prevented NUMA tail  poj, T, Meichsner, M., Riederer, B. M., Honegger, P. and Matus, A.

Il binding to microtubules, but were unable to detect any effect (1993). An isoform of microtubule-associated protein 2 (MAP2) containing

(A.M., unpublished). During the course of this study, another four repeats of the tubulin-binding motif. Cell Sci.106 633-640.

binding partner of NUMA, the protein LGN, has been identifiecP!: Q- Stukenberg, P. T. and Macara, I. G(2001). A mammalian partner
L. . . . . of inscuteable binds NuMA and regulates mitotic spindle organizaXiamn.

and its interaction domain characterized (Du et al., 2001): LGN cg giol. 3, 1069-1075.

binds to NuMA amino acids 1818-1930, which largely overlapsaglio, T., Saredi, A. and Compton, D. A(1995). NuMA is required for the

with the microtubule binding site. Most interestingly, LGN organization of microtubules into aster-like arraysCell Biol. 131, 693-

seems to negatively regulate the interaction between NuMA 790"% T Saredi. A., Bingham, J. B., Hasbani, M. 1. Gill, S. R., Schroer

and mlcro.tUbUIe. as.ters ?‘nd mlght thergfore be an mportaﬁ'ﬁr_ A. and Compton, D. A.(1996). Opposing motor activities are required

factor during mitotic spindle organization. Of course, the for the organization of the mammalian mitotic spindle paleCell Biol.

mechanisms that regulate microtubule aster formation in vivo 135 399-414.

might be far more complex, and other components in additioaglio, T, Dionne, M. A. and Compton, D. A(1997). Mitotic spindle poles

to importin a, B’ LGN and NuMA are Currently being ?r%glrlgglrglzig;ylgggcltggeg and motor proteins in addition to centrosomes.
identified (Gruss etal, 2001)' Based on the present work, W%rgely, F., Karlsson, C., Still, I., Cowell, J., Kilmartin, J. and Raff, J. W.

propose that NUMA can organize microtubules by a direct (2000a). The TACC domain identifies a family of centrosomal proteins that
interaction, and that the segregation of NUMA into the nucleus can interact with microtubuleBroc. Natl. Acad. Sci. US#7,14352-14357.

after mitosis is necessary to prevent interference with thEergely. F., Kidd, D., Jeffers, K., Wakefield, J. G. and Raff, J. W2000b).
microtubule network D-TACC: a novel centrosomal protein required for normal spindle function

in the earlyDrosophilaembryo.EMBO J.19, 241-252.
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