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Different spindle checkpoint proteins monitor
microtubule attachment and tension at kinetochores
In Drosophila cells
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Summary

The spindle assembly checkpoint detects errors in phosphorylation recognised by the 3F3/2 antibody. Using
kinetochore attachment to the spindle including detergent-extracted S2 cells as a system in which
insufficient microtubule occupancy and absence of tension kinetochore phosphorylation can be easily manipulated,
across bi-oriented kinetochore pairs. Here, we analyse how we observed that BubR1 and Bub3 accumulation at
the kinetochore localization of the Drosophila spindle  kinetochores is dependent on the presence of
checkpoint proteins Bubl, Mad2, Bub3 and BubR1, behave phosphorylated 3F3/2 epitopes. However, Bubl and Mad2
in response to alterations in microtubule binding or localize at kinetochores regardless of the 3F3/2
tension. To analyse the behaviour in the absence of tension, phosphorylation state. Altogether, our results suggest that
we treated S2 cells with low doses of taxol to disrupt spindle checkpoint proteins sense distinct aspects of
microtubule dynamics and tension, but not kinetochore- kinetochore interaction with the spindle, with Mad2 and
microtubule occupancy. Under these conditions, we found Bubl monitoring microtubule occupancy while BubR1 and
that Mad2 and Bubl do not accumulate at metaphase Bub3 monitor tension across attached kinetochores.
kinetochores whereas BubR1 does. Consistently, in mono-

oriented chromosomes, both kinetochores accumulate

BubR1 whereas Bubl and Mad2 only localize at the Supplemental data available online

unattached kinetochore. To study the effect of tension we

analysed the kinetochore localization of spindle checkpoint Key words: Mitosis, Checkpoint, Kinetochore, Microtubule, Tension,
proteins in relation to tension-sensitive kinetochore 3F3-2, Phosphoepitopes

Introduction (Bubl-related kinase), was identified (Jablonski et al., 1998;
During mitosis, chromosome segregation is carefullyfaylor etal., 1998; Chen, 2002). Analyses of mutants, antibody
monitored to prevent aneuploidy. For this, eukaryotic cellgnicroinjection in tissue culture cells and expression of
have evolved a surveillance mechanism known as the spindiincated proteins with a dominant negative phenotype, have
assembly checkpoint (Murray, 1994), kinetochore attachmerghown that inhibition of a single protein inactivates the
checkpoint (Rieder et al., 1994), chromosome distributiotheckpoint (reviewed by Amon, 1999), allowing for sister
checkpoint (Nicklas, 1997) or the mitotic checkpoint. Thischromatid separation in the absence of microtubules.
checkpoint guarantees that anaphase onset is initiated onlyAccumulation of these proteins is high on unattached
when all chromosomes are properly attached to microtubuldgnetochores and diminishes as microtubules attach and exert
and aligned at the metaphase plate. tension across kinetochore pairs. Kinetochore localization is
Genetic screens in budding yeast identified many checkpoiprobably necessary for these proteins to be able to relay the
components. The genssAD1-3(Li and Murray, 1991)BUB1  checkpoint signal. Accordingly, it has been shown that the
and BUB3(Hoyt et al., 1991) were shown to be required forpresence of unattached or improperly attached kinetochores
mitotic arrest in the presence of microtubule-depolymerisingenerates a ‘wait anaphase’ signal (Rieder et al., 1995) that
drugs. Homologues of many of these genes have beettimately acts to inhibit Cdc20, an activator of the anaphase-
identified inSaccharomyces pomiarosophila melanogaster promoting complex/cyclosome (APC/C) and the downstream
Xenopus laevigvius musculuandHomo sapiengreviewed by  effector of the spindle checkpoint (reviewed by Skibbens and
Musacchio and Hardwick, 2002). However, in human, mouselieter, 1998). APC/C is a multi-subunit E3 ubiquitin ligase
and Xenopus instead of a Mad3 homologue, a protein withthat, upon its activation by Cdc20, targets anaphase inhibitors
homology to both Mad3 and Bubl, called BubR1 kinasesuch as securin and cyclin B, for degradation by the 26S
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proteasome, resulting in sister chromatid separation and exietaching them from the spindle is not sufficient to induce
from mitosis, respectively. Mad2 is able to bind Cdc20 andelocalization of Mad2. Moreover, in mammalian cells, laser
inhibit APC/C activation (Li et al., 1997; Fang et al., 1998;ablation of the unattached kinetochore of a mono-oriented
Hwang et al., 1998; Kim et al., 1998), and has a fast turnoveshromosome is able to turn off the checkpoint signal allowing
at unattached kinetochores (Howell et al., 2000). The cyclingnaphase to occur (Rieder et al., 1995). The inability of the
of Mad2 at kinetochores is thought to be crucial for generatingemaining, attached kinetochore to sustain checkpoint activity
a soluble APC/C inhibitor, and Mad2 depletion from attachedrgues that microtubule occupancy, not tension, is regulating
kinetochores may signal anaphase onset (Gorbsky et al., 1998e checkpoint. However, polar ejection forces imposed by
Waters et al., 1998; Hoffman et al., 2001). Similarly to Mad2microtubule growth or by plus-end-directed microtubule
BubR1 has been recently shown to be able to bind Cdc2éotors on the chromosome arms, could counterbalance
either alone or in a complex, and inhibit APC/C activationpoleward forces at the non-ablated kinetochore generating
(Sudakin et al., 2001; Tang et al., 2001; Fang, 2002). Sudaksufficient tension to turn off the checkpoint signal (Waters et
et al. (Sudakin et al.,, 2001) purified a mitotic checkpointal., 1996).
complex that contains nearly stoichiometric amounts of More recently, it has been suggested that both attachment
BubR1, Bub3, Mad2 and Cdc20, and that is much more poteand tension are indeed monitored separately by the checkpoint.
than purified Mad2 alone in inhibiting the APC/C. Otherln maize, it was demonstrated that loss of Mad?2 at kinetochores
reports have indicated that in checkpoint-arrested cells, Cdc20 mitosis follows microtubule attachment while in meiotic
forms two separate complexes containing either BubR1 dativisions loss of Mad2 correlates with tension (Yu et al., 1999).
Mad2, even though in vitraddition of Mad2 was found to Furthermore, in lysed PtK1 cells it was shown that binding
stimulate the inhibition of APC/C by BubR1 (Tang et al., 20010f Mad2 is governed by tension-sensitive kinetochore
Fang, 2002). Therefore, it is presently not clear whether BubRdhosphorylation, whereas its loss occurs with accumulation of
and Mad?2 act synergistically or in a complex to transduce thiinetochore microtubules (Waters et al., 1999). Also, studies
checkpoint signal and inhibit APC/C activity. in mammalian cells have suggested that the checkpoint
Also, it is a matter of much debate whether the checkpoirgroteins Mad2 and BubR1/Bubl appear to sense distinct
sensors act in a branched or in a single pathway to monitor tvgignals, attachment and tension, respectively (Skoufias et al.,
different aspects of kinetochore attachment to the spindl®001; Zhou et al., 2002a). In the presence of low-doses of
namely microtubule occupancy and tension across bi-orientadnblastine, which arrest HelLa cells at mitosis with normal
kinetochore pairs (Zhou et al., 2002b; Shannon et al., 20020hromosome alignment yet without tension, Bub1 and BubR1
Li and Nicklas (Li and Nicklas, 1995) first observed that, inare recruited to kinetochores but Mad2 is not (Skoufias et al.,
praying mantis spermatocytes, failure of the two X and the 2001). Similar results were observed in noscapine-treated cells,
chromosome to be connected trivalently, yielded a monowhich have bipolar spindles but do not complete chromosome
oriented X that could prevent anaphase onset. Neverthelesdignment (Zhou et al., 2002a). However, current evidence for
anaphase could be triggered shortly after applying mechanictilis model is controversial since other studies have produced
tension across the mono-oriented chromosome with eontradictory results (Hoffman et al., 2001; Taylor et al., 2001).
microneedle. Further evidence for the role of mechanical To further explore this issue, we analysed how the
signals in regulating the checkpoint came from the analysis @rosophila spindle checkpoint proteins Bubl, Mad2, BubR1
the phosphoepitopes recognised by the 3F3/2 monoclonahd Bub3 behave with respect to microtubule attachment and
antibody (Cyert et al., 1988). In mitotic culture cells, thesdension. Interestingly, we found that release of not only Mad2,
phosphoepitopes localize at the kinetochores of misaligndolt also Bubl from kinetochores is governed by microtubule
chromosomes but are lost as chromosomes congress (Gorb$kyding, whereas BubR1 and Bub3 kinetochore localization is
and Ricketts, 1993). Microinjection of the 3F3/2 antibody intoexclusively dependent on tension-sensitive phosphorylation.
living cells protects dephosphorylation of the epitopes byrhe results support a model in which distinct spindle
phosphatases and simultaneously delays anaphase onsle¢ckpoint proteins monitor different aspects of kinetochore
(Campbell and Gorbsky, 1995). In chromosomeinteraction with the spindle.
micromanipulation  experiments  with  living  insect
spermatocytes, it was also found that tension applied
artificially to kinetochores of misaligned chromosomes couldVaterials and Methods
promote dephosphorylation of the 3F3/2 epitopes and abrogatntification of Drosophila Bub1 and Mad2 homologues
the spindle checkpoint (Nicklas et al., 1995; Li and Nicklasihe gene CG14030 encoding a 1100-amino acid protein with a
1997). Therefore, the tension-sensitive kinetochorgredicted molecular mass of 125 kDa, closely related to Bubl
phosphorylation detected by the 3F3/2 antibody reflects proteins, was identified from th®rosophila genome sequence
chemical change at the kinetochores that is monitored by theoject. The corresponding EST fbublis LD22858. A genomic
spindle checkpoint. sequence (AE003565) with homology to human Mad2 was identified
Alternatively, checkpoint components might only bethrqugh a BLAST se.arch. Thg full-length cDNA encoding a 207-
monitoring kinetochore-microtubule attachment. When thémino acid protein with a predicted molecular mass of 23 kDa was
kinetochore is fully and stably saturated with microtubules th@mp"ﬂed from a cDNA library.
checkpoint signal is turned off, and tension might only serve
to stabilise microtubule-kinetochore interactions. Indeed, iRRecombinant protein expression and antibody production
mitotic PtK1 cells, loss of Mad2 staining at kinetochoresgyjl-length Mad2 and fragments of Bub3 and BubR1 were tagged
depends on microtubule attachment but not tension (Waters ith six histidines at the N terminus and expressed from the pQE30
al.,, 1998). Decreasing tension at kinetochores withoutector (Qiagen) irE. coli The recombinant proteins were purified



The spindle checkpoint in Drosophila 1759

using the Ni-NTA Purification System (Qiagen). Bubl recombinanincubated with S2 cell extract diluted 1:4 to 1:10 in TM buffer plus
protein was expressed from the pET-23b vector (Novagen) anwhicrocystin, for 20 minutes. Cells were then rinsed briefly in TM
purified from inclusion bodies. Polyclonal antibodies against Bublbuffer plus microcystin, fixed and immunostained.
Mad2, BubR1 and Bub3 were generated in rabbits by immunisation
with the purified fusion proteins corresponding to amino acids 1-273, )
1-207, 103-697 and 7-255, respectively (Diagnostics Scotland;uorescence microscopy
Edinburgh, UK). Anti-Bubl, anti-Mad2 and anti-Bub3 antibodies Z-series optical sections of cells were collected using a BioRad MRC
were affinity-purified against the recombinant proteins immobilised500 confocal laser microscope (Figs 2, 3 and 4) or a Zeiss Axiovert
in a nitrocellulose membrane (Schleicher & Schuell) and used for athicroscope with an AxioCam camera (Zeiss, Germany) (Figs 5-9),
experiments described. and image projections were processed using Photoshop 6.0 (Adobe
Microsystems, CA). In all figures requiring comparisons of antibody

) staining between panels, the exposure time on the digital camera was
Cell culture, drug treatment and preparation of cell extracts held constant, and all images were processed in the same fashion (Figs
Drosophila S2 cells were cultured at 25°C in Schneider's medium2, 5, 6, 7 and 9). Measurement of interkinetochore distances was
(Gibco-BRL) containing 10% FBS. To arrest cells in mitosis, performed using calibrated Image J software (http://rsh.info.nih.gov).
colchicine (Sigma) was added to culture medium to a finaDistances were measured from the outer edge of each sister
concentration of 2%M and then incubated for 16 hours. For taxol centromere as previously reported (Waters et al., 1996).
treatment, 10uM taxol in DMSO stock (Sigma) was diluted in
medium to a final concentration of 10 nM and cells were incubated
for 10 minutes. For preparation of mitotic extracts, cells incubated "F?esults
colchicine were centrifuged at 4°C and resuspended in lysis buff . L . .
(150 mM NaCl, 1% NP-40, 50 mM Tris-HCI pH 8.0, 2 mM EDTA, Bubl-like protein kinases in Drosophila
500 nM microcystin and protease inhibitors). After 30 minutesPrevious molecular and genetic analysis Drosophila
incubation at 4°C, cell lysate was homogenised, sonicated aridentified a gene (CG7838) that encodes a 165 kDa protein
centrifuged at 14,000 rpm for 20 minutes. Supernatant was saved ajgth significant homology to Bubl proteins from other
used in i;nmlunoblot analyses %ndciimmunodspletiﬁn experigbents. F@"rganisms and was reported as tBeosophila Bubl
immunodepletion, magnetic beads coated with anti-rabbit 19Ggomglogue (Basu et al., 1999). However, completion of the
(Dynal) were washed in TM buffer (50 mM Tris, 5 mM MgBQH ?rosophilagenome sequence revealed the existence of another

7.4) and incubated for 2 hours at 4°C with anti-BubR1 or anti-Bub .
serum diluted in TM buffer containing 0.1% bovine serum albumi ene (CG14030) that encodes a 125 kDa protein closely related

(BSA; Sigma). Mitotic cell extract diluted 1:5 in TM buffer was then (0 Bub1 proteins. Higher eukaryotes also have two genes that

incubated twice with the magnetic beads coated with the primargncode proteins closely related to Bubl, one of which has
antibody. The level of immunodepletion was monitored by westerfietained the name Bubl, while the other is called BubR1. The

blotting. N-terminal domains of both Bubl and BubR1 are highly
homologous to yeast Mad3 (Fig. 1C) (Murray and Marks,
Immunofluorescence 2001), but both Bub1 and BubR1 contain a C-terminal Ser/Thr
) ) _ _kinase domain not found in Mad3 (Fig. 1B,C). Neither
For immunofluorescence analysis, cells were centrifuged onto SIIdeBI’OSOph”anOF vertebrate genomes appear to encode a Mad3-

fixed immediately with 1% formaldehyde/0.5% Triton X-100 i 1 | S . . .
PBS, for 5 minutes, and fixed additionally with 1% formaldehyde in"ke protein without a kinase domain. Since Bubl and BubR1

1x PBS, for 5 minutes. Cells were then washed in PBSTP@S +  appear to respond to different checkpoint signals (Qhan etal.,
0.1% Triton X-100) and blocked in PBST containing 10% fetal calf1999; Sudakin et al., 2001; Taylor et al., 2001), it became
serum (PBSTB). Antibodies were diluted in PBSTB solution.€ssential to determine which of the tilyosophila genes
Immunopurified anti-Bub1, anti-Mad2 and anti-Bub3 antibodies wer&orresponds to Bubl and BubR1. Phylogenetic analysis,
used at 1:100. Anti-BubR1 serum was used at 1:1000.cAntbulin  including both Bub1l-likédrosophilaproteins, as well as Bubl

was purchased from Sigma. For chromosome labelling, cells wergnd BubR1 proteins from other species, did not provide a
mounted in Vectashield medium containing DAPI (Vector). simple solution to this problem (Fig. 1D). The results show that
Immunofluorescence in detergent-extracted cells and isolateghe proteins encoded by the CG7838 and CG14030 genes are
chromosomes was carried out as previously described (Logarinho aﬂ%re closely related to each other and to &mepheles

Sunkel, 1998; Bousbaa et al, 1997), respectively. Lambd . .
phosphatase (New England Biolabs) treatments were performe mologues than to either Bubl or BubR1 from other species,

according to the manufacturer’s instructions and before chromosonséghfereas the human, mouse a‘“*?OpuaorOte'”S do fall into
fixation. To block dephosphorylation of 3F3/2 phosphoepitopesd€fined clusters. More recently, it has been suggested that a

isolated chromosomes were incubated with the 3F3/2 antibodglistinctive feature of BubR1 proteins is the presence of a
diluted 1:1000 in PHEM plus 5% BSA, before the lambdaconserved sequence, the KEN motif, in the N-terminal domain
phosphatase treatment. (Murray and Marks, 2001). The KEN maotif is also present in
yeast Mad3 and other Mad3 homologues, but not in Bubl.
Rephosphorylation assay Sequence comparisons indicated that the previously described

: » _ . CG7838-encoded protein (165 kDa) contains a N-terminal
After detergent extraction, additional incubation in TM was%EN motif, while the new Bubl-like CG14030 protein (125

S

performed to ensure the complete dephosphorylation of the 3F3 . :
epitopes. To rephosphorylate kinetochores, lysed and washed ce a) does not (Fig. 1A) (Murray and Marks, 2001). This

were incubated for 20 minutes in TM buffer containing 1.7 mM ATP,SUggeStS that CG7838 encodes IIhesophiIahomoIogue_ of
1.7 mM DTT and 500 nM microcystin. Lysed cells, in which the BUDR1 while CG14030 encodes the bona fidl@sophila

kinetochores were to remain dephosphorylated, were incubated for fgmologue of Bubl. However, if the sequence alignment is
minutes in the same medium but without microcystin. For exogenougstricted to the C-terminal kinase domain, CG7838 is found
BubR1 and Bub3 binding experiments, cells were immediatelffo encode a protein, which is significantly more similar to Bub1
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Fig. 1. Classification of Bub1-like proteins Drosophila Protein extracts. Furthermore, anti-Bubl antibodies do not cross-react
sequence analyses were done using Clustal X (http://www-igbme.u-with BUbR1 since a single band of the predicted molecular mass
strasbg.fr/Biolnfo/ClustalX/). Drrosophila melanogastetis, is detected in extracts fromubR2 null mutant neuroblasts
Homo sapiensm, Mus musculuysX, Xenopus laevisSc, (data not shown).

Saccharomyces cerevisjdép, Saccharomyces pormbén, Immunofluorescence analysis of S2 cells was performed

Anopheles gambia€e,Caenorhabditis elegan§A) Sequence

alignment of the KEN box motif uniquely present in the N-termini of with the specific antibodies against Mad2, Bubl, Bub3 and

BubR1 and Mad3 proteins. Note that DmBubl (165 kDa) previouslyBule to determine their d|§trlbut|0n during m'tO.SIS (Fig. 2).
reported as Bubl contains the KEN box motif similarly to other The results show that Mad2 is mostly nu_CIear during prophase.
BubR1 proteins. (B) Sequence alignment of the C-terminal Ser/Thr At prometaphase, strong Mad2 labelling can be observed
kinase domains of Bub1 and BubR1 proteins. The 12 subdomains at kinetochores and spindle poles (see also Fig. 6A). At
conserved among protein kinases (Hanks and Hunter, 1995) are metaphase, Mad2 signal decreases dramatically and
underlined and the amino acids conserved within these subdomainsspecifically in chromosomes that have congressed, but is still
are in red. In comparison with BubR1 kinases from other organismsdetected at the spindle poles and associated with microtubules
DrosophilaBubR1 (DmBub1-165kDa) contains a much more in a punctuated pattern. In anaphase, Mad2 is no longer
conserved kinase domain. (C) Schematic representations of the  etected at kinetochores and staining of the spindle poles and
Mad3, Bubl and BubR1 proteins showing the relative positions of microtubules decreases until telophase (Fig. 6A). The
the KEN box motif present in Mad3 and BubR1 (crossed hatched qistribution of Mad2 inDrosophila cells is thus .generélly

alt.

box), the conserved Cdc20- and Bub3-binding domains present in i h . v d ibed f h .
of them (black and grey boxes, respectively), and the conserved ~ SiMilar to that previously aescribed for otner organisms

Ser/Thr kinase domain in Bub1 and BubR1 (vertical hatched box). (Waters et al., 1998; Yu et al., 1999; Howell et al., 2000).

Species that contain Mad3 and Bub1 or Bub1 and BubR1 are Bubl immunolocalization shows that the polyclonal
indicated on the right. (D) Phylogeny of the complete sequences of antibodies label the centrosomes strongly (Fig. 2), as well as
Bubl and Mad3/BubR1 proteins. some spindle microtubules, from prophase until late anaphase.

Kinetochore staining is mostly weak and only detectable
during prophase and prometaphase. This immunolocalization
than to BubR1 proteins (Fig. 1B). In vertebrates, BubR1 ipattern observed for the Bubl protein is specific since it is not
clearly distinct from Bubl because the kinase domain of thebserved with pre-immune serum and is completely abolished
former is significantly less conserved (Taylor et al., 1998)if antibodies are pre-incubated with the recombinant protein
Surprisingly, inDrosophila, the kinase domain of the KEN- (data not shown).
box-containing protein (CG7838: 165 kDa) has almost as many Bub3 and BubR1 staining patterns (Fig. 2) are in agreement
conserved amino acids as the newly identified Bubl proteiwith our previous reports using chicken polyclonal antibodies
(CG14030: 125 kDa) explaining why the protein encoded byBasu et al., 1998; Basu et al., 1999). During prometaphase
the CG7838 gene was originally classified as Bubl. Evehoth proteins show strong kinetochore accumulation, which
though from sequence analysis it seems difficult to determingecreases significantly at metaphase and becomes undetectable
unequivocally whichDrosophila gene codes for Bubl and at later mitotic stages. However, we consistently observed that
BubR1, functional analysis of these proteins presented belowhereas Bub3 and Bub1l localize to kinetochores during early
clearly suggests that the newly identified CG14030 genprophase, as shown by anti-tubulin staining, BubR1 was never
encodes theDrosophila homologue ofbubl Therefore, in  detected. This supports the classification adopted for the
contrast with our previous usage (Basu et al., 1998; Basu et @brosophilaBubl-like proteins, as previous observations have
1999), CG7838 is more accurately described aBtbgsophila  shown that human Bubl localizes to kinetochores at prophase
bubR1 gene, so the previously described mutant allelebefore BubR1 (Jablonski et al., 1998; Taylor et al., 2001).
[(2)K06109 and 1(2)K03113 of CG7838 should be renamed
bubR¥ andbubRZ2. We suggest the use of this classification ) o o
for future investigations and will adopt it in this work. Drosophila S2 cells delay mitotic progression in
response to microtubule poisons

o o . In order to study the role of Bubl, BubR1, Bub3 and Mad2 in
Mitotic localization of Bubl, BubR1, Bub3 and Mad2 in the spindle checkpoint, we first analysed the behaviour of
Drosophila culture cells DrosophilaS2 cells when exposed to microtubule poisons (Fig.
In addition to theDrosophila Bubl homologue referred to S2, http://jcs.biologists.org/supplemental/). Incubation of these
above, we have also identified a genomic sequence (AE003565)lls with colchicine (25uM) appears to inhibit cell
encoding a protein with homology to human Mad2 (seeroliferation without an effect upon cell viability. This is
Materials and Methods). To study the localization patterns afonsistent with a significant increase in the mitotic index
Bubl and Mad2 during mitosis, we generated rabbit polyclonaluring the first 12 hours and a strong kinetochore localization
antibodies, and new antibodies were also produced agairwt all spindle checkpoint proteins tested (data not shown).
Bub3 and BubR1. Western blot analyses of total protein extracksowever, after this time the mitotic index starts to decrease and
from S2 cultured cells showed that anti-Bub1 (Rb1112), antithe culture shows an accumulation of polyploid cells (data not
Mad2 (Rb1224), anti-Bub3 (Rb730) and anti-BubR1 (Rb666shown) suggesting that cells adapt and exit mitosis. The
sera are specific (Fig. S1, http://jcs.biologists.orgiesponse of S2 cells to low doses of taxol (10 nM) is much less
supplemental/). Firstly, their corresponding pre-immune sera dgevere since the culture doubling time is only slightly delayed
not react with the predicted antigens. Secondly, affinity-purifie@nd the mitotic index shows a moderate increase. Overall these
Rb1112, Rb1224 and Rb730 sera and crude serum Rb666 ongsults indicate that S2 cells respond to microtubule poisons by
recognise one band of the expected molecular mass in S2 céd#llaying mitotic progression, and depending on the drug, the



1762 Journal of Cell Science 117 (9)

Prophase Prometaphase

Mad2
vy
-

Fig. 2.Immunolocalization of Mad2, Bubl, gp1
Bub3 and BubR1 during progression
through mitosis ibrosophilaS2 cells. A
Cells were stained for DNA (blue) and
antibodies against Mad2, Bub1, Bub3 or
BubR1 (red)a-tubulin staining (green) was
used to identify cells in prophase. Note thatg,,;,3
only Bub3 and Bub1 show kinetochore
staining in prophase. All spindle checkpoint
proteins show strong accumulation at
kinetochores in prometaphase, weak or no
staining in metaphase and are absent in
anaphase. Staining of the spindle for Mad2
and Bubl is observed during metaphase, g,pr1
and weak staining of centrosomes
(arrowheads) is observed for all proteins at
anaphase. Scale barpf.

concentration used, and the incubation time, they display eithantibody (Fig. 3C). Tension is thought to induce a
a weak or a strong spindle checkpoint. conformational change on the 3F3/2 kinetochore epitopes that
promotes their dephosphorylation (Nicklas et al., 1995; Li and
. Nicklas, 1997). InDrosophila 3F3/2 was shown to label
Taxol treatment reduces tension at metaphase kinetochores during early stages of mitosis becoming strongly
kinetochores of Drosophila S2 cells reduced or absent at metaphase (Bousbaa et al., 1997). We
In mammalian cells, the distance between sister kinetochorésund strong 3F3/2 kinetochore labelling in taxol-treated
at metaphase is considered to reflect the amount of tensiometaphase cells but not in control metaphase cells (Fig. 3C).
exerted on them, since the microtubule poleward pulling forceEhese results suggest that, in S2 cells, tension can be reduced
cause the centromeric heterochromatin to stretch (Waters et dy, incubation with nanomolar concentrations of taxol and
1998). Treatment of these cells with U®1 taxol reduces monitored by staining with the 3F3/2 antibody.
centromeric stretch to nearly the ‘rest length’ (distance
between sister kinetochores at prophase) when microtubules
are unable to interact with kinetochores because of the nuclég@calization of BubR1, Mad2 and Bubl in Drosophila
envelope (Waters et al., 1996; Waters et al., 1998). Teells under conditions of reduced kinetochore tension
determine if S2 cells behave similarly, cells were fixed and cdRecent studies suggest that Mad2, Bubl and BubR1 might
immunostained for tubulin and the centromeric protein ClDbe monitoring different aspects of kinetochore-microtubule
(Blower et al., 2001). We first collected Z-series opticalinteractions, namely attachment and tension (Skoufias et al.,
sections of prophase and metaphase control cells and measu2@@1; Zhou et al., 2002a). Therefore, we examined the
interkinetochore distances as previously described (Waters kinetochore localization of Drosophila proteins under
al.,, 1996). The average interkinetochore distance in prophasenditions of reduced tension induced by taxol treatment (Fig.
cells was 0.73+£0.1pm (n=18). However, during metaphase 4A). We found that in taxol-treated cells, all metaphase
the average interkinetochore distance increased significantly kinetochores exhibit strong BubR1 staining in striking contrast
1.22+0.23um (n=23; Fig. 3A,B). To reduce the amount of to metaphase kinetochores from untreated cells, which only
tension across kinetochores, S2 cells were incubated for a brighin weakly (Fig. 2). However, Mad2 and Bubl do not
period with low concentrations of taxol. Incubation with 10 nMaccumulate significantly at kinetochores after taxol treatment.
taxol was sufficient to reduce tension without affectinginterestingly, the subcellular distribution of Mad2 appears to
microtubule attachment to kinetochores, as determined Hye affected by loss of microtubule dynamics since it was never
measurement of interkinetochore distances in metaphase cditgaind in centrosomes or spindle microtubules after incubation
and tubulin immunostaining (Fig. 3A,B). The averagewith taxol. We also characterised the kinetochore localization
interkinetochore distance in taxol-treated metaphase celtsf these proteins in the mono-oriented chromosomes
decreased to 0.82+0.18n (n=22), a value closer to the rest occasionally seen in the taxol-treated cells. While Mad2 and
length. In order to confirm these results, control and taxolBubl stainings are mostly detected only at the unattached
treated cells were immunostained with the 3F3/2 monoclondlinetochore, BubR1 labelling is usually detected at both

Metaphase Anaphase
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Fig. 3. Tension across bi-oriented kinetochore pairs of S2
metaphase cells is reduced after taxol treatment. (A) Cells in
prophase or metaphase were stained for CID (graetijulin

(red) and DNA (blue). The distance between sister kinetochores
in taxol-treated metaphase cells (right panel) is shorter than in

control metaphase cells (middle panel) and closer to the B

distance in prophase cells (left panel). Boxes of identical size i 8

are used to compare interkinetochore distances between control H

and taxol treated cells. Tubulin staining shows that kinetochores g ©

still retain their microtubule fibers after taxol treatment. :§ & ;:ih:i;

(B) Histogram showing the variation in distances between sister 3 i n Metashm e
kinetochores in prophase, metaphase and taxol-treated =

metaphase cells. Interkinetochore distances in prophase cells 5 2

(range: 0.48-0.92 mm). After sister kinetochores become = o

bioriented poleward forces stretch centromeric heterochromatin AT TR

and generate tension across kinetochore pairs (range:
0.88-1.59 mm). Taxol relieves tension by interfering with
microtubule dynamics causing the distance between sister
kinetochores to decrease (range: 0.59-1.00 mm). (C) S2 cells
showing CID (red), 3F3/2 (green) and DNA (blue). After taxol
treatment, all kinetochores in metaphase cells exhibit strong
3F3/2 labelling because of lack of tension (right panel). In a
control metaphase cell, 3F3/2 labelling at the kinetochores is
hardly detectable because of tension-sensitive
dephosphorylation (left panel). Scale bargnd

Interkinetochore distance (um)

kinetochores. Staining at the attached kinetochore only wasf Bubl is regulated by microtubule attachment, while that of

never observed for any of the antibodies (Fig. 4B)BubR1 responds to tension, supporting the classification
Quantification of the mono-oriented chromosome stainingdopted for the tw®rosophilaBubl-like proteins.

patterns showed that 75% and 65% exhibit Mad2 and Bubl

staining, respectively, only at the unattached kinetochore. o _

However, most (78%) of the mono-oriented chromosomedension-sensitive kinetochore phosphorylation can be

were stained for BubR1 at both kinetochores. Taken togethetontrolled in Drosophila S2 lysed cells

these results show that BubR1 localizes to kinetochoreBhe role of tension in spindle assembly checkpoint signalling
whenever tension is absent and independently of theis not easy to distinguish from that of attachment, as

microtubule occupancy, whereas Mad2 and Bubl localizapplication of tension on kinetochores can enhance both the
preferentially to unattached kinetochores. These results astability of individual microtubule attachments and the overall

mostly consistent with recent data suggesting that localizatiomccupancy of microtubules (Nicklas and Koch, 1969; Nicklas

A Mad2 Bub1 BubR1

Fig. 4. Effect of reduced tension on the kinetochore localization of
Mad2, Bubl and BubR1. (A) Cells were incubated with 10 nM
taxol for 10 minutes and then processed for immunofluorescence
with antibodies against Mad2, Bubl or BubR1 (red) and a-tubulin
(green); DNA was stained with DAPI (blue). Mad2 and Bub1l are
hardly detectable at kinetochores of aligned chromosomes,

whereas BubR1 consistently localizes at all kinetochores of the B 100 -

metaphase plate. Mono-oriented chromosomes (arrows) exhibit o ++

BubR1 staining at both kinetochores while Mad2 and Bub1 |+
o -

labelling is only observed at unattached kinetochores. Scale bar: 5
pum. (B) Quantification of Mad2, Bubl and BubR1
immunoreactivity patterns at sister kinetochores of mono-oriented
chromosomes: labelling at both kinetochores (+/+), labelling only
at unattached kinetochores (+/-) and no labelling at either
kinetochore (—/-). Note that, whereas BubR1 labelling at mono-
oriented chromosomes is mainly symmetric, Mad2 and Bubl -
show staining only at unattached kinetochores. BubR1 (n=67) Mad2 (n=29) Bub1 (n=36)

Labelling pattern at
sister kinetochores (%)
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T+Mc
kinetochore labelling decreases significantly and is often
undetectable. (D,E,F) S2 cells lysed in the absence of
microcystin and then incubated with ATP plus microcystin
(ATP+Mc). Kinetochores are strongly labelled with 3F3/2
antibody even at metaphase (E), but not at anaphase (F).

T-Mc

A
Fig. 5. Phosphorylation of 3F3/2 epitopes in S2 lysed cells. In

all images DNA is shown in blue and 3F3/2 antibody staining -

in red. (A) S2 cell lysed in the absence of the phosphatase

inhibitor microcystin (T-Mc). 3F3/2 epitopes are only

detectable at the spindle poles (arrowhead). (B,C) S2 cells

lysed in the presence of microcystin (T+Mc). Prometaphase B —
cells (B) exhibit strong 3F3/2 staining at the kinetochores an

(G) Dephosphorylated S2 cell (lysed with T-Mc) and incubate, ..
with ATP alone (ATP-Mc). 3F3/2 epitopes are not

spindle poles (arrowhead). At metaphase (C), 3F3/2
phosphorylated in the absence of microcystin. Scale han.5 ATP+Mc ATP-Mc

and Ward, 1994, King and Nicklas, 2000). Therefore, we haveheckpoint proteins in relation to tension-sensitive
developed a protocol using S2 lysed cells as an in vitro systepmosphorylation, S2 lysed cells were double immunostained to
to study ‘tension in the absence of microtubules’. In thigdletect 3F3/2 and Mad2, Bubl, BubR1 or Bub3 (Figs 6, 7). S2
system, mechanical tension is analysed indirectly through theells lysed in the presence of microcystin showed strong
observation of 3F3/2 kinetochore phosphorylation, known tdinetochore labelling for 3F3/2 and all spindle checkpoint
correlate with tension in vivo (Nicklas et al., 1998). Previouslyproteins prior to anaphase. In S2 cells lysed in the absence of
it was shown that washed chromosomes from lysed cellmicrocystin, 3F3/2 labelling was, as expected, undetectable at
(Campbell et al., 1995; Nicklas et al., 1998; Waters et alall kinetochores, but spindle checkpoint proteins showed
1999), as well as isolated chromosomes (Bousbaa et al., 199@jfferent staining patterns. Mad2 and Bubl were easily
have dephosphorylated kinetochores that do not stain witlhetected in the absence of 3F3/2 kinetochore phosphoepitopes
3F3/2 antibody. However, these kinetochores can béFig. 6). However, BubR1 and Bub3 kinetochore accumulation
phosphorylated simply by incubation with ATP and awas not detected at any mitotic stage after detergent extraction
phosphatase inhibitor, showing that they contain a completa the absence of microcystin (Fig. 7). As a control, the
phosphorylation/dephosphorylation system, consisting of theentromeric protein CID was observed to behave
kinase, the substrate and the phosphatase. In this systangependently of the kinetochore phosphorylation status,
kinetochore phosphorylation can be controlled experimentallguggesting that BubR1 and Bub3 depletion from kinetochores
rather than by tension, which is the situation in vivo. We foundss not caused by disruption of kinetochore structure resulting
that S2 cells lysed with detergent in the absence of phosphatdsem the procedure. These results show that, unlike Mad2 or
inhibitors rapidly lose 3F3/2 phosphoepitopes at theiBubl, BubR1 and Bub3 retention at kinetochores depends
kinetochores (Fig. 5A). However, if cells are lysed in thespecifically on the presence of kinetochore phosphoepitopes.
presence of the phosphatase inhibitor microcystin, 3F3/2
staining is clearly detectable, in particular before metaphase _ _ _
(Fig. 5B,C). When dephosphorylated S2 cells (lysed in th8ubR1 and Bub3 depletion from kinetochores is
absence of microcystin) are incubated for 20 minutes with ATBoverned by 3F3/2 epitope dephosphorylation and is
and microcystin, all kinetochores label positively with theindependent of microtubules
3F3/2 antibody (Fig. 5D). Interestingly, even metaphasdo unequivocally demonstrate that BubR1 and Bub3 depletion
chromosomes exhibit strong labelling at their kinetochoreffom dephosphorylated kinetochores is independent of
(Fig. 5E), while anaphase kinetochores are no longemicrotubules, the phosphorylation assays were performed on
rephosphorylated (Fig. 5F). In control preparations incubateidolated chromosomes (Fig. 8). These chromosomes were
with ATP in the absence of microcystin, none of thepurified from S2 cells incubated with colchicine to
kinetochores becomes labelled with the 3F3/2 antibodgepolymerise microtubules. Moreover, since microcystin was
(Fig. 5G). Therefore, S2 lysed cells provide an in vitroincluded during all purification steps, and since these
phosphorylation system that can be manipulated in order whromosomes were isolated from cells with an activated spindle
study the behaviour of checkpoint proteins with respect teheckpoint, the kinetochores stained very brightly with the
tension-sensitive 3F3/2 kinetochore phosphorylation in th8F3/2 and anti-BubR1 antibodies (Fig. 8A). Incubation of these
absence of microtubules. chromosomes with lambda phosphatase removed completely
the 3F3/2 phosphoepitopes from the kinetochores, as well as
) BubR1 (Fig. 8B). Control incubations with lambda phosphatase
Mad2, Bub1, BubR1 and Bub3 respond differently to buffer or alternatively, with lambda phosphatase plus
tension-sensitive phosphorylation microcystin, showed that BubR1 loss is caused specifically by
In order to study the kinetochore localization of spindledephosphorylation (Fig. 8C; data not shown). The same
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Fig. 6. Localization of Mad2 and Bub1 checkpoint proteins is not
affected by kinetochore dephosphorylation. S2 cells were lysed
with detergent either in the presence (T+Mc) or in the absence
(T-Mc) of microcystin, fixed and immunostained.

(A) Immunostaining with the anti-Mad2 (green) and 3F3/2 (red)
antibodies shows that Mad2 labelling remains unchanged after
dephosphorylation. (B) Immunostaining with the anti-Bubl (green)
and 3F3/2 (red) antibodies shows that Bub1 still localizes normally
after dephosphorylation. Scale bafrh.

experiments were performed for Bub3 with similar results
(Fig. 8E-G). To further determine whether the loss of BubR1
and Bub3 proteins from kinetochores is caused by
dephosphorylation of 3F3/2 epitopes and not by
dephosphorylation of some other epitopes, 3F3/2
phosphoepitopes were blocked with the antibody before
lambda phosphatase treatment. Under these conditions, we
found that BubR1 and Bub3 accumulation at the kinetochores
is preserved (Fig. 8D,H). The results indicate that, even when
other phosphoproteins are dephosphorylated, as long as 3F3/2
phosphoepitopes are present, BubR1/Bub3 proteins are
retained at the kinetochores.

BubR1 and Bub3 relocalize to phosphorylated
kinetochores

In the previous sections we showed that BubR1 and Bub3
retention or depletion from kinetochores correlates with the

presence of 3F3/2 phosphoepitopes. To determine whether
their accumulation at kinetochores also depends on 3F3/2
phosphorylated proteins we carried out relocalization studies.

T+Mc

Fig. 7. Dephosphorylation of
kinetochore phosphoepitopes
releases BubR1 and Bub3. S2
cells were lysed with
detergent either in the
presence (T+Mc) or in the
absence (T-Mc) of
microcystin, fixed and
immunostained.

(A) Immunostaining with
anti-BubR1 (green), 3F3/2
(red) and anti-CID (pink)
antibodies shows that BubR1
staining is no longer
detectable after
dephosphorylation. CID
localization is shown as a
control and is not affected by
dephosphorylation.

(B) Immunostaining with
anti-Bub3, 3F3/2 and anti-
CID antibodies shows that
Bub3 staining is lost after
dephosphorylation, while
CID labelling remains. Scale
bar: 5um.

T-Mc

T+Mc

T-Mc
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3F3/2 Bub3 3F3/2 phosphorylation, we examined the ability of exogenously added
BubR1 to bind to dephosphorylated or phosphorylated
kinetochores. We found that exogenously added BubR1 does not
accumulate at dephosphorylated kinetochores (Fig. 9C), but it
accumulates strongly at phosphorylated kinetochores (Fig. 9D).
This recruitment is only observed before anaphase. Accordingly,
rephosphorylated kinetochores stain brightly for 3F3/2 in
metaphase but, at anaphase, 3F3/2 rephosphorylation does not
occur. Incubation of rephosphorylated cells with a BubR1-
depleted mitotic extract (data not shown) confirmed that BubR1
accumulation is specific (Fig. 9E). Similar experiments were
performed for Bub3, with identical results (Fig. S3,
http://jcs.biologists.org.supplemental/ and data not shown).
These results indicate very clearly that BubR1 and Bub3
accumulate only at kinetochores containing 3F3/2 tension-
sensitive phosphoepitopes.

APPase

Discussion

Classification of the Drosophila BubR1 and Bubl

proteins

We show thatDrosophila similarly to higher eukaryotes,
contains two genes that encode Bubl-like proteins. Both
proteins share homology at the N terminus with Mad3 and
additionally have a putative kinase domain in the C terminus
typical of other known Bubl and BubR1 proteins (Taylor and
McKeon, 1997; Taylor et al., 1998; Sharp-Baker and Chen,
2001). However, whereas phylogenetic analysis in vertebrates
places Bubl and BubR1 proteins into defined clusters, in
Drosophilathe two Bubl-like proteins are more closely related
to each other than to either Bubl or BubR1 from other species.
Therefore, their classification on the basis of sequence analysis
%urned out to be rather difficult. This is mainly due to the fact
purified from S2 colchicine-arrested cells in the presence of that bOth pr‘?te”.‘s have highly conserved Ser/Thr k'”ase
microcystin to maintain kinetochore phosphoepitopes. In all domains, while in vertebrates BubR1 proteins are easily

preparations DNA was stained with DAPI (blue). (A,E) Isolated distinguishable from Bubl proteins because they are less

Abuffer

3F3/2
block

Fig. 8.BubR1 and Bub3 loss from kinetochores is specifically due t
3F3/2 epitope dephosphorylation. Condensed chromosomes were

chromosomes were fixed and immunostained with 3F3/2, anti- conserved at their C termini. Nevertheless, our data suggests
BubR1 and anti-Bub3 antibodies. Note the strong kinetochore that the previously reported Bub1 protein (Basu et al., 1999) is
labelling for all antibodies. (B,F) Isolated chromosomes were BubR1 instead, and that the newly identified protein is Bub1,

incubated with lambda phosphatasPRase) leading to complete and we adopted this classification in this study. First, protein
dephosphorylation of the 3F3/2 epitopes and to loss of BubR1 and sequence analysis indicated that the previously described Bub1
Bub3 from kinetochores. (C,G) Chromosomes incubated with protein contains a KEN-box motif at the N terminus while the
lambda phosphatase buffer alodffer) retain 3F3/2 new Bubl-like protein does not. The KEN box is an
phosphoepitopes, as well as BubR1 and Bub3 proteins. APC/CCdh1 recognition signal and was identified on the N

(D,H) Isolated chromosomes were first incubated with the 3F3/2 .
antibody and then treated with lambda phosphatase before terminus of yeast Mad3 and Mad3/BubR1 homologues, but not

immunostaining for BubR1 or Bub3. Preincubation with 3F3/2 in any Bubl homologue. It is therefore thought to be the
antibodies blocks the accessibility of the phosphatase to the 3F3/2 distinguishable feature between Bubl and Mad3/BubR1
phosphoepitopes causing BubR1 and Bub3 to remain at proteins (Murray and Marks, 2001). Since there are no species
kinetochores. Scale barpsn. with both BubR1 and Mad3, the functions fulfilled by BubR1

in mammalian cells and by Mad3 in yeast cells may be partially

analogous, even though Mad3 does not have a C-terminal
Incubation of dephosphorylated lysed cells with ATP buffekkinase domain. Secondly, analysis of their intracellular pattern
without microcystin  does not regenerate the 3F3/2f localization showed that, during early prophase, only the
phosphoepitopes and BubR1 staining is also absent (Fig. 9A)ewly identified Bub1l localizes to kinetochores, in agreement
However, if lysed cells are incubated with ATP plus microcystinwith previous observations showing that Bubl localizes to
3F3/2 phosphoepitopes are rephosphorylated and a very we&lgetochores before BubR1 at prophase (Jablonski et al., 1998;
mostly inconsistent, BubR1 signal can be detected (Fig. 9BYaylor et al., 2001). Finally, therosophilaBubl-like proteins
This result suggested that residual levels of BubR1 that hadere found to behave differently with respect to tension and
escaped detergent extraction could be recruited to kinetochoresicrotubule attachment (see further discussion below). BubR1
Therefore, in order to test whether BubR1 reaccumulation giroteins accumulate at kinetochores in the absence of tension
kinetochores, like its release, could be dependent on kinetochqi®koufias et al., 2001; Zhou et al., 2002a; Shannon et al., 2002)



The spindle checkpoint in Drosophila 1767

BubR1 3F3/2 Cid BubR1 3F3/2

Fig. 9.BubR1 is recruited to
phosphorylated but not to
unphosphorylated kinetochores. All
cells were initially lysed in the
absence of microcystin to become
dephosphorylated and, after different
treatments, fixed and stained for
3F3/2, BubR1, CID and DNA (blue).
(A) Cells treated with ATP in the
absence of microcystin (ATP-Mc)
retain normal CID staining but
BubR1 and 3F3/2 labelling is
abolished. (B) Cells treated with ATP
plus microcystin (ATP+Mc) show
CID and 3F3/2 staining but
endogenous BubR1 is depleted
during extraction. (C) Cells
rephosphorylated with ATP but
without microcystin and
subsequently incubated with S2
mitotic extract (M ext). Note that
3F3/2 epitopes are not
rephosphorylated and that exogenou
BubR1 is not recruited to
kinetochores. (D) Cells
rephosphorylated in the presence of
microcystin and subsequently
incubated with S2 mitotic extract
show rephosphorylated 3F3/2
epitopes and strong accumulation of
BubR1 at kinetochores. (E) Cells
rephosphorylated in the presence of
microcystin and incubated with an
S2 mitotic extract mostly depleted of
BubR1, show strongly labelled 3F3/2
phosphoepitopes but only weak
accumulation of BubR1. Scale bars:
5pum.

ATP-Mc

ATP+Mc

ATP-Mc
+ M ext

ATP+Mc
+ M ext

ATP+Mc
+ M ext BubR1~

and are not as sensitive to microtubule attachment as Bulbdnsion as previously shown in other cell types (Gorbsky and
(Taylor et al., 2001). In our study, the protein that contains thRicketts, 1993; Nicklas et al., 1995). In control cells, bi-
KEN-box is the one whose localization responds to changes oriented chromosomes showed dephosphorylated kinetochores
tension but not microtubule attachment, once again suggestiag a result of tension while in taxol-treated cells, metaphase
that is the BubR1 homologue. kinetochores were strongly phosphorylated.
To study ‘tension in the absence of attachment’, we have

. ] used detergent-extracted S2 cells. In these cells, microtubules
Studying tension and attachment separately are depolymerised and tension can be analysed indirectly
It has remained unclear whether tension and attachment argough the observation of 3F3/2 kinetochore phosphoepitopes.
separable events in terms of checkpoint function (King an#lechanically applied tension was shown to diminish
Nicklas, 2000). Therefore, we used two different approachekinetochore phosphorylation in lysed cells just as it does in
to study tension and attachment separately to determidiging cells (Nicklas et al., 1998). Therefore, lysed cells can be
whether the spindle checkpoint monitors those eventased as an in vitro phosphorylation system to simulate the in
independently. To study attachment in the absence of tensioriyo tension effect in the absence of microtubules. In vitro
we have treate@®rosophila S2 culture cells with nanomolar phosphorylated chromosomes mimic the in vivo improperly
concentrations of taxol. At these low doses, microtubules casttached chromosomes, while in vitro dephosphorylated
still attach to the kinetochores, but tension is severely reducatiromosomes mimic the in vivo bi-oriented chromosomes
because of loss of microtubule dynamics (McEwen et al., 1991inder tension.
Waters et al., 1998). Measurement of interkinetochore
distances and tubulin staining confirmed that, in S2 cells
treated with taxol, tension is lost without disturbingMad2 and Bub1l loss from kinetochores is regulated by
microtubule attachment. Furthermore, we showed that 3F3/icrotubule attachment
kinetochore staining correlates with the presence or absenceWe analysed how the kinetochore localization of spindle
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checkpoint proteins is affected by disrupting tension but ngbhosphorylation. Previous observations had demonstrated
microtubule attachment. Interestingly, we found differenthat Mad2 binding is also promoted by kinetochore
behaviours. When tension was reduced by low doses of taxghosphorylation (Waters et al., 1999). On the basis of all the
BubR1 accumulated at kinetochores. This is in agreement witlesults discussed above, we propose a model for the behaviour
recent reports showing that reduced tension at kinetochore$ spindle checkpoint proteins during microtubule-kinetochore
containing a full complement of microtubules induces anteraction (Fig. 10).
checkpoint-dependent metaphase delay associated with
elevated levels of BubR1 at kinetochores (Skoufias et al., 2001; o . .
Zhou et al., 2002a; Shannon et al., 2002). However, Mad2 arginetochore phosphorylation in the spindle checkpoint
Bubl proteins did not localize at kinetochores of aligned biPhosphorylation establishes a biochemical difference between
oriented chromosomes after taxol treatment. Nevertheless, kinetochores that are under tension and those that are not. Since
mono-oriented chromosomes, Mad2 and Bubl staining wake disruption of normal microtubule dynamics is sufficient to
consistently detected at the unattached kinetochore. Thesause rephosphorylation of the 3F3/2 epitopes at metaphase
results are fully consistent with previous observations showinginetochores, even though they still contain many
that Mad2 depletion from kinetochores is governed bymicrotubules, this biochemical signal must act independently
microtubule attachment (Waters et al., 1998). In the case of microtubule attachment (Campbell and Gorbsky, 1995;
Bubl, there are contradictory results regarding its behavioukicEwen et al., 1997; Waters et al., 1998). Therefore,
Whereas some reports show kinetochore accumulation of Bultheckpoint proteins whose kinetochore localization is
under conditions of reduced tension (Skoufias et al., 200tegulated exclusively by tension-sensitive phosphorylation are
Shannon et al.,, 2002), others show that its release fromecessary to activate the checkpoint when microtubule
kinetochores is regulated by microtubule attachment (Taylor etynamics is affected or when sister kinetochores are attached
al., 2001). Thus, either Bub1 responds to both attachment abg microtubules from the same pole (syntelic attachment).
tension, or the results reflect differences between cell typeMad2 does not fit in this group of checkpoint proteins.
Nevertheless, our results suggest that the behaviour of Bub1A#though Mad2 binding to kinetochores is initially governed
globally more similar to that of Mad2, suggesting that it isby phosphorylation (Waters et al., 1999), it is inhibited later as
mainly sensitive to microtubule binding. kinetochores start being occupied by microtubules (Waters et
al., 1998). However, our results show that BubR1 and Bub3
] ) proteins behave differently from Mad2 because their removal
BubR1 and Bub3 loss from kinetochores is regulated by~ from kinetochores is governed by dephosphorylation and is
tension insensitive to microtubule attachment (Fig. 10). Compelling
We have also analysed how the spindle checkpoint proteirtata suggests that BubR1 and Mad2 operate independently,
behave with respect to tension-sensitive kinetochoraith the first sensing tension and the second monitoring
phosphorylation in the absence of microtubule attachmenattachment. The strength of the checkpoint response induced
These results were fully consistent with those obtained usingy these two events also appears to be different since S2 cells
taxol treatment. Whereas BubR1 and Bub3 were lost frormhow only a short mitotic delay when exposed to low taxol
kinetochores after dephosphorylation, Mad2 and Bublloses, while complete microtubule depolimerization by
remained localized at kinetochores independently of theicolchicine, strongly compromises mitotic progression.
phosphorylation status, in agreement with the fact that these However, even though BubR1 and Mad2 may sense different
proteins are displaced by microtubule attachment. Previouslgpindle assembly signals, these must be integrated at some
an inverse correlation between the amount of tubulin stainingoint. Evidence for the convergence of the two sensing
and the amount of Bub3 was shown for the two sistemechanisms comes from the observation that the metaphase
kinetochores of lagging chromosomes (Martinez-Exposito efelay induced by reduced tension and increased levels of
al., 1999). However, this asymmetric labelling at laggingBubR1 at the kinetochores, is Mad2 dependent (Shannon et al.,
chromosomes might not necessarily reflect sensitivity t®002). This indicates that BubR1 and Mad2 cannot suppress
microtubule-attachment since 3F3/3 staining has been alshe Cdc20-APC/C activity independently of each other. Indeed,
reported to be asymmetric in lagging chromosomes. Thklad2 and BubR1 were found as components of the same
phosphoepitopes are more strongly expressed on the leadiA§C/C-inhibiting complex (Sudakin et al., 2001).
kinetochore than in the trailing one (Gorbsky and Ricketts, The effect of tension on the spindle checkpoint might be
1993; Nicklas et al., 1995; Nicklas et al., 1998). Indeed, weirect. In the absence of tension, the 3F3/2 kinase(s) might
showed that BubR1 and Bub3 depletion from kinetochoredirectly activate spindle checkpoint proteins at kinetochores.
occurs  specifically  because of 3F3/2  epitopeGeneration of tension, which pulls sister kinetochores apart,
dephosphorylation. Dephosphorylation of 3F3/2 epitopesould then impair phosphorylation of 3F3/2 substrates by
might induce a conformational change in kinetochore proteinseparating them from the kinase(s) or by changing their
rendering them unable to interact with BubR1 and Bub3conformational structure. Only a few 3F3/2 epitopes have
BubR1 and Bub3 are unlikely to bind directly to thebeen identified so far (Daum et al., 1998; Daum et al., 2000).
phosphoepitopes since pre-blocking isolated chromosomésterestingly, among those are the APC/C components Apcl
with the anti-BubR1 antibody, does not inhibit 3F3/2(Tsg24) and Cdc27, which concentrate at kinetochores during
dephosphorylation by the lambda phosphatase treatmemhitosis. Considering our results, which strongly suggest that
Finally, from the experiments with lysed S2 cells we foundBubR1 interacts closely with 3F3/2 phosphoproteins at
that, similar to their release, the binding of BubR1 and BubXinetochores, and the recent evidence showing BubR1
to kinetochores is dependent on tension-sensitive kinetochomgteraction with the APC/C, it is possible that at unattached



The spindle checkpoint in Drosophila 1769

A B C D E
Unattached Mono-oriented  Mono-oriented Bi-oriented Bi-oriented
kinetochores kinetochores Kinetochores Kinetochores Kinetochores

+ taxol + taxol

. a5~
) o LS "%
3F3/2 @) .M ﬁ
Mod2

3F3/2 (P)
BubR1
Bub3

o
.,/ ‘,x” ::‘) (Y )

8

Fig. 10.Kinetochore localization of spindle checkpoint proteins is differentially regulated by spindle assembly events. (A) Thazonditi
underlying binding to unattached kinetochores are similar for all proteins and require phosphorylated kinetochores. (B)rosmres
become mono-oriented, the attached kinetochore retains little or no Mad2 and Bubl, generating an asymmetrical locadizatBuabpitt

and Bub3 levels are only slightly asymmetrical with the attached kinetochore exhibiting reduced staining because of sogenerasil

from anti-poleward forces (arrows). (C) Under reduced tension from taxol treatment mono-oriented chromosomes show symmetrical
BubR1/Bub3 staining while Mad2/Bubl labelling remains asymmetrical. (D) When bipolar attachment is achieved, Mad2/Bubd no longe
localize to kinetochores, 3F3/2 epitopes are dephosphorylated because of tension and BubR1 and Bub3 are released.ni6j 2issigtio
with taxol leads to recruitment of BubR1 and Bub3 to kinetochores because 3F3/2 epitopes become rephosphorylated. Hovegeker, Mad2
Bubl cannot accumulate at kinetochores because of microtubule occupancy.

kinetochores, active kinases might catalyse phosphorylatiomsicrotubule occupancy, which is then sensed by Mad2. Recent
that indirectly inhibit APC/C activity by enhancing the results have shown that, in higher eukaryotes, Aurora B activity
binding of BubR1 to the APC/C. Furthermore, we believe thais also required to correct syntelic attachments and to activate
BubR1 is not a 3F3/2 kinase, &rosophila bubRlnull  the spindle checkpoint in the absence of tension (Ditchfield et
mutants exhibit 3F3/2 staining (Basu et al., 1999). Curiouslyal., 2003; Hauf et al., 2003). Furthermore, inhibition of Aurora
bubR1 mutant cells enter anaphase precociously and witB function in nocodazole-treated cells was shown to
strong 3F3/2 labelling at the kinetochores. This supportsompromise kinetochore localization of the spindle checkpoint
BubR1 as being a component of the spindle checkpoirgrotein BubR1 but not Mad2. These results would be fully
pathway that monitors tension-sensitive kinetochoreconsistent with our observations if Aurora B/Ipll was the
phosphorylation. When BubR1 is absent, cells can override dinase that phosphorylates the 3F3/2 epitopes at kinetochores
arrest that would be otherwise induced by the presence t#cking tension.
phosphorylated kinetochores.
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