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SUMMARY

Mad1l was first identified in budding yeast as an essential checkpoint proteins, HsMadl and HsMAD2 were found
component of the checkpoint system that monitors spindle localized at nuclear pores throughout interphase. This was
assembly in mitosis and prevents premature anaphase confirmed by co-labeling with an antibody to known
onset. Using antibodies to the human homologue of Mad1l nuclear pore complex proteins and by their co-purification
(HsMAD1), we have begun to characterize this protein with enriched nuclear envelope fractions. HsMadl was
in mammalian cells. HsMadl is found localized at identified serendipitously by its binding to a viral protein,
kinetochores in mitosis. The labeling is brightest in HTLV-1 Tax, which affects transcription of viral and
prometaphase and is absent from kinetochores at human proteins. The localization of HsMadl to nuclear
metaphase and anaphase. In cells where most pore complexes suggests an alternate, non-mitotic role for
chromosomes have reached the metaphase plate, thosethe Madl/Tax interaction in the viral transformation of
aligned at the plate show no labeling while remaining, cells.

unaligned chromosomes are still brightly labeled. We

find HsMad1 associated with HsMad2. Association with

p55CDC, a protein previously shown to bind HsMad2, was Key words: Nuclear pore complex, MAD1, MAD2, Kinetochore,
not detected. Surprisingly, unlike any other known mitotic ~ Checkpoint

INTRODUCTION downregulates the inhibitory signal (Li and Nicklas, 1995).
Once all chromosomes have aligned and their kinetochores are
The mitotic checkpoint is a regulatory mechanism that preventsnder maximal tension, the inhibitor decays and anaphase can
aneuploidy by delaying sister chromatid separation before aflegin.
chromosomes have aligned at the metaphase plate. FollowingThe molecular components of the mitotic checkpoint
nuclear envelope breakdown, chromosomes must attach pathway were discovered in yeast by identification of mutants
microtubules of the forming mitotic spindle through structureghat failed to arrest in mitosis in the presence of microtubule
called kinetochores. Each chromosome has two kinetochoresugs. Six genes named Mad1l, 2 and 3 (Li and Murray, 1991)
on opposite sides of the centromere, one on each sistand BUB1, 2, 3 (Hoyt et al., 1991) were identified by this
chromatid. Once both kinetochores attach to spindl@pproach. A seventh gene, encoding Mps1 kinase, was initially
microtubules, chromosomes migrate towards the equator of thdentified as essential for spindle pole body functions (Winey
spindle through a series of saltatory movements to forret al., 1991) but was also found to be essential for the mitotic
the metaphase plate. Due to the stochastic nature by whicheckpoint (Weiss and Winey, 1996). Discovery of the yeast
chromosomes become attached to the spindle, sonoheckpoint genes led to the identification of their metazoan
chromosomes become aligned before others. To ensure tlmthologs. Combined studies from yeast and higher organisms
cells at this stage of mitosis do not prematurely enter anaphalsave led to an emerging picture of checkpoint function. Mad1,
with unaligned chromosomes, the checkpoint detects th2, 3 and Bubl and Bub3 exhibit extensive interactions, localize
presence of unaligned chromosomes and delays anaphdsekinetochores in metazoans, and are members of a common
onset. Only after all chromosomes have properly aligned is thgathway that senses kinetochore-microtubule attachments and
signal given to separate sister chromatids and drive cells infirevents premature separation of sister chromatids (reviewed
anaphase. Thus, the checkpoint prevents premature anaphbgeraylor, 1999). Bub2, in contrast, is located at spindle pole
that would otherwise lead to aneuploidy. bodies and is thought to exert its checkpoint function after
It has become increasingly clear that kinetochores are ahromatid separation through a different pathway (Fraschini et
the crossroads of the complex signaling pathways thail., 1991; Fesquet et al., 1999; Alexandru et al., 1999).
comprise the mitotic checkpoint. Laser ablation studies have Madlp was found to be a nuclear phosphoprotein in yeast
demonstrated that unattached kinetochores are the source of(elardwick and Murray, 1995), and its function in the mitotic
inhibitor of anaphase onset (Rieder et al., 1995). In a proceskeckpoint is dependent on its association with the Mad2
that is not completely understood, the tension exertegdrotein. Interestingly, this association persists throughout the
on the kinetochore by bilateral microtubule attachmentgell cycle (Chen et al.,, 1999). Théenopushomologues
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Xmad1 (Chen et al., 1998) and Xmad2 (Chen et al., 1996) haWéATERIALS AND METHODS

been shown to be essential for the mitotic checkpoint in egg

extracts. Both Xmadl and Xmad2 accumulate at unattachéegll culture, transfections and drug treatment

kinetochores where they are thought to participate ifdeLa cells were grown in DMEM supplemented with 5% FBS, 20
generating the inhibitory signal to block anaphasemM Hepes, 6Qug/ml penicillin, and 10Qug/ml streptomycin. Cells
Immunodepletion and add back studies led Chen et al. fere grown in a humidified 37°C chamber with 5%2CCells were
propose that Xmad1 specifies the association between Ma: g’clkgig”uP;'t%sslg"’grogi(%%gfm'S”%%%dszzw;ésfb?‘;hgéLt?y”'iivc ':J"é;)t ing
and (Ij(m.etOChoreIS (((.;,hen bet al., 1993)' F]At thﬁ klnetOEhor '8 hours in 2 mM thymidine (Sigma), rinsing out the drug, and
Xmad2 IS postulated to be Con\{ert_e_, through an un nOWIerlacing it after 12 hours for an additional 18 hours. Mitotic cells
mechanism, to a form that can inhibit anaphase onset. Thigre harvested (after nocodazole block) or eliminated (after
model is partly supported by genetic and biochemical data th@ymidine block) by irrigation with a pipet. Cells growing on
show recombinant MAD2 can bind to and inhibit the anaphaseoverslips or in dishes were transfected using FUGENE 6 as directed
promoting complex/cyclosome (APC/C), a multi-subunitby the manufacturer (Boehringer Mannheim).

protein complex that ubiquitinates proteins that must b%loning and antibodies

'-CATGGAAGACCTGGGGGAAAACACCATGGT and '3TTT-

; ) : 1 CACAAGGTGAGGAACCCAGGCTGGTGG  terminal  primers
TXBP181 cDNA was isolated from a yeast two-hybrid derived from the published sequence of TXBP181 (Jin et al., 1998)

screen for prqteins that ‘”‘.eraCt with the Tax prqtein_ from .th enBank accession number U33822) were used to amplify MAD1
human retrovirus HTLV-I (Jin et al., 1998). Examination of itSom 4 HeLa Marathon cDNA library (Clontech). This was ligated
sequence revealed TXBP181 to be a human ortholog @fto the Topo-TA vector (Invitrogen), which was used for DNA
MAD1. In support of this, transfected TXBP181 fusionsequencing and as a template to prepare full length MAD1 with
proteins were able to bind HSMAD2. Furthermore, transfectiomestriction sites at the ends. Upon sequencing, we noted a discrepancy
of a mutant TXBP181 lacking the ability to bind HsMAD2 between the cDNA we cloned and the sequence of TXBP181
disrupted mitotic checkpoint function and led to a profusion 0fU33822). Our cDNA contained a single additional nucleotide (C)
conducted with an antibody raised against the CarbOX)EﬁECt of changing the reading frame after this point and resulted in a

. : : redicted open reading frame of 718 amino acids as opposed to 803
terminal 18 residues predicted from TXBP181 cDNA Weregmino acids for TXBP181. Thus a new primer-TGCAA-

inconsistent with the properties ascribed to Xmadl. WesteI8o11cGccACGGTCTGGCGGCTGAASR was used to amplify
blots with this antibody identified a ~150 kDa protein that washe complete coding sequence of HSMAD1 (2154 base pairs coding
much larger than expected from the cDNA sequence whilfyr 718 amino acids). This construct was ligated into a GST fusion
antibodies against Xmad1l cross-reacted with a human proteiactor for expression in mammalian cells. A fragment representing
of ~85 kDa (Chen et al., 1998). In addition to this, the peptidamino acids 331-718 of the HsSMAD1 protein was cloned into a pGEX
antibody to TXBP181 failed to stain kinetochores as would béacterial expression vector for protein production. Following
expected for a checkpoint protein. induction with 2 mM IPTG, bacteria were lysed in 50 mMVpR@y,

To resolve the discrepancy between TXBP181 and Xmad$, MM MgCh, 200 mM NaCl, 0.1 mg/ml lysozyme. Lysate was frozen
we independently cloned a human MAD1 cDNA from HelLa" dry ice, thawed at 55°C, sonicated 5 minutes, and centrifuged at

cells and generated antibodies against bacterial fusio?10,000g. A portion of the pellet was dissolved in gel sample buffer

tei h te d . f HsMAD1. O and run on a 10% acrylamide gel. After Coomassie staining, the band
proteins expressing separate domains 0 S . ontaining the expressed HSMAD1 fragment was excised and used to
antibodies recognize a single protein of ~85 kDa that is cloS& munize a rat and a rabbit.

to the size calculated from our cDNA sequence and to the sizeéThe same fragment of HsMAD1 was also cloned into a pMAL
of the human protein recognized by anti-Xmad1l antibodiemBP fusion vector (New England Biolabs, Beverly, MA) that was
(Chen et al., 1998). Further confirmation that our antibodieslso used for protein production as above. After sonication and
recognized HsMAD1 was obtained when they co-centrifugation, a Coomassie stained gel revealed that the MBP-MAD1
immunoprecipitated HsMAD2 from cell lysates. Genetic andusion was the predominant protein in the insoluble pellet. The pellet
biochemical studies have shown that MAD2 can associatéas solubilized in 125 mM Tris-HCI, pH 6.8, 2% SDS and dialyzed
with Cdc20, a protein that specifies substrate recognition bgYernight at 4°C against 100 mM Hepes, pH 8.0, 250 mM NaCl. The
the APC/C but is also thought to target MAD2 to the APC/C" ialyzed sample was then coupled to Affi-Gel 10 immunoaffinity

. . support (Bio-Rad, Richmond, CA) as described in the manufacturer’s
We find that HSMAD2 forms a complex with HSMAD1 but directions. Serum from immunized animals was first passed twice

we were unable to detect pS5CDC, the mammaliaRyer a GST column. The flow through from this column was then
homologue of Cdc20, in association with this compleéXpassed over the MBP-MAD1 immunoaffinity column. Antibodies
Consistent with Xmadl and other mitotic checkpointwere eluted with 0.5% acetic acid, 150 mM NaCl and immediately
proteins, HsSMAD1 preferentially localized to unattachedneutralized with 1 M Tris-HCI, pH 8.5. Purified antibodies were
kinetochores during mitosis. Perhaps our most intriguingoncentrated in a Centricon 30 (Amicon, Beverly, MA) and stored in
finding was that both HSMAD1 and HsMAD?2 localize to the50% glycerol, 25 mM Tris-HCI, pH 7.5, aR0°C.

nuclear pore complex throughout interphase. We preserﬂ;]munoprecipitaﬂon and western blotting

evidence Io_catlng HSMADl on the nucl_eoplasmlc face of th ells were rinsed in PBS and lysed in NP-40 lysis buffer (1% NP-40,
pore and discuss the implications of kinetochore checkpoi mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM DTT). Cell lysates
proteins at nuclear pores. We also propose the possibility thafere centrifuged at 10,009 at 4°C for 5 minutes. The protein

in addition to interfering with mitotic checkpoint function, concentrations of the lysates were determined (BCA protein assay;
the transforming Tax protein may affect nuclear pore functiofpierce Chemical Co.). Inmunoprecipitation was performed with 300
and transport by binding to HsSMAD1. ug of lysate. Rat anti-HsMAD1, mouse anti-HsMAD2 (Transduction

destroyed to allow sister chromatid separation (reviewed b
Fang et al., 1999; Hershko, 1999).
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Laboratories), or rabbit anti-p55CDC was added to a fina '6“"
concentration of ~pg/ml. Lysates were incubated with antibodies for > Y

2 hours at 4°C, and then @bof 50% slurry of Protein A— or Protein & s
G-Sepharose (Repligen, Cambridge, MA) was added and tr 250 ==

incubation continued for another 30 minutes. GST-MAD1 fusion
protein was purified from cell lysates using glutathione Sepharos
beads (Pharmacia). The beads were recovered by low spe
centrifugation and washed four times in 0.5 ml of ice-cold NP-40 lysit
buffer before SDS gel sample buffer was added. Samples from tt
immunoprecipitates or whole cell lysates were separated through 8

98 = : o
-V AD —— —

or 8-15% gradient SDS-PAGE and transferred onto Immobilon F S
(Millipore). 50 w—
Membranes were blocked overnight at 4°C in 5% bovine serur
albumin in 50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 0.05% Tween- G-
20 (TBST). Primary antibodies were diluted in the same buffer an A B

incubated with membranes for two hours at room temperature. Afte

rinsing, membranes were incubated 30 minutes with the appropriarig. 1. Anti-HsMAD1 expression does not vary between S phase and
secondary antibodies conjugated to alkaline phosphatase (Sigmmitosis. (A) Western blots of HeLa lysates prepared from
Membranes were rinsed in TBST then in 100 mM diethanolamineasynchronous cells were probed with affinity purified rat and rabbit
pH 10, 1 mM MgCl. CSPD substrate solution (Tropix) was addedpolyclonal anti-HsMAD1 antibodies. Both antibodies specifically

and the membranes exposed to film. recognize a 83 kDa protein of the predicted size of HsSMAD1.
) . ) (B) Levels of HSMADL1 protein remain relatively unchanged between
Immunofluorescence labeling and imaging thymidine-blocked interphase cells (lane 1) and nocodazole-blocked

Cells on coverslips were rinsed briefly in 60 mM PIPES, 25 mMmitotic cells (lane 2). Equal cell numbers were loaded in each lane.
HEPES, pH 6.9, 10 mM EGTA, and 4 mM MgGPHEM) and

extracted 4 minutes in 1% CHAPS detergent in PHEM. Cells wer.

then fixed 12 minutes in 1% paraformaldehyde in PHEM and rinseRESULTS

three times in 10 mM MOPS, pH 7.4, 150 mM NacCl, 0.05% Tween-

20 (MBST). For differential permeabilization, cells were treated withHgMAD1 antibodies recognize a 83 kDa human

0.004% digitonin in MBS for 15 minutes at 4°C. Purified HSMADL 1y qtein

and mAb414 ascites (Davis and Blobel, 1986) (Covance, Richmon . .

CA) were diluted 1/4000, rabbit anti-HsMAD2 serum (provided by lthough the human MAD1 checkpoint protein has been

E. D. Salmon) was diluted 1/30, and anti-GST (Santa cruglescribed previously (Jin et al., 1998), we sought to
Biotechnology) and rabbit anti-Nup93 (provided by J. VanDeursengharacterize it in greater detail. Based on the published
were diluted 1/1000 in MBST with 5% calf serum. Primary Sequence of human TXBP181, we made primers and cloned
incubations were for 1 hour at 37°C. Cy3 and Cy2 or FITC conjugatelisSMAD1 from a HeLa cDNA library by PCR. Comparison of
secondary antibodies (Jackson Immunoresearch) were diluted 1/48ar HsSMAD1 cDNA sequence to the published sequence of
in the same buffer. Secondary incubations were for 30 minutes gtxBP181 (GenBank U33822) showed that our cDNA had a
37°C. For differential permeabilization experiments, antibodies Wergjngle nucleotide insertion between nucleotide positions 2162
diluted in PBS with 5% calf serum. Cells were rinsed briefly in 0.23nd 2163 of the TXBP181 cDNA Subsequent MAD1
MM Yo-Prol (Molecular Probes, Eugene, OR) or Adiml DAPI sequences deposited by the sarﬁe group (AF083811;

(Sigma) to visualize DNA before mounting in Vectashield (Vector ) . ;
Labs, Burlingame, CA). Images were taken on a Nikon Microphot SA@FOSSSIZ) and others (AF123318) also contain the identical

with ax100 PlanNeofluor objective and TEC-1 CCD camera (Dagelnsertion, suggesting the original TXBP181 sequence was

MTI) controlled with IP LabSpectrum v2.0.1 (Scanalytics Inc.). incorrect. This single nucleotide insertion alters the reading
_ frame of the TXBP181 sequence to produce a shorter open
Electron microscopy reading frame that encodes a predicted polypeptide of 718

HelLa cells growing on coverslips were rinsed with PHEM and theymino acids and 83 kDa rather than 803 amino acids and 97
equal amounts of 1% CHAPS detergent and 1% glutaraldehyde [fpg that was predicted from the TXBP181 cDNA. The

PHEM were added simultaneously. After 4 minutes this solution wa ; ;
aspirated and replaced with 0.5% glutaraldehyde in PHEM for 1 ﬁgﬁggcienwperg(lj?gtee?j Izren?r?(l)va;(e:in; tge(éﬁgs’?;keﬁsgggglgy T(?uer

more minutes. Cells were rinsed and immunolabeled with anti: . ;
HsSMAD1 antibody at 1/100 for 2 hours at room temperatureHSMADl CDNA resulted in an increased percentage

Secondary incubation was performed for 2 hours using Nanogold 10mology, relative to the TXBP181 cDNA, 8accharomyces

nm gold-conjugated Protein G (Nanoprobes, Stony Brook, NY) at &erevisiae Schizosaccharomyces pomaed Xenopus laevis
1/30 dilution. Samples were postfixed 1 hour in 2% glutaraldehyddylAD1 (not shown).

rinsed thoroughly in water, and gold particles were enlarged using the To characterize the endogenous HsMAD1, we made and
Nanoprobes HQ-silver enhancement kit. Coverslips were rinsedffinity purified rat and rabbit polyclonal antibodies against a
stained 15 minutes in 0.1% Osi@ water, dehydrated through ethanol fragment corresponding to amino acids 331-718 of the human
and propylene oxide, and embedded in EPON. MAD1 protein. Our antibodies recognize a single band of ~83
kDa that is close to the calculated size of HsMAD1 (Fig. 1A).
(Ve did not see a band that migrated in the 150 kDa range that
7.4, 5 mM MgSQ and mechanically lysed with a Dounce WaS preV|0_ust repor_ted to be TXBP181_(J|n et al.,, 1998).
homogenizer. Nuclei and nuclear envelopes were then isolated Adthough Jin et al. failed to address the discrepancy between

described (Kaufmann et al., 1983). Rat liver nuclear envelopes wetBe 150 kDa band on western blots and the predicted size of
prepared as described (Mahajan et al., 1998). TXBP181 of 97 kDa (Jin et al., 1998), we believe it is due to

Nuclear envelope preparation
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Fig. 2. Immunofluorescence localization of HSMAD1 in HelLa
cells at various stages of mitosis. HSMADL is faintly visible at
the circumference of the nucleus but is not yet prominent at
kinetochores at prophase (B). HSMAD1 is prominently detected
at kinetochores in prometaphase (D) but is absent from
kinetochores of chromosomes that have completely congressed
to the metaphase plate (F), as well as in anaphase (H). Within a
single cell, chromosomes that have aligned at the metaphase
plate lack HsMAD1 at their kinetochores while kinetochores of
unaligned chromosomes still have HsMAD1 (J). HSMADL1 can
also be seen along fibers in cells where chromosomes may have
just completed alignment (L). HSMAD1 is prominent in cells
treated with nocodazole (N). Cells were pre-extracted, fixed and then stained with rat anti-hsMAD1 antibodies followed with Cy3
anti-rat secondary. Chromosomes were visualized with YoPro (A,C,E,G,I,K,M). Bar, 5

the antibody used. It was raised against the predicted @re shown. In prophase, before nuclear envelope breakdown,
terminal 18 amino acids of TXBP181. However, due to theHsMAD1 appears in punctate dots at the nuclear periphery
sequencing error, this peptide does not exist within the actuéifig. 2A and B). Kinetochore localization of HsMAD1
HsMADZ1 protein. Thus, the 150 kDa band on western blots isecomes apparent in prometaphase, which follows nuclear
likely to be some other protein unrelated to HsSMAD1. envelope breakdown (Fig. 2C and D). HsMAD1 remains at
Since the levels of some mitotic checkpoint proteins varkinetochores until they align at the spindle equator in
throughout the cell cycle, typically peaking in mitosis, wemetaphase. From metaphase through telophase, HsSMAD1 is
sought to determine whether this was the case for HSMADIo longer detectable at kinetochores (Fig. 2E-H). As is the
The amount of HSMAD1 was compared in S-phase and mitoticase with other checkpoint proteins, differences in HSMAD1
cells and found to be the same (Fig. 1B). Thus it appears thi@vels can be detected among kinetochores within the same
HsMAD1 protein levels do not fluctuate between S and M. cell. In late prometaphase, chromosomes that have not
Immunofluorescence staining was used to determine thmmpletely congressed to the metaphase plate still have
intracellular localization of HsSMAD1. We labeled HelLa cellsHsMAD1 at their kinetochores, while those aligned at the
with anti-HsMAD1 antibodies and examined cells in differentplate have lost it (Fig. 21 and J). HSMAD1 can be seen,
stages of mitosis. Similar results were obtained with both raisually in discrete packets, along spindle microtubules (Fig.
and rabbit antibodies and cells labeled with the rat antibodie€zZK and L). Treatment of cells with the microtubule inhibitor



nocodazole results in bright labeling of all kinetochores (Fig
2M and N).

HsMAD1 interacts with HsSMAD2

It has been shown that the checkpoint protein HSMAD2, ir
conjunction with p55CDC, can bind to the APC/C and inhibit
its ubiquitinating activity (Wassmann and Benezra, 1998
Kallio et al., 1998). It is also clear that Mad2 can bind to Mad:
in both yeast (Chen et al., 1999) addnopus(Chen et al.,

1998). Consistent with this data, HSMAD1 immunoprecipitate:
also contain HsSMAD2 protein (Fig. 3A, lane 1). The reciproca
experiment was also performed, confirming that HsSMAD?2
immunoprecipitates contain HsMAD1 (lane 2). Although
HsMAD2 was present in p55CDC immunoprecipitates,

HsMAD1 and HsSMAD?2 at interphase NPCs

1.2 3 4 5
MAD1 |

-

79 |

- l...

- -“ -
MAD2 -~
A

1 2 3

GST-MAD1
N __ E—

957

HsMAD1 was not detected (lane 3) and remained in th 7Qmm " T FAD?
supernatant (lane 4). A non-immune IgG precipitate does ni B
contain HsSMAD1 or HsMAD?2 (lane 5).

To further confirm the interaction between HsMAD1 and 1.2
HsMAD2, a GST-HsMAD1 fusion construct was made 29 =
and transfected into HelLa cells. Native HSMAD1 from an o “’M—A\DZ

untransfected cell lysate is seen in Fig. 3B, lane 1. A lysal C
prepared from transfected cells was immunoprecipitated wit

HsMAD1 antibodies and blotted for HSMAD1 (lane 2). Both Fig. 3. Characterization of HSMAD1 protein interactions in HeLa

the native HsMAD1 and the GST-HsMAD1 fusion proteincells. (A) HsSMAD1 interacts with HSMAD2 but not pS5CDC.

can be seen. In addition, lysate from transfected cells weHSMAD1 (lane 1), HSMAD2 (lane 2), and p5S5CDC (lane 3)
prec|p|tated Wlth glutath|one_Sepharose beads and the beelmmunqpl’eCIpltateS were West?rn b|0t'[ed with anti-HsMAD1 (tOp)
were found to selectively recover the GST-HsMAD1 fusiond"d anti-HsMAD2 (bottom) antibodies. p5S5CDC-depleted

protein but not endogenous HsMAD1 (lane 3). Nevertheles:supernatant (lane 4) and control immunoprecipitate (lane 5) are also

) . ; ~,shown. (B) MAD1 does not form homo-oligomers. A western blot of
the GST-HsMAD1 fUSIOI’]. protein was able to associate W't'untransfected extract (lane 1), anti-MAD1 immunoprecipitate (lane
endogenous HsMAD2 (Fig. 3C).

2) or glutathione Sepharose precipitate (lane 3) prepared from cells
. . transfected with GST-MAD1 was probed with anti-HsSMAD1
HsSMAD1 is at nuclear pores in interphase antibodies. (C) MAD2 associates with GST-MAD1. Western blot
Examination of the interphase staining pattern obtained witwith anti-HsMAD2 antibodies against lysate prepared from
our HsMAD1 antibodies showed a ring of HSMAD1 labelinguntransfected cells (lane 1) and glutathione beads incubated in lysate
around the entire circumference of the nucleus (Fig. 4A)prepared from cells transfected with GST-MADL (lane 2).
While we cannot rule out the possibility that there is some
HsMAD1 in the interior of the nucleus, we believe the majority
of the signal within the nucleus is due to out of focus peripherataining very similar to that obtained with HSMAD1 or
labeling from above and below the plane of focus. There waw®Ab414 antibodies.
no evidence of HSMADL1 labeling of interphase centromeres as To obtain biochemical support for the association between
was previously suggested (Jin et al., 1998). Focusing on the téfsMAD1 and NPCs, we probed for its presence in nuclear
or bottom surfaces of the nucleus reveals a speckled patternesfvelope preparations prepared from rat livers and human
HsMAD1 labeling (Fig. 4B). Hundreds of tiny dots cover theHL60 cells. Our antibodies recognize HSMAD1 present in the
entire surface of the nucleus. This was reminiscent of the sizgolated nuclei (Fig. 4E, lanes 1). The nuclei were then treated
and distribution of nuclear pore complexes (NPCs). To confirnwith nucleases and extracted with salt. This extracted fraction
this we co-labeled cells with monoclonal antibody 4l14contains little or no detectable HSMAD1 (Fig. 4E, lanes 2). The
(mAb414), which recognizes several known NPC proteindulk of the HsMADL1 is recovered in the remaining fraction,
(Davis and Blobel, 1986). The patterns of staining obtainedhich is highly enriched in nuclear envelopes (Fig. 4E, lanes
with  mAb414 and HsSMAD1 were nearly identical as3). This demonstrates that HSMAD1 is a tightly associated
demonstrated when the two images are merged (Fig. 4Bpmponent of the nuclear envelope.
merged). An enlargement of the nuclear pore labeling is shown Certain detergents will permeabilize the cell membrane, but
in Fig. 4C. This demonstrates that HSMAD1 co-localizes witot the nuclear envelope (Pante et al., 1994). To determine
nuclear pore complexes. All interphase cells exhibit this patterwhether HsMAD1 is located on the nucleoplasmic or
of labeling, so the presence of HsMAD1 at NPCs is not celtytoplasmic face of the NPC, cells were extracted with either
cycle dependent. CHAPS or digitonin. HSMADL pore labeling is routinely seen
To rule out the possibility that the NPC labeling was due tavhen cells are extracted with 1% CHAPS, which
non-specificity of our antibody, the localization of a transfectegbermeabilizes the nuclear envelope (Fig. 5A and B). Digitonin,
GST-HsMAD1 was determined. Six hours after transfectioron the other hand, permeabilizes the cell membrane but not the
cells were detergent extracted, fixed, and labeled with antiuclear envelope. When cells are extracted only with digitonin,
GST antibodies to localize the expressed fusion protein. Aso HSMAD1 NPC labeling is observed (Fig. 5C and D). In this
shown in Fig. 4D, the GST-HsMAD1 produces a punctatssituation, the anti-HsMAD1 antibodies can enter the cytoplasm

=
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GST-MADA1

Fig. 4. HsMADL is localized at nuclear pores during
interphase. (A) HsMADL is concentrated at the nuclear
periphery when cells are viewed at their midsection.

(B) HsMADL1 exhibits a punctate pattern on the surface of
the nucleus. Double labeling with mAb414, which
recognizes several proteins of the nuclear pore complex,
shows their colocalization with HSMAD1. (C) An area of

the cell shown in (B) was enlarged to show mAb414 (left)
and HsMAD1 (right) labeling in more detail, with purple dots shown to aid in registration. (D) HeLa cells were
transfected with a GST-HsMADZ1 fusion construct and processed for immunofluorescence 6 hours later. Anti-GST
antibody labeling reveals localization of the fusion protein to nuclear pores. [Bar(5,B,D are the same scale).

(E) Biochemical fractionation of nuclei prepared from rat liver (lanes 1 to 3) or HL60 (lanes 4 to 6) cells shows that
HsMAD1 co-fractionates with nuclear envelope components. Western blots of whole nuclei (lanes 1, 4), nuclease
treated, salt extracted supernatant (lanes 2, 5), and highly enriched nuclear envelope fractions (lanes 3, 6) were
probed for HSMAD1. Each lane was loaded with equal cell equivalents of samples for comparison.

but cannot penetrate inside the nucleus. As a control, digitonsymmetry in the plane of the nuclear envelope. The central
permeabilized cells were also labeled with mAb414, whickchannel defined by the octagonal structure contains the central
recognizes proteins present on the cytoplasmic face of theansporter. In addition, filaments extend from the complex
nuclear envelope. Bright pore labeling was obtained in this casdove and below the plane of the nuclear envelope. On the
(Fig. 5E and F). The absence of labeling in digitoninnucleoplasmic side, these filaments converge in a conical shape
permeabilized cells suggests that HSMAD1 is likely to beo form a basket-like structure beneath the pore (reviewed by
located on the nucleoplasmic side of the NPC. Bodoor et al., 1999). In views where the nuclear envelope was
To get a more detailed picture of the location of HsSMAD1perpendicular to the plane of section (Fig. 6, insets A and B),
within the NPC, we performed immunoelectron microscopyHsMADL is indeed found at NPCs and is clearly located inside
The NPC comprises a cylindrical structure with octagonathe nucleus and not on the cytoplasmic side, in confirmation of
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envelopes was actually coincident with HsMAD1 at NPCs.
HelLa cells were fixed and double labeled with rat anti-
HsMAD1 and rabbit anti-HsMAD2 antibodies. As shown in
Fig. 7A, HsMAD2 gives a very similar staining pattern to
HsMAD1, hundreds of dots on the surface of the nuclear
envelope. As with HsMAD1, this pattern of HsMAD2
localization is detected throughout interphase. Overlaying
HsMAD1 and HsMAD?2 labeling results in good colocalization
of the two proteins. HSMAD2 co-localizes with HSMAD1 at
the nuclear pore complex. To biochemically confirm
HsMAD?2'’s association with the nuclear envelope, enriched
nuclear envelope preparations from HL60 cells were probed
for this protein. As with HsSMAD1, HsSMAD2 remains
associated with nuclease and salt extracted nuclear envelopes
(Fig. 7C, lane 3).

HsMAD1 overexpression induces annulate lamellae
formation

We showed that when a GST-HsMAD1 construct is expressed
in HelLa cells the fusion protein localizes to NPCs after six
hours (Fig. 4). When examined 24-36 hours after transfection,
cells show a different pattern of fusion protein localization.
Staining with anti-GST antibodies reveals the GST-HsMAD1
protein localized to vesicular structures present throughout the
cell. These structures are not observed in untransfected cells.
They range in shape from small to large spheres to more
extensive tubular structures. They were reminiscent of annulate
lamellae, an incompletely characterized organelle found in
many types of cells consisting of membrane cisternae
containing numerous structures that are morphologically and
biochemically very similar to nuclear pore complexes
Fig. 5.HsMADL is on the nuclear side of the nuclear envelope. (reviewed by Kessel, 1992). Further, overexpression of a NPC

HsMADL1 staining of cells extracted with the detergent CHAPS protein has previously been shown to induce formation of

(A and B), which permeabilizes the nuclear envelope, produces por@nnulate lamellae (Imreh and Hallberg, 2000). To determine
labeling. No MADL1 staining is detected when cells are extracted ~ Whether the HsMAD1-containing structures observed in GST-

with digitonin (C and D), which permeabilizes the cell membrane buHSMAD1 transfected cells were akin to annulate lamellae, we
not the nuclear envelope. MAb414, which labels proteins on the  stained with antibodies to other NPC proteins. Nup93 has been
cytoplasmic face of the nuclear envelope, still labels cells shown to localize to the nuclear basket component of the NPC,
permeabilized with digitonin (E an(_:i F) DNA was stained with DAPI where our electron microscopy data Suggest HsMAD1 is
(A,C,E). HSMAD1 was detected with rat anti-HsMAD1 and Cy3  |gcated. As shown in Fig. 8B, Nup93 localizes to the structures
anti-rat secondary (B and D). MAb414 was secondary labeled with ;5 punctate pattern suggesting it is labeling pore-like
Cy3 anti-mouse antibody (). Baryfn. structures. We also detected labeling of the structures with
mAb414, although the pattern is different (Fig. 8D). The NPC
the digitonin results described above. In most cases, the gghtloteins recognized by this antibody are present as single
particles representing HSMAD1 extend from the pore into th@atches on spherical vesicles and, interestingly, in between
nucleus. HSMAD1 label is never detected within the plane ofesicles that appear to be fusing together (Fig. 8D, arrows). We
the nuclear envelope. It is sometimes possible to obtain a vieshowed that HsMAD?2 is present at NPCs, and labeling of
in which the nuclear envelope is parallel to the plane of sectiamansfected cells revealed that it is also present in a punctate
and the NPCs can be seen en face (Fig. 6). In these caseattern on the fusion protein-induced structures (Fig. 8F).
HsMADL1 label is not at the circumference of the octamericSince they contain several other NPC proteins, we conclude
pore structure itself, but appears to coincide with the channehe structures are equivalent to annulate lamellae. Thus,
) ) overexpression of the single NPC protein HSMAD1 is
HsMAD?2 colocalizes with HsSMAD1 at nuclear pore sufficient to induce formation of annulate lamellae containing
complexes other known NPC proteins.
Our work, as well as that of others, has shown that HSMAD1
associates with HSMAD2. In budding yeast, this association
continues throughout the cell cycle (Chen et al., 1999). WBISCUSSION
have shown here that HSMADL1 is found at nuclear pores
throughout interphase. Further, Chen et al. reported that MadResults obtained with our HSMAD1 antibodies are consistent
and Mad2 are presentXdenopusiuclear envelopes. Thus, we with those obtained for Xmad1l but contrast significantly with
wanted to determine whether the HsMAD2 at nucleathose obtained with TXBP181 antibodies. The discrepancies
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Fig. 6.Immuno-EM localizes
HsMADL1 to the nucleoplasmic
side of the NPC. Hela cells were }.
fixed, stained with HsSMAD1
antibodies followed by gold-
secondary antibodies, and silver
enhanced before embedding.
NPCs are seen in a surface view
of the nuclear envelope, with
HsMAD1 labeling indicated by
arrows. Insets A and B show
cross sections of NPCs with
HsMAD1 labeling on Y
filamentous structures on the [
nucleoplasmic face of the pores. (54 *

can be accounted for by the single nucleotide insertion in ouisMADL1 is not detected at centromeres during interphase but
HsMAD1 cDNA. The absence of this nucleotide in theis localized to nuclear pores based on co-localization with bona
TXBP181 cDNA led to a frameshift and altered the predictedide NPC components and immuno-gold electron microscopic
amino acid sequence near the carboxy terminus. Thus, ¢abeling. We clearly demonstrated that HSMADL1 localizes to
antibody raised against the C-terminal 18 residues would n&inetochores of mitotic chromosomes; it is first detected at
be expected to recognize endogenous HsMAD1. The antibodynetochores in prometaphase and is lost upon alignment of
generated by Jin et al. recognized a protein of ~150 kDa athromosomes at the metaphase plate. Differences can be
western blots (Jin et al., 1998). We believe this was likely soméetected within a single prometaphase cell, with HsSMAD1
other protein unrelated to HsSMAD1. The sequence opresent at kinetochores of unaligned chromosomes and absent
TXBP181 predicts a protein of 803 amino acids. Interestinglyfrom those already at the metaphase plate. Aside from
it was noted that protein homology ®. pombeand S. appearing at kinetochores, packets of HsSMAD1 can be
cerevisiaeMAD1 extended only over the first 700 or so aminoobserved  traversing spindle  microtubules  between
acids. This discrepancy can be resolved because the actahlfomosomes and centrosomes (Fig. 2). This behavior has also
HsMAD1 open reading frame is 718 amino acids. Consisteriieen reported for MAD2. Fluorescently tagged MAD2 can be
with this, our affinity purified polyclonal antibodies to seen traveling along microtubules from aligned metaphase
HsMADL1 recognize a protein in HeLa cells of approximatelychromosomes toward the centrosomes in living cells (Howell
83 kDa, the calculated size. et al.,, 2000). We have not established the directionality of
Our antibodies also yielded a different picture of the cellulaHsMADL1 traffic, but HSMAD1 and HSMAD2 seem to have
distribution of HsMAD1 from that previously published. nearly identical localizations throughout mitosis. The dynamic

B C
12 3
R
0=  —=—mMAD2

Fig. 7.HsSMAD2 co-localizes to nuclear pores with HsSMAD1. (A) HeLa cells were double labeled with antibodies to HSMAD2 and HSMAD1.
Rabbit anti-HsMAD2 was stained with Cy2 anti-rabbit and rat HSMAD1 antibodies were stained with Cy3-conjugated anti-ray seconda
antibodies. DNA was stained with DAPI. BanB. (B) An area of the cell shown in (A) was enlarged to show HsMAD?2 (left) and HSMAD1
(right) labeling in more detail, with purple dots shown to aid in registration. Bqun2.5C) Western blots of whole nuclei (lane 1), nuclease

and salt extracted supernatant (lane 2), and highly enriched nuclear envelopes (lane 3) from HL60 cells were probed for MAD2.
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behavior of these proteins may be evidence for a mitoti
checkpoint telegraph system, with spindle microtubules as tr
wires and the kinetochores and centrosomes as corresponde
at each end, that helps transmit signals throughout tr
mitotic apparatus. These discrepancies between ol
immunofluorescence results and those reported by Jin et al. (.
et al., 1998) can be explained by the different specificities ¢
our anti-HsMAD1 antibodies and their anti-TXBP181
antibodies.

We have confirmed, through immunoprecipitation
experiments, previous results from human (Jin et al., 1998
yeast (Chen et al., 1999), akdnopugChen et al., 1998) that
MAD1 associates with MAD2. HsMAD1 antibodies
consistently immunoprecipitate MAD2 protein. MAD?2 is also
known to bind to p55CDC, and this association allows MADZ
to exert its inhibitory effect on the APC/C (Li et al., 1997;
Wassmann and Benezra, 1998). Interestingly, we were unak
to detect HSMAD1 in p55CDC immunocomplexes that alsc
contained HsMADZ2. While this finding does not rule out an
association between HsMAD1 and p55CDC, it suggests thi
any interaction is likely to be fleeting. Interestingly, this
appears not to be the case in yeast, where Madlp, Mad2p, ¢
Cdc20p (p55CDC) are all found in association with each othe
(Hwang et al., 1998). Jin et al. also reported that, sinc
TXBP181 was able to interact with itself in a yeast two-hybric
screen, ‘MADL1 functions as a homodimer’ (Jin et al., 1998)
We found that transfected GST-HsMAD1 did not appear t
form stable dimers with endogenous HsMAD1 (Fig. 3B),
which would seem to argue against HSMAD1 dimerization. I
is possible, however, that, even though the GST-HsSMAD:
fusion protein is able to bind HSMAD2, the GST moiety
prevents dimerization of the fusion protein with native
HsMAD1.

Mad1p is known to be a phosphoprotein in yeast (Hardwic
and Murray, 1995; Hardwick et al., 1996), and can berig g Overexpression of HSMAD1 causes formation of annulate
phosphorylated in mitosis by another essential checkpoillamellae containing other NPC proteins. HeLa cells were transfected
protein, Mpslp kinase (Hardwick et al., 1996). On longewith GST-HsMAD1 and harvested 24-36 hours later. Cells were
exposures of western blots with our anti-HsMAD1 antibodiedabeled with anti-GST (A,C,E) and anti-Nup93 (B), mAb414 (D),
we can see an additional band that is of lower molecular maand anti-HsMAD?2 (F). Bar, fm.
than the primary HsSMAD1 band (not shown). There is nc
difference in the relative abundance of the bands betwee
interphase and mitosis, so the modification does not appeardppears to extend toward the interior of the nucleus from the
be cell cycle-dependent. Further, treatment of samples withuclear envelope. We believe this is consistent with a
lambda phosphatase failed to collapse the two bands into olazalization of HSMAD1 within the nucleoplasmic filaments
(not shown), so it is unclear that the difference is due tthat extend from the NPC to form the basket-like structure. The
phosphorylation. These data are consistent with Xmad1, whidssociation of HsMAD1 with the NPC is not likely to be a
also does not appear to be phosphorylated in mitosis (Chenteansient, low affinity one, since it survives the harsh extraction
al., 1998). procedures used in isolating nuclear envelopes. HSMAD1 is a

Perhaps our most interesting and unexpected finding is thatominent component of the purified nuclear envelope fraction
both HsSMAD1 and HsMAD2 are found at nuclear pore(Fig. 4D). One group recently made a tour de force effort to
complexes throughout interphase. Although both proteins havdentify every protein of the yeast nuclear pore complex (Rout
been previously described as being at the nuclear enveloptal., 2000). Based on redundancies built into their methods,
(Chen et al., 1996; Chen et al., 1998), we provide the firghe authors felt confident they had successfully identified all
evidence for the presence of mitotic checkpoint proteins at thgermanent NPC components. Interestingly, Mad1p and Mad2p
nuclear pore complex. The significance of this finding isvere not among them. This suggests that yeast Madlp and
unclear, but it suggests either that mitotic checkpoint proteinglad2p may not share the NPC localization of their human
may play distinct roles in other parts of the cell cycle or thahomologues.
the nuclear pore complex plays a role in the operation of the In addition, we found that overexpression of HSMAD1 can
mitotic checkpoint. drive formation of annulate lamellae, structures thought to

We localized HsSMADL to the nucleoplasmic face of the poreepresent storage compartments for NPC proteins. This
complex. Immunoelectron microscopy revealed that HsSMADIsuggests that HSMAD1 can recruit other NPC proteins to build




962 JOURNAL OF CELL SCIENCE 114 (5)

annulate lamellae as well as a possible role for HSMAD1 imnd HSMAD?2 is in some way related to their mitotic functions.
the formation of NPCs. It has long been known that centromeric regions are neither
Human MAD1 was first isolated as a binding partner of thestatic nor are they randomly distributed throughout interphase
HTLV-1 Tax protein, which activates viral and cellular genenuclei. In fact, interphase centromeres are frequently found
expression (Jin et al.,, 1998). Tax-transformed cells arassociated with the nuclear envelope (Haaf and Schmid, 1989;
karyotypically abnormal and often have multiple small nucleiOchs and Press, 1992; Li et al., 1997; Moroi et al., 1981; our
(Majone et al, 1993; Semmes et al., 1996). Thesanpublished observations). One tantalizing possibility is that
characteristics can result from a dysfunctional mitoticthese associations affect the structure and composition of the
checkpoint, so it was proposed that Tax-induced transformatiaentromere/kinetochore complex. For example, HsMAD1 at
led to aneuploidy by binding to HSMAD1 during mitosis andNPCs may serve as a docking partner for interphase
thereby disrupting its critical mitotic checkpoint function (Jincentromeres at the nuclear envelope. During nuclear envelope
et al., 1998). The finding that HsSMAD1 is an NPC componenbreakdown at the end of prophase, HsMAD1 and HsMAD2
suggests an additional possibility. may lose their associations with the disassembling NPCs and
Although the distribution of Tax in cells is not identical to be directly transferred to kinetochores to serve their mitotic
that of HSMAD1, it is concentrated in the nucleus. Tax ischeckpoint functions. Alternatively, HsMAD1 might be
present in the interior of the nucleus in speckles thanvolved in regulating the nuclear transport of proteins required
correspond to areas of high transcriptional activity (Semmef®r entry into mitosis, but this idea would be more compelling
and Jeang, 1996). Tax is known to shuttle between the nucleifisHsMAD1 were present at NPCs only just prior to mitosis.
and the cytoplasm (Burton et al., 2000) and, among its mankhe true role of HSMAD1, as well as HSMAD2, at NPCs must
other abilities, can facilitate the transport of viral DNA into theawait further experimentation.
nucleus (Szabo et al., 1999). These findings suggest that
Tax/HsMAD1 interactions may occur at the NPC during We thank Dr E. D. Salmon for providing MAD2 antibodies, Dr F.
interphase in addition to a possible mitotic association. EveMelchior for donating a blot of rat nuclear envelope proteins, and Dr
though HSMAD1 is truncated relative to TXBP181, the‘]' vanDeursen for providing Nup93 antibodies and critical reading of

L . : : ipt. We are grateful to Dr M. Jarnik and T. Gales for
reported Tax binding domain between amino acids 324-498< Manuscrp "
! . . . ssistance with electron microscopy. M.S.C. gratefully acknowledges
(Jin et al., 1998) is still present. Although the function of;
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