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Abstract. Using antipeptide antibodies to conserved 

regions of the kinesin motor domain, we cloned a 
kinesin-related protein that associates with the centro- 

mere region of mitotic chromosomes. We call the pro- 
tein MCAK, for mitotic centromere-associated kinesin. 

MCAK appears concentrated on centromeres at 

prophase and persists until telophase, after which time 
the localization disperses. It is found throughout the 
centromere region and between the kinetochore plates 

of isolated mitotic CHO chromosomes, in contrast to 

two other kinetochore-associated microtubule motors: 

cytoplasmic dynein and CENP-E (Yen et al., 1992), 

which are closer to the outer surface of the kineto- 

chore plates. Sequence analysis shows MCAK to be 
a kinesin-related protein with the motor domain lo- 

cated in the center of the protein. It is 60--70% similar 

to kif2, a kinesin-related protein originally cloned 
from mouse brain with a centrally located motor do- 

main (Aizawa et al., 1992). MCAK protein is present 

in interphase and mitotic CHO cells and is transcribed 

as a single 3.4-kb message. 

T 
HE cytoskeleton is intimately involved in the spatial 
organization of the cytoplasm in eukaryotic cells (Yis- 
raeli et al., 1990; Wick, 1991; Fulton, 1993). Micro- 

tubules are a ubiquitous and fundamental component of the 
machinery for organelle movement. They serve as a frame- 
work for the transport and localization of subcellular compo- 
nents. Some of the credit for the proper sorting of diverse 
elements within the cell is being given to the growing family 
of kinesin-related microtubule-dependent motor molecules. 
The identification of so many different kinesin-related pro- 
teins in single organisms has led investigators to suggest that 
different kinesins are responsible for the transport of differ- 
ent cargoes within the ceil, or that these different kinesins 
are subject to differential regulation (reviewed in Goldstein, 
1993a). Tissue-specific and developmental stage-specific 
members of the kinesin superfamily have been identified 
(Stewart et al., 1991; Aizawa et al., 1992). Furthermore, 
there is a growing body of genetic evidence implicating dif- 
ferent kinesin-like proteins in neuron-specific (Hall and 
Hedgecock, 1991) versus general mitotic functions (Saxton 
et al., 1991; Endow, 1993). 

Members of the kinesin superfamily are defined by peptide 
sequence homology to the motor domain of kinesin heavy 
chain, the first member of the family to be identified (Brady, 
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1985; Vale et al., 1985a). Kinesin heavy chain was origi- 
nally identified as a potential vesicle transporter in axons, a 
fairly specialiTed tissue type. However, although neuronal 
function and axon positioning are disturbed in kinesin heavy 
chain mutants, synaptic vesicle populations appear normal 
(Saxton et al., 1991; Gho et al,, 1992). Therefore, it may be 
that kinesin heavy chain is not a specialized transporter of 
synaptic vesicles in neurons, but that it has a more gen- 
eral role involving membrane-bound organelles in all cells 
(Pfister et al., 1989; Hollenbeck and Swanson, 1990; Roth- 
well et al., 1993; Mitsui et al., 1993). 

Slightly less functionally ambiguous is the genetic evi- 
dence for the specialized mitotic/meiotic kinesins such as 
bimC, ldpA (AspergiUus nidulans; O'Conneli et al., 1993), 
ned, nod (Drosophila melanogaster; reviewed in Endow, 
1992), KAR3, CINS, KIP1, (Saccharomyces cerevisiae; Roof 
et al., 1992; Hoyt et al., 1993), and cut'/ (Schizosac- 
charomyces pombe; Hagan and Yanagida, 1992). Mutations 
in these genes appear to be specific for maintaining spindle 
structure and/or the fidelity of chromosome segregation and, 
in the case of KAR3, nuclear migration (Meluh and Rose, 
1990). Where available, immunolocalization studies show 
that these kinesin-related proteins associate with the mitotic 
spindle or structures therein (Hagan and Yanagida, 1992; 
Hatsumi and Endow, 1992; Hoyt et al., 1992; Tbeurkauf and 
Hawley, 1992). Although these kinesins have a role in a fun- 
damental cellular process, functional redundancy within the 
system renders some of these genes dispensable (Goldstein, 
1993b). 
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The globular motor domain of kinesin heavy chain con- 
verts the energy of ATP hydrolysis into movement along 
microtubules (Bloom et al., 1988; Scholey et al., 1989; Yang 
et al., 1990). Kinesin-related proteins have been identified 
that can move in either direction along a microtubule (Mc- 
Donald et al., 1990; Walker et al., 1990); however, it ap- 
pears that as yet undefined determinants within the motor do- 
main structure may render the directionality uniform for any 
particular kinesin (Stewart et al., 1993). Presently, it has 
been shown that all plus end-directed kinesins have the mo- 
tor domain near the NH2 terminus of the peptide and all 
minus-end directed kinesins have COOH-terminal motor 
domains. Therefore, directionality is suggested, but not de- 
termined, by the location of the motor domain within the pri- 
mary sequence of the kinesin peptide. 

We have isolated a number of CHO cell kinesins in a 

screen using affinity-purified antipeptide sera raised against 
conserved regions of the kinesin motor domain (Sawin et ai., 
1992). In this report, we describe one of these clones which 
is interesting in several of these respects. It is associated with 
the centromeric region of mitotic chromosomes throughout 
mitosis. For this reason, we refer to it as MCAK ~ (mitotic 

centromere-associated kinesin). It has a centrally located 
motor domain, in contrast to most kinesins previously de- 
scribed. MCAK may be related to a recently described 
kinesin-like protein kif2 (Aizawa et al., 1992), which also 
has a centrally located motor domain. MCAK shares a high 
degree of identity with kif2. Finally, we have found a protein 
antigenically related to MCAK in all species tested so far. 

Materials and Methods 

Screening and Expression of MCAK 

Afliulty-purified rabbit polyclonal sere against two conserved regions of the 
kinesin motor domain were used in this study. The production and charac- 
terization of this sera has been described elsewhere (Sawin et al., 1992). 
Anti-LAGSE was used to screen a iambda Uul-Zap CHO cell cDNA library 
(Stratngene, La Jolla, CA). 17 positive clones were isolated from 600,000 
plaques. Sequence analysis using 35S-otdATP (New England Nuclear, Bos- 
ton, MA) and Seqnenase kit 2.0 (United States Biochemical Corp., Cleve- 
land, OH) revealed seven of these to be kinesin-related proteins. Several of 
these clones were subcloned into the pMAL expression vector protein 
purification system (New England Biolabs Inc., Beverly, MA). Since this 
vector is available in only one reading frame and is only compatible with 
lambda gtl I clones, the other two reading frames were constructed by direc- 
tionally incorporating a reading frame adapter and a SmaI-BamHI 
(Stratagene) adapter into the EcoRI and BamHI cloning sites: 

pMAL-cRI 5'-geattaggatcctct-3 ' 
(New England Biolabs) 

pMAL-cRI2 5 '-gAATTCffJAATTCC CCGGGGgatcctct-3 ' 
pMAL-cRI3 5 '-gAAT~_,GCGAATTCCCC GCf_JGgetcctct-Y 

Some of the clones required pMAL-cRI3, and others required pMAL- 
cP.J2 for in-frame expression. A restriction map of the longest MCAK clone 
revealed that it contained both an internal EcoRI and XhoI site. Therefore, 
the longest fragment of a partial digest of the clone was subcloned into the 
EcoRI and SalI sites of pMAL-cRJ2. Expressed fusion protein was purified 
on an amylose column according to the New England Biolabs protocol. Se- 
qnencing of the full-length clone was done by primer extension on both 
strands on a sequencer (model 373A; Applied Biosystems, Inc., Foster City, 
CA) by the Bimolecular Resource Center DNA Sequencing Facility at the 
University of California at San Francisco. 

1. Abbreviation used in this paper: MCAK, mitotic centromere-associated 
kinesin. 

PCR Cloning of MCAK 5' End 

Nested PCR was performed with two sets of primers on the Stratngene CHO 
cDNA library. In each case, the Y-primers were derived from the 
pBluescript H vector and the 3' primers were derived from the 5' end of 
the MCAK clone. Vent polymerase (New England Biulabs) was used for 
two sets of 15 and 25 cycles, respectively. A range of product sizes was ob- 
tained, the smallest corresponding to the 450-bp size of the known product. 
The PCR products were blotted onto nitrocellulose and probed with the first 
5' 200 bp of the MCAK clone labeled with HRP using the enhanced chemi- 
luminescence direct nucleic acid detection system (Amersham Corp., 
Arlington Heights, IL). All the PCR fragments hybridized to this clone, but 
control non-MCAK DNA did not. The products fortuitously contained an 
EcoRI site at either end of each fragment. The PCR products were digested 
with EcoRI, and the two largest fragments ('~710 and 630 bp, 280 of which 
is known sequence from the 5' end of MCAK) were gel purified and sub- 
cloned into pBluescript. Sequencing confirmed that both the clones had 
identical 3' sequences and both corresponded to the 5' end of MCAK with 
the 710-bp fragment extending further in the 5' direction beyond the putative 
consensus start cudon for translation. 

Production of Antisera to MCAK 

MCAK fusion protein was ethanol precipitated and emulsified in Freund's 
complete adjuvant. Subsequent boosts were emulsified in Freund's incom- 
plete adjuvant. Two mice were injected intraperitoneally with 200 #g of fu- 
sion protein per boost. Intraorbital bleeds were taken every other week, and 
the resulting sera was affinity purified on a small scale on MCAK fusion 
protein and eluted with 100 mM glycine, pH 2.5. The affinity-purified 
mouse polyclonal sera was used succe-~fully for immunofluoresceace and 
immunoblots. 1 wk after one of the boosts, the spleen from one of the mice 
was fused for the production of monoclonal antisera, and one positive clone 
was obtained that was specific for the MCAK region of the fusion protein. 
Rabbit polyclonal sera against ethanol-precipitated MCAK fusion protein 
was produced (Berkeley Antibody Co., Richmond, CA) and affinity purified 
in a two-step procedure as follows: the sera was centrifuged and run over 
a maltose-binding protein colunm to remove antibodies against the maltose- 
binding protein part of the fusion protein. The flow-through was then run 
over a column of MCAK-MBP fusion protein. The column was einted with 
100 mM glycine, pH 2.5, and neutralized. 

Microtubule Pelleting Assay 

20 subconfiuent 150-cm 2 plates of CHO cells were rinsed with PBS + 
EUFA, and the cells were trypsinized and collected. The cells were rinsed 
in full-strength fetal calf serum to neutralize the trypsin and were then 
rinsed in PBS. The 2.0-ml pellet was resuspended in BRBS0 buffer (80 mM 
Pipes, pH 7.0, 1 mM MgCI2, 1 mM EGTA, PMSF, aprotinin, leupeptin) 
homogenized with a 7-mi Potter-Elvehjem tissue grinder and centrifuged 
1 h at 4°C at 100,000 g. Glucose (20 mM) and 20 U/ml yeast hexokinase 
(Boehringer-Mannheim Biochemicals, Indianapolis, IN) was added, and 
the supernatant was incubated for 5 rain at room temperature. Ihxol (20 
/~M) and MgGTP (I raM) were added to the supernatant and incubated for 
5 rain at room temperature. The superuatant was centrifuged over a 30% 
glycerol cushion in BRBS0, taxol and GTP in a rotor (TLAI00.3; Beckman 
Instruments, Inc., Pullerton, CA) for 20 win at 80,000 rpm in a tabletop 
ultracentrifuge (Beckman Instruments). The pellet was broken up with a 26- 
gauge needle in BRBS0, taxol and GTP, and was respun. The pellet was 
resuspended in BRB80, taxol, and GTP plus 5 mM MgATP and 0.25 M 
potassium acetate. The ATP-extracted microtubules were repelleted 
through a cushion as before. 

Isolation of lnterphase Nuclei 

Four just subconfiuent 150-cm 2 plates of CHO cells were washed with PBS 
to remove mitotic cells and then the interpbase cells were removed from 
the plates using PBS + 5 mM EDTA. The cells were pelleted and then 
resuspended for 5 rain in 20°C TE (5 mM Tris-HCl, pH 8.0, 1 mM EDTA 
+ PMSF) to swell the cells. Ceils were pelleted by centrif~gin 8 for 5 min 
at 900 g. The cell pellet, which was ,~1.0-1.5 ml in volume, was 
resuspended in 2.0 mi ice-cold lysis buffer (TE, pH 8.0, PMSF, aprotiuln, 
leupeptin) and was homogenized for 10 strokes with a 7-mi Dounce 
homogenizer (Wheaton Instruments, Mays Landing, NJ). Microscopic vi- 
sual inspection showed full lysis under these conditions and no cytoplasmic 
debris clinging to the nuclei. The lysis step must be kept free ofpolyamines 
and divalent cations, or flocculent cytoplasmic debris will pellet with the 
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nuclei. No detergent was used because this compromised the integrity of 
the nuclei. The lysate was layered over a 5-rni cushion of 30% sucrose in 
lysis buffer + 1 mM spermine and 0.5 rnM spermidine (Sigma Im- 
munochemicals, St. Louis, MO) to protect the nuclei during centrifugation. 
The lysate was centrifuged for 10 rain at 5,000 g. The supernatant above 
the cushion was saved as the cytoplasmic fraction. The nuclear pellet was 
resuspended in a volume of TE +polyamines equal to that of the cytoplasmic 
fraction. Fractions were frozen in aliquots in liquid N2. Equivalent 
volumes of the nuclear and cytoplasmic fractions were boiled and run on 
a 10% SDS-PAGE gel and blotted onto 0.2/zm nitroceilulose. Fractions 
were probed with rabbit anti-MCAK and antitubulin to determine the extent 
(if any) of cytoplasmic contamination. The extent (if any) of histone (nu- 
clear) contamination was assayed by comparing the nuclear and cytoplasmic 
fraction on a Coomassie blue-stained 13% SDS-PAGE gel. 

lmmunocytochemistry and lmmunoblots 

CHO cells were grown in MEMu with 10% supplemented calf serum, 
L-glutamine, and pen-strep. Mitotic CHO cells for gels and immunoblots 
were obtained by mitotic s~ke-off. All cells were fixed in 4 % formaldehyde 
(Ted Pella Inc., Redding, CA) for 20 rain at room temperature, washed, and 
labeled with either affinity-purified mouse polyclonal sera (straight) or rab- 
bit polyclonal sera (affinity purified) at 1:100, or mouse monoclonal sera 
(10/zg/ml) for I h at room temperature. Donkey anti-mouse secondary anti- 
bodies conjugated to f l u o ~ i n  or Texas red were purchased from Jackson 
ImmunoRnsearch Labs, Inc., West Grove, PA). The CHO chromosomes 
were isolated and prepared for immunocytochemistry as described in Wor- 
deman et al. (1991). Antitubulin label was done with a 1:1 mixture of DMltx 
and DMI/~, two monoclonals against c~- and/~-mbulin, respectively. The 
monoclonal against dynein (mAb 70.1) has been described previously 
(Steuer at al., 1990; Wordeman et al., 1991). The polyclonal against CENP-B 
was the kind gift of Bill Earnshaw (Dept. of Cell Biology and Anatomy, 
Johns Hopkins University, Baltimore, MD). SDS-polyacrylamide gels (8 %; 
Laemmli, 1970) were blotted onto nitrocellulose (Towbin et al., 1979), 
blocked with 5% Blotto (Carnation; Nestle Food Co., Glendale, CA), and 
probed with either affinity-purified mouse sera (1:2), the mouse anti-MCAK 
mAb (5/~g/ml), or affinity-purified rabbit sera (1:500) for 1 h at room tem- 
perature. Secondary antibodies conjugated to alkaline phosphatase were 
purchased from Promega Corp. (Madison, WI). Photomicrographs were 
photographed on a Photoscope HI (Carl Zeiss, Inc., Thornwcod, NY) and 
also on a Nikon FX-A photomicroscope (FX-A; Nikon Inc., Melville, NY) 
using Kodak Technical Pan Film 2415. 

Northern Analysis 

Total RNA was produced from CHO ceils by an improvement of the method 
of Chomczynski and Sacchi, 1987 (Meltzer et al., 1990). RNA was run on 
a 1% agarose gel in the presence of 6.5% formaldehyde and transferred to 
Hybond N + (Amersham). The blot was hybridized overnight with l0 s cpm 
of two combined random primed (GIBCO BRL) fragments from MCAK 

(818 bp EcoRI and 1,035 bp Xhol) at 42°C in 50% formamide, 10% dextran 

sulfate, 1% SDS, I mg single-strand DNA in 50 mM Tris-Cl, pH 7.5. After 

hybridization, the filter was washed 30 rain in 2x SSC, 1% SDS at 60°C, 

followed by 30 rain in 0.I× SSC, 0.1% SDS at room temperature. The filter 

was exposed overnight to Kodak XAR-5 film. 

Results 

Identification and Cloning of MCAK 

Affinity-purified rabbit antisera raised against two conserved 
regions of the kinesin motor domain were used to screen a 
X-ZAP expression library made from CHO cell eDNA. The 
two antisera, termed anti-LAGSE and anti-HYPIR, respec- 
tively, recognized a large number of clones from this library. 
All clones that cross-reacted to a greater or lesser extent with 
both antisera were subsequently identified as kinesins by se- 
quence analysis. Novel kinesins, identified via sequence, 
were subcloned into the pMALc-RI vector (New England 
Biolabs) which was transformed into three reading frames as 
described in Materials and Methods. Mouse polyclonal anti- 
bodies were produced against several of the clones and 

Figure 1. Immunoblot analysis of mitotic and interphase CHO cells. 
Coomassie gel of interphase (i) and mitotic (m) CHO cells (a). 
Corresponding immunoblots probed with anti-HYPIR (b), anti- 
LAGSE (c), and anti-MCAK monoclonal (d). Molecular mass 
markers in kilodaltons are shown at the right. 

affinity-purified against fusion protein. Affinity-purified an- 
tisera were screened immunofluorescently on mitotic CHO 
cells and, in this way, novel spindle-associated kinesins were 
identified. The immunoblot in Fig. 1 shows repeated lanes 
of interphase and mitotic CHO cells. Lane pairs (Fig. 1, b 
and c) show the spectnnn of putative kinesin-related proteins 
as recognized by anti-LAGSE and anti-HYPLR, respectively. 

One clone, hereafter termed MCAK, was identified in this 
manner. Lane pair d in Fig. 1 shows interphase and mitotic 
CHO cells probed with the mouse polyclonal antiserum 
against MCAK. Anti-MCAK recognizes a single band of 90 
kD. The antiserum shows no cross-reactivity to any of the 

other putative kinesin-related proteins recognized by the an- 

tipeptide sera. In addition to the affinity-purified mouse 

polyclonal antiserum originally used to identify and charac- 

terize MCAK, wc produced affinity-purified rabbit antise- 

rum and a mouse monoclonal against MCAK. All three anti- 

bodies: mouse polyclonal, rabbit polyclonal, and mouse 

monoclonal gave similar results by immunofluorescence and 

on immunoblots. 

Fig. 2 shows the immunofluorescent localization in CHO 

cells at different stages of the ceLl cycle. Panels a-c show a 

field of cells that have been triple labeled with affinity- 

purified anti-MCAK, antimbulin, and Hoescht stain, respec- 

tively. In this field, all the cells are in interphasc, except one 

in the lower left corner, which is in prophasc (this is clearly 

seen in the Hoescht DNA label in Fig. 2 c). Varying levels 

of diffuse label can be seen in the cytoplasm and nuclei of 

the interphase cells. This is typical. Attempts were made 

to determine whether more brightly labeled nuclei cor- 

responded to those cells that were farther along in the cell 

cycle. No statistically significant correlation between MCAK 

label intensity and position in the cell cycle were observed. 

MCAK labeled centromeres in an early metaphasc CHO cell 

is shown in Fig. 2 d, accompanied by DNA label (Fig. 2 e). 

The mitotic spindle is oriented longitudinally in these two 

micrographs. The MCAK protein appears to stretch between 

the two sister kinetochores. Fig. 2, f and g, shows two late 

telophase sister cells in which the remnant of the mitotic 

spindle is oriented horizontally (the microtubules are not la- 

beled). It can be clearly seen in Fig. 2fthat the MCAK label 

is still visible on the centromeres of the recently divided 

nuclei. This labeling pattern does not persist for long. As 
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1 CTTTCGAGCTTCTTGGATTTGTTTTTTACCTGCTGTTGTTCCCGAGCCCATGGAGTCGCT 

M E S L 4 
61 TCCCGCTCOATTGTTTCC"I~oG"~CTCTCCATCAAGATTCAACGCAGTAATGGCTTAATTCA 

P A R L F P G L S I K I Q R S N G L I H 24 

121 CAGTGCCAACATAAGCACAGTGGAATGGATAGAAGGAGGTAACACGA~AGGCAAAGAGAT 

S A N I S T V E W 7 E G G N T K G K E I 44 

181 TGATTTTGATGATGTGGCTGCAATAAACC CAGAACTTCTACAGCTCTTCCCTTACACCCA 

D F D D V A A I N P E L L Q L F P Y T (~ 64 

241 A A G A C A A T C T G C C A C ~ T G T ~ C  TATCAGTCA 

R Q S A T A G K C N S S E A K T H I S Q 84 

301 ACTCCAAAATTCCAGCTCCAAAAGAAGGTCTTCGAAGCGTTCCACTCGCATGTCCACTGT 

L Q N S S S K R R S S K R S T R M S T V 104 

361 CCCAGAGGTTC GAATTGCCACTCAGGAGAATGAAATGGA TACA 

P E V R I A T Q E N E M E V E L L W L Q 124 

421 AAC TCTCGAAA GTTTTCGGTTGGCCACTGGC TCCCTAGGCCCTCCTGTCCTGCAAT 

T L E S S F R L A T G L P R P S C P A M 144 

481 GACADoAATTACCGTTGTCGATGGTCAGC~CATCCC2~CCCG 

T E L P L S M V S E E A E B Q V H P T R 164 

541 AAGCACATCTTCTGCAAACC CTGCTCGGAGGAAATCATGTATTGTGAAGGAAATGGAAAA 

S T S S A N P A R R K S C I V K E M E K 184 

601 AATGAAGAACAAGCGGGAAGAGAAGAGGGCCCAGAACTCGGAAATAAGAATAAAGCGAGC 

M K N K R E E K R A Q N S E I R I K R A 204 

661 TCAGGAATA CAAA TTTGCCCGGATGATTAAAGAATTCCG 

Q E Y D S S F P N W E F A R M I K E F R 224 

721 GGTTACTATAGAATGTCACCCACTTACTC TGACTGATCCTACGGAAGAGCACAGGATCTG 

V T I E C H P L T L T D P T E E H R I C 244 

781 CGTGTGTGTGAGGAAGCGCCCAC TGAATAAGCAAGAACTGGCCAAGAAAGAAATCGATGT 

V C V R K R P L N K 0 E L A K K E I D V 264 

841 GATTTC TGTTCCCAGCAAGTGTTTGCTCTTTGTGCATGAACCC ~ T T ~ T T  

I S V P S K C L L F V H E P K L K V D L 284 

901 GACAAAG~ATCTGGAGAATCAGGCATTCTGCTTCGATTTTGGCTTTGATGAAACAGCTTC 

T K Y L E N O A F C F D F G F D E T A S 304 

961 AAATGAAGTCGTCTACAGGTTCACAGCAAGGCCACTGGTACAGACGATTTTTGAAGGGGG 

N E V V Y ~ F T A R P L V Q T I F E G G 324 

1021 AAAAGCAACCTC-CTTTGGCTATGGGCAGACGGGCAGTGGGAAGACTCACACAATGGGTGG 

K A T C F G Y G 0 T 0 S G K T H T M G G 344 

1081 AGACTGTCTGGTAAATCTCAGAATACATCTTAAAGGGATCTTATGCTTC CTTCTGAAGAG 

D C L V N L R I H L K G I L C F L L g S 364 

1141 TCAGCCTCGCTACCGGAACTTAAACTTGGAAGTTTATGTGACATTCTTTGAGATCTACAA 

Q P R Y R N L N L E V Y V T F F E I Y N 384 

1201 TGGGAAGGTGTTTGATCTGC TCAACAAC, AAGGCCAAGCTACGTGTACTAGAAGACAGCAA 

G K V F D L L N K K A K L R V L E D S K 404 

1261 GCAGCAGGTGCAGGTTGTGGGACTTCAGGAGTAC CTGGTTAACTGTGCTGATGATGTCAT 

Q Q V Q V V G L 0 E Y L V N C A D D V I 424 

1321 CAAGATGCTCAACATGGGCAGCGCCTGCAGGAC TTCTGGACACO, CTTTTGCCAACTCCAA 

K M L N M G S A C R T S G Q T F A N S N 444 

1381 TTC TTCCCGCTCCCAT GCCTGCTTCCAGATTCTTCTTCGAGCCAAAGGGAG~TTGCATGG 

S S R S H A C F Q I L L R A K G R L H G 464 

1441 CAAATTCTCC TTGGTGGATC GAATGAACGAGGGGCTGACACTTCTAGTGCTGA 

K F S ~ V D L A G N E R G A D T S S A D 484 

1501 CCGCCAGACTCGCATGGAGGGTGCAGAGATTAACAAGTC TCTC CTAGCACTGAAGGAGTG 

R Q T R M E G A E I N K S L L A L K E C 504 

1561 CATCAGGGCGCTGGGA CCCATTCC TGACTCA 

I R A L G Q N K A H T P F R E S K L T Q 524 

1621 GGTGCTAAGGGATTCATTCATTGGGGAGAACTCGAGGACTTGCATGATTGGCATGATCTC 

V L R D S F 7 G E N S R T C M I G M I S 544 

1681 ACCAGGCATAAGC TCC TGTGAATATTCTTTAAACACGCTGAGATATGCAGACAGAGTCAA 

P G I S S C E Y S L N T L R Y A D R V K 564 

1741 GGAGCTGAGC CCC CACAGCGGGC TCAGTGGAGAGCAGCCAATTCAAATGGAAACGGAAGA 

E L S P H S G L S G E Q P I Q M E T E E 584 

1801 GA~GCCAGCTCTAATGGGACCTCGCTGGCAGTCAA .GGAGCT 

M E A S S N G T S L A V N F K E E E E L 604 

1861 GTCTTC C CAGATGTCCAGCTTTAATGAAGCCATGAGTCAGATCAGGGAGCTGGAAGAGAG 

S S Q M S S F N E A M S Q "I" R E L E E R 624 

1921 GGCCATGGAGGAGCTCAGGGAGATCATACAGCAAGGAC~TGGCTTGAGCTCTCTGA 

A M E E L R E I I Q Q O P G W L E L S E 644 

1981 GATGACTGATCAGCCAGACTATGACTTAGAGAC GCAGAATCTC, CCCT 

M T D Q P D Y D L E T F V N K A E S A L 664 

2041 GACTCAGCAGACTAAGCACTTCTCAGCCCTGCGAGAAGTCATCAAGGCC CTGC GTGTGGC 

T Q Q T K H F S A L R E V I K A L R V A 684 

2101 CATGCAACTGGAAGAACAGGCTACCAACACAGATGAACAGCAAGAAACGGCACCAATGAT 

M Q L E E Q A T N T D E Q Q E T A P M M 704 

2161 GAC TTCAATAAAGATCTGTTTATGTCACACCAGCCTCTTCCCCTATCCA~ 

T S I K I C L C H T S L F P Y P A N F G 724 

2221 GCACCTTCTGGCTTTGGTTAGGGACTGAGTTGGA~AAATGCCAGGTAAGG 

H L L A L V R D 732 

2281 GOCATCAC-GC CCAGGAAGAC TCGGAGAGAOAATTGCTGTTCTCTTOCTTAGTTTGGAGCA 

23 41  GGAGGAAGGAC-CTTTTCATGACTGCTTCCCCTTTTC CTCCCTA~TGCTGTT 

2401 TGGGTAGTCTCCCTGCGGCAGCACCCTGCCCCTCTGCAACAGCTGC TGATAGACAACCTG 

2461 CAAGGTCCAGGCT TTGGTCCTCGTCCAGCTTCTACTGCCTTTGOTCTG 

2521 TGGTATCAC C C TTGCTC TGAGCACTC TTGTGTC AGAAAAAAAAAAG'F~-~'i'~x]AGAC CTC T 

2581 GTTTTAGTTTTAGAAATCCAAGATTTCCATTTC CTGCT~TATGTAT~'~-~-~'ATGTTGTAC C 

2641 TAACAATAAAGAAAGAAAAAGTC 2687 

l~gure 3. Nucleotide and predicted amino acid se- 
quence of MCAK. The nucleotide residues are 
numbered on the left and the amino acid residues 

are numbered on the right. The nucleotide se- 
quence corresponding to the eukaryotic consensus 

start codon is underlined. The pepfide sequences 
recognized by the affinity-purified antipeptide sera 

are also underlined. 

Figure 2. Anti-MCAK immunofluorescence of CHO cells. (a-c) A field of interphase CHO cells is shown with one prophase cell visible 
in the lower left, anti-MCAK- (a), antimbulin- (b), and Hoechst-stained DNA (c). Interphase cells exhibited a small amount of diffuse 

label in the nucleus and cytoplasm. Brightly labeled kinetochores became visible during prophase. Bar, 20/~m. Early metaphase CHO 
cell labeled with anti-MCAK (d) and Hoechst (e). Late telophase CHO cell, anti-MCAK (f), and Hoechst (g). Bar, 8 #m. 
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soon as the cell has completed telophase, the centromere la- 
bel is no longer evident. 

MCAK is a Kinesin-related Protein 

Fig. 3 shows the nucleotide and amino acid sequence of 
MCAK. Two conserved regions diagnostic for the kinesin 
motor domain and recognized by the antipeptide sera are 
shown underlined. Also, the nucleotide sequence that corre- 
sponds to the eukaryotic consensus sequence for translation 
initiation is shown underlined (Kozak, 1986). The open 
reading frame is sufficient to code for a 90-kD protein. 

Using immunoblots and anti-MCAK antibodies, we have 
determined that MCAK binds to bovine microtubules poly- 
merized in ATP-depleted high speed supernatants of CHO 
cells. This is shown in Fig. 4. Lanes A-E correspond to a 
Coomassie-stained gel of a typical microtubule pelleting as- 
say from CHO cells. The same lanes were blotted onto 
nitrocellulose and probed with rabbit anti-MCAK in Fig. 4, 
a-e. MCAK will bind to microtubules in ATP-depleted cell 
supernatants. MCAK is released from microtubules in the 
presence of 5 mM ATP and 250 mM KAcetate. Addition of 
either 5 mM ATP or 250 mM KAcetate alone will not release 
MCAK from microtubule pellets (data not shown). 

SubceUular Distribution of  MCAK 

The appearance of MCAK in the high speed supernatants 
used for the microtubule pelleting assay suggested that inter- 
phase cells have MCAK in the cytoplasm. However, the im- 
munofluorescence data suggests that there is also MCAK in 
interphase nuclei. We separated interphase CHO cells into 
nuclear and cytoplasmic fractions and probed the fractions 
with rabbit anti-MCAK. Fig. 5 B indicates that approxi- 
mately equal levels of MCAK are found in the cytoplasm and 
the nucleus. Lane pair A and D show, respectively, 10% and 
13% Coomassie-stained SDS-PAGE gels of the fractions. 
The 13 % gel (lane D) shows no histone contamination in the 
cytoplasmic fraction. Immunoblot C is identical to B, except 
that it is probed with antitubulin as a marker for cytoplasmic 
proteins. No antitubulin label is seen in the nuclear fraction, 
indicating that it is free of cytoplasmic contamination. 
Hence, during interphase, MCAK protein can be found both 
in the nucleus and in the cytoplasm. 

Figure 5. MCAK is found in the cytoplasm and in the nucleus dur- 
in8 interphase. (A-C) Successive lanes of CHO cytoplasm (C) and 
nuclei (N) run on a 10% SDS-PAGE gel and Coomassie stained 
(A), electrophoresed onto nitrocellulose, and probed with anti- 
MCAK (B) or antitubulin (C). Molecular mass standards in 
kilodaltons are shown to the left. (D) 13% SDS-PAGE gel of cyto- 
plasmic (C) and nuclear (N) fractions showing histones (arro~ 
heads). Molecular masses are on the left. 

Northern Analysis o f  MCAK 

We isolated total RNA from CHO cells to determine the size 
and number of the MCAK message(s). A 2-kb fragment 
from the MCAK clone used to produce the antiserum was 
labeled and used to probe a Northern blot of 8 #g total CHO 
cell RNA. Fig. 6 shows that a single message of 3.4 kb is rec- 
ognized by the probe. This is in close agreement with the 3.5- 
kb reported size for the major transcript of kif2 in adult 
mouse brain. Poly-A ÷ messenger RNA was isolated from 
total RNA using oligo-dT cellulose and the same size single 
transcript was found (not shown). This transcript is of 
sufficient size to include the full 2,738-bp clone shown in 
Fig. 2. We believe that in these cells, only one MCAK tran- 
script is being produced. 

MCAK Binds to the Centromere Region 
of Mitotic Chromosomes 

In Fig. 7, we compare the labeling pattern of MCAK with 
CENP-B, dynein, and tubulin on three different isolated mi- 
totic CHO cell chromosomes. CENP-B is a DNA-binding 
protein that is presumably involved in organizing the struc- 

Figure 4. MCAK binds and releases microtubules in an ATP- 
dependent manner. (A-E) 10% Coomassie gel and corresponding 
anti-MCAK immunoblot (a-e) of a microtubule pelleting assay 
from CHO cells. (,4 and a) High speed supematant of CHO cells. 
(B and b) Microtubule-depleted high speed supernatant. A proteo- 
lyric fragment in (b) results from the 20°C incubation. (C and c) 
Microtubule pellet. (D and d) ATP-extracted microtubule pellet. (E 
and e) ATP extract. Molecular mass standards in kllodaltons are 
shown on the left. 

Figure 6. Northern immunoblot 
of total CHO cell RNA probed 
with cloned MCAK fragment. (a) 
Shows a formaldehyde gel of total 
CHO cell RNA and RNA mark- 
ers labeled in kilobases. (b) 
Shows the Northern blot from the 
same gel probed with a labeled 
2-kb fragment of the MCAK 
clone. 
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label to be profuse in the region between the sister 
kinetochores and extending distally in either direction (Fig. 

7 f ) .  Although this chromosome has been preincubated with 
tubulin, the MCAK pattern is identical in chromosomes that 
have not been pretreated in any way (not shown). We find the 
central region of MCAK label to be roughly coincident with 
the central blob of antitubulin label. We were surprised to 
see a microtubule-dependent motor such as MCAK dis- 
tributed throughout the centromere region instead of on the 
outer face of the kinetochore, where microtubule interac- 
tions are most likely to take place. This localization pattern 
is in contrast to the two other kinetochore-associated micro- 
tubule-dependent motors: antidynein (Fig. 7 i) and anti- 
CENP-E (not shown), which labels the outer face and corona 
region of the kinetochore (Pfarr et al., 1990; Steuer et al., 
1990; Wordeman et al., 1991; Yen et al., 1992). The contrast 
between the centromeric distribution of MCAK and that of 
cytoplasmic dynein is shown in the double-labeled chromo- 
some in Fig. 7, g-i. Unlike the discrete labeling of the outer 
kinetochore region with antidynein (Fig. 7 i) and CENP-E 
(Yen et al., 1991, 1992), anti-MCAK label of the centromere 
region of CHO cells appears irregular (Figs. 1 and 7, f 
and h). 

Figure 7. Anti-MCAK localization in isolated mitotic CHO chro- 
mosomes resembles that of bound tubulin. Isolated mitotic CHO 
chromosomes were incubated with tubulin subunits for 5 min at 
room temperature, fixed, and labeled for indirect immunofluores- 
cence. (a-c) A mitotic CHO chromosome double labeled with 
CENP-B (b) and antitubulin (c). (d-c) Another chromosome la- 
beled with CENP-B (e) and anti-MCAK (f). A comparison of anti- 
MCAK label (h) and antidynein (i). Bar, 1 #m. 

ture of the centromere (Cooke et al., 1990; Bernat et al., 
1991), and we use it in this study as a marker for the fun- 
damental structural unit of the centromere. It has been previ- 
ously shown that isolated mitotic CHO chromosomes bind 
monomeric tubulin at the outer corona region of the ki- 
netochore (Mitchison and Kirschner, 1985) distal to the ki- 
netochore plate. In Fig. 7, a-c, we compare the localization 
of bound tubulin (c) with that of CENP-B (b). We often see 
tubulin bound both on the corona of the two sister 
kinetochores and between the kinetochores in the centro- 
mere region (Fig. 7 c) after incubation in tubulin. This pat- 
tern of tubulin binding becomes even more interesting when 
the immunofluorescence pattern of anti-MCAK and anti- 

CENP-B are compared (Fig. 7, d-f). A chromosome double- 
labeled with anti-CENP-B and anti-MCAK shows MCAK 

Predicted Features of MCAK Peptide Sequence 

One interesting feature of the MCAK amino acid sequence 
is the location of the motor domain. The diagram in Fig. 8 
A illustrates that instead of being displaced toward the 
amino-terminal end of the polypeptide, as is the case for 
most identified kinesins, or at the carboxy-terminal end of 
the protein, as in ned and kar3, the motor domain is in the 
middle of the peptide. The location of the ATP-binding re- 
gion is indicated. This is unusual and has also been described 
for kif2, a kinesin-related protein originally isolated from 
mouse brain and subsequently found to be represented in 
many other tissues. (Aizawa et al., 1992). The secondary 
structure prediction using three different algorithms is shown 
in Fig. 8 R There are extended regions of predicted helix 
domain in the region COOH-terminal to the more globular 
motor domain. The length and alignment of Fig. 8 B corre- 
sponds to the diagram in Fig. 8 A. Within both the NH2-ter- 
minal and COOH-terminal nonmotor domains are, respec- 
tively, two regions of predicted coiled-coil (Lupas et al., 
1991) that might be involved in interactions with DNA, light 
chains, or heavy chains. Coiled-coil regions of probability 
98% stretch from amino acids 178 to 208 in the amino- 
terminal region of the protein, and from amino acids 597 to 
632 in the carboxy-terminal tail of the protein. These regions 
are diagrammed in Fig. 8 A, and they line up with helix 
predictions in Fig. 8 B. Because a large proportion of MCAK 
is found in the interphase nucleus, we looked for putative nu- 
clear localization sequences (Chelsky et al., 1989). A region 
that fits the consensus squence K-R/K-X-R/K is shown in 
Fig. 8 C. It resides within a predicted helix-rich region of the 
motor domain. 

Because a centrally located motor domain has been de- 
scribed for kif2, we performed a peptide matrix comparison 
of MCAK and kif2. The plot is shown in Fig. 9. The consid- 
erable identity between the MCAK and ldf2 sequence sug- 
gest that they are members of the same class of kinesin- 
related proteins (Goldstein, 1993a). 
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Figure 8. MCAK secondary 
structure predictions. (.4) Dia- 
gram of MCAK peptide se- 
quence showing the location 
of the motor domain, the 
ATP-binding site, a putative 
nuclear localization sequence, 
and predicted regions of coil- 
coil domains. (B) Secondary 
structure predictions of MCAK 
using three different algo- 
rithms (Macvector 4.1.4 - Ko- 
dak SIS). (C) Detail of pep- 
tide sequence surrounding the 
putative nuclear localization 
consensus sequence. 

The monoclonal antibody produced against MCAK cross- 
reacts both immunofluorescently and on immunoblots against 
all organisms that we have tested. Fig. 10 shows an immuno- 
blot of cell extracts from a variety of organisms probed with 

Window Size = 8 

Min. % Score = 6 0  

Hash Value = 2 

the anti-MCAK monoclonal. A 90-kD band is detected in all 
vertebrates (Fig. 10, a and b). At least one and sometimes 
two bands are detected in all other organisms, including 
S. cerevisiae (Fig. 10 f ) .  The molecular masses of the anti- 
genicaUy related bands begin to deviate from 90 kD in the 
invertebrates (Fig. 10, c-f). The low molecular mass faint 

bands in Fig. 10, a, d, and f, are the result of proteolysis and 

v 

Scoring Matrix: pam250 matr ix 

i00 

i00 

200 

300 

400 

500 

600 

700 

Protein(s) AntigenicaUy Related to MCAK Have Been 
Found in All Species Tested by Western Immunoblot 

20O 300 400 500 600 700 

k i f 2  

Figure 9. Matrix plot compar- 
ison of MCAK and kif2. 
PAM250 scoring matrix (Pear- 
son, 1990) of MCAK and 
kif2. 
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Figure 10. Anti-MCAK monoclonal recognizes antigenically 
related peptides in other organisms. A 10% SDS-polyacrylamide 
Coomassie gel is shown in a-g. The lanes are 0.1-mg protein sam- 
pies of the following: (a) interphase CHO cells, (b) Xenopus laevis 
egg extract, (c) Strongylocentrotus purpuratus egg extract, (d) D. 
melanogaster egg extract, (e) Dictyostelium discoideum amoebae, 
and (f) S. cerevisiae extract. The corresponding immunoblot 
probed with the anti-MCAK monoelonal is shown in a'-g'. Molecu- 
lar mass markers in kilodaltons are shown on left. 

are reduced or eliminated when proteolytic inhibitors are 
added to the cells during homogenization (data not shown). 
MCAK seems to be quite sensitive to proteolysis and is rap- 
idly degraded when proteolytic inhibitors are left out of the 
preparation. 

Discussion 

We have cloned a kinesin-related protein from a CHO cell 
cDNA library using affinity-purified peptide antibodies 
raised against conserved regions of the kinesin motor do- 
main (Sawin et al., 1992). We chose to focus more closely 
on one clone in particular because serum raised against ex- 
pressed fusion protein from this clone labeled the centro- 
mere region of mitotic chromosomes. For this reason, we 
call this protein MCAK, for mitotic centromere-associated 
kinesin. The full-length MCAK clone contains an open read- 
ing frame capable of ceding for a 95-kD protein, which is 
in close agreement with the 90-kD species that is detected 
by anti-MCAK antibodies in CHO cells. An in-frame methi- 
onine was chosen as the start codon because it was flanked 
by the eukaryotic consensus sequence for initiation of trans- 
lation, ACCATGG (Kozak, 1986). Sequence analysis shows 
that MCAK is rv70% similar to kif2, a kinesin-related pro- 
tein cloned from mouse brain, but also demonstrated to be 
found in all mouse tissues tested (Aizawa et al., 1992). 
MCAK appears to be coded for by a single abundant message 
of 3.4 kb. Antisera produced against MCAK labeled the cen- 
tromere region of chromosomes before nuclear envelope 
breakdown and remained detectable at mitotic centromeres 
until after telophase, at which time the specific labeling of 
centromeres disappeared. The protein is also found in the 
centromere region of isolated mitotic chromosomes, and it 
colocalizes with bound monomeric tubnlin. 

MCAK is highly homologous to kif2 (40-50% identity, 
73 % within the motor domain), and is likely to be a member 
of the same class of kinesin-related proteins. Both kinesins 
exhibit the unusual property of having the motor domain 

centrally located within the peptide. Previously, kinesins 
have been described as having the motor domain displaced 
either toward the NH2-terminal or COOH-terminal end of 
the protein. Interestingly, this feature seems to predict the 
directionality of the kinesin, despite the fact that the direc- 
tionality is determined by factors intrinsic to the motor do- 
main irrespective of its position (Stewart et al., 1993). In all 
cases in which successful gliding motility assays have been 
performed, NH2-term kinesins have moved toward the plus 
end of microtubules, and all COOH-term kinesins have 
moved toward the minus end of microtubules (Vale et al., 
1985b; McDonald et al., 1990). Therefore, the direction of 
a centrally located motor like kif2 or MCAK is of great in- 
terest. However, preliminary motility assays with bacterially 
expressed MCAK have been disappointing. The protein will 
bind to microtubules in the absence of ATP (controls with 
inactive MCAK will not bind microtubules under any condi- 
tions). The addition of ATP and 0.2 M potassium acetate will 
cause MCAK to release the microtubules without any sign 
of gliding motility in either direction. Further, work needs 
to be done with this protein to resolve this tantalizing issue. 

Predictions of secondary structure (Chou-Fasman) for 
both kif2 (Aizawa et al., 1992) and MCAK show an NH2- 
terminal globular domain, a globular motor domain, and 
a COOH-terminal tail that has long stretches of predicted 
a-helix. For this reason, it has been suggested that the pro- 
tein may exist as a dimer in solution, with dimerization being 
mediated by the COOH-terminal helical region (Goldstein, 
1993a). Furthermore, a program that predicts coil-coil do- 
mains (Lupas et al., 1991) has identified one region of coil- 
coil stretching for '~30 amino acids on either side of the cen- 
traily located motor domain. These regions may mediate the 
binding of light chains, DNA, or other MCAK heavy chains. 

There is no evidence to suggest that kif2 is a motor protein 
that has any role in mitosis. However, another kinesin- 
related protein has been isolated from the diatom Cylin- 

drotheca fusiformis. This 95-kD protein is associated with 
the mitotic spindle, and it cross-reacts with the anti-MCAK 
monoclonal. It is not known if the protein is associated with 
kinetochores in this organism. The diatom protein shares a 
large amount of identity with MCAK and has a centrally lo- 
cated motor domain like MCAK and kif2 (Foss, M., H. 
Wein and W. Z. Cande, personal communication). 

During interphase, diffuse nuclear staining of variable in- 
tensity is observed with anti-MCAK antisera. We looked for 
a nuclear localization concensus sequence within the peptide 
sequence of MCAK. We found one sequence within the mo- 
tor domain that fits a four-residue consensus sequence 
(K-K/R-X-K/R) found to be sufficient to induce nuclear tar- 
geting with synthetic peptides (Chelsky et al., 1989). A 
search for similar sequences in other known kinesins re- 
vealed inconsistent results. Many kinesins contained some 
variation of the above consensus sequence, and only one of 
the several that we tested (oimC) contained the K-K-R-K se- 
quence (Kalderon et al., 1984). We are presently preparing 
to perform site-directed mutagenesis with epitope-tagged 
MCAK in CHO cells to test whether the K-K-A-K sequence 
in the motor domain of MCAK is a functioning nuclear lo- 
calization sequence. 

We are presently screening the library for any other possi- 
ble MCAK-related clones. During a subsequent screen of the 
CHO-K1 library, we determined that •25 % of our positive 
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plaques cross-hybridize with MCAK. It may be that, for 
whatever reason, MCAK is highly represented in the CHO 
library. Or it may be that there are several closely related but 
distinct MCAK transcripts. Or, indeed, both these possible 
scenarios may be true. The recent identification of a hetero- 
trimeric kinesin-related protein (Cole et al., 1993) raises the 
possibility that, in addition to homodimers, different kine- 
sin-related proteins may form heterodimers or -trimers in the 
cell. The formation of heterodimeric kinesins may account 
for the large number and variety of kinesin-related proteins 
expressed in the cell. To design experiments to test the func- 
tion of MCAK within the cell, it will be necessary to examine 
the native form of the molecule and identify any associated 
proteins. Both the mouse monoclonal anti-MCAK and the 
affinity-purified rabbit anti-MCAK bind native protein in im- 
munoprecipitations. We hope to isolate the native form of 
MCAK to further explore this issue. 

All antisera produced against MCAK labels the centro- 
mere region of mitotic chromosomes. Bright label appears 
in prophase nuclei before nuclear envelope breakdown 
and also before the appearance of another kinetochore- 
associated kinesin, CENP-E (data not shown). Both MCAK 
and CENP-E are kinesin-related proteins that appear on 
kinetochores at prophase. However, they are distinctly dif- 
ferent proteins. CENP-E is 312-kD protein, with an NH2- 
terminal motor domain, that accumulates in G2, associates 
with kinetochores at prophase, and relocates to the spindle 
midzene at metaphase. MCAK is a 90-kD protein, with a 
centrally located motor domain, that is present throughout 
the cell cycle, associates with centromeres at early prophase, 
and remains associated with the centromere until after 
telophase. CENP-E is a rare protein, whereas MCAK may 
be abundant. Furthermore, these two proteins have a dis- 
tinctly different location within the centromere region of the 
mitotic chromosome that is discernible at the level of the 
light microscope. Therefore, it is likely that these two 
kinetochore-associated kinesins have different functions dur- 
ing mitosis. CENP-E is distally located relative to MCAK, 
closer to the outer face and the corona of the kinetochore. 
Reider and Alexander (1990) have shown that the corona is 
a site of rapid microtubule gliding activity in mitotic chro- 
mosomes. The outer surface of the kinetochore may be the 
region that mediates much of the plus end- and minus 
end-directed gliding activity along microtubules. A prelimi- 
nary suggestion, based solely on localization data, might be 
that MCAK uses its ATP-dependent ability to bind to 
microtubules to anchor the kinetochore to the microtubules 
or to modulate the dynamics of microtubule ends inserted at 
the kinetochore. CENP-E, on the other hand, may use plus 
end-directed motor activity to move mitotic chromosomes 
to the spindle midzone at prometaphase and anchor them 
there at metaphase. 

MCAK's peculiar location, internal to where most of the 
motor activity is presumed to occur, may reflect a fundamen- 
tally different role in chromosome movement than would be 
expected from a microtubule motor protein. Kinetochores 
can attach to the ends of depolymerizing microtubules and 
move in a polewards direction in vitro (Coue et al., 1991). 
However, in the mitotic spindle, many microtubules are em- 
bedded in the kinetochore plate and the chromosomes un- 
dergo many reversals in direction (Skibbens et al., 1993). In 
this situation, the tens of microtubules that are attached to 

any one kinetochore must undergo coordinated polymeriza- 
tion and depolymerization. During prometaphase, a pair of 
sister chromosomes moving in one direction involves the 
coordinate polymerization of microtubules at one kineto- 
chore and depolymerization at the other kinetochore. A mo- 
tor protein that is more deeply embedded in the kinetochore 
may be used to anchor the centromere firmly to the dynamic 
microtubule ends, or may he involved in modulating micro- 
tubule dynamics. Immunoelectron microscopy must be per- 
formed to determine if MCAK labeling extends far enough 
into the kinetochore plate, from the center of the centro- 
mere, to encounter microtubule ends. Another possible 
model to explain the localization data is that MCAK shuttles 
tubulin subunits from one side of the centromere to the sister 
side during rapid prometaphase movements and reversals in 
direction. It is essential to determine if the MCAK/tubulin 
colocalization in the centromere reflects MCAK's ability to 
bind tubulin subunits, and if so, if this ability is functionally 
relevant. 

In conclusion, we have presented preliminary evidence for 
a kinesin-related protein that localizes to the mitotic centro- 
mere. This protein, MCAK, is distinct from the kinesin- 
related protein CENP-E that is found on mitotic kineto- 
chores. MCAK is a 90-kD protein that has the ATP-binding 
motor domain in the middle of the peptide sequence instead 
of near the amino- or carboxy-terminal. It appears on pro- 
phase centromeres and remains associated with the centro- 
mere throughout mitosis. During interphase, it exhibits faint 
diffuse staining of nuclei and cytoplasm. MCAK is tran- 
scribed as a single 3.4-kb message. 
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