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Mitotic Regulation of Microtubule Cross-Linking 
Activity of CENP-E Kinetochore Protein 

Hong Liao, Gang Li, Tim J. Yen* 
CENP-E is -a kinesin-like protein that is transiently bound to kinetochores during early 
mitosis, becomes redistributed to the spindle midzone at anaphase, and is degraded after 
cjrtokinesis. At anaphase, CENP-E may cross-link the interdigitating microtubules in the 
spindle midzone through a motor-like binding site at the amino terminus and a 99amino 
acid carboxyl-terminal domain that bound microtubules in a distinct manner. Phospho- 
rylation of the carboxyl terminus by the mitotic kinase maturation promoting factor (MPF) 
inhibited microtubule-binding activity before anaphase. Thus, MPF suppresses the mi- 
crotubule cross-linking activity of CENP-E until anaphase, when its activity is lost. 

Chromosome segregation is a highly com- 
plex process that relies on the interactions 
between microtubules of the spindle and a 
chromosomal domain called the kineto- 
chore. This microtubule-kinetochore con- 
nection is 'essential for the alignment of 
chromosomes to the metaphase plate as 
well as for their separation toward opposite 
ends of a dividing cell. CENP-E is a 3 12-kD 
protein that belongs to the kinesin super- 
family of microtubule-based motors (1 ). 
The subcellular distribution of CENP-E 
changes markedly during the cell cycle ( I ,  
2). CENP-E is initially detected as a diffuse 
cytoplasmic protein in cells that are in the 
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late stages of the cell cycle (G, and 
prophase). It is associated with the kineto- 
chores at prometaphase, but this interac- 
tion persists only to metaphase. AT ana- 
~hase. CENP-E dissociates from the kine- 
tochores and is redistributed to a set of 
fibers in the s~indle midzone. CENP-E be- 
comes concentrated into the midbody at 
telophase and is degraded after cytokinesis. 
The specific localization of CENP-E at the 
kinetochores and the spindle midzone sug- 
gests that it may be one of the motors 
underlvine chromosome movement as well , - 
as spindle pole elongation during anaphase 
B (3, 4). 

The localization of CENP-E to the spindle 
midzone during anaphase may reflect cross- 
linking of the overlapping microtubules with- 
in this region because CENP-E appears to 
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have at least two biochemically distinct mi- 
crotubule-binding domains (2). To directly 
identdy the microtubule-binding domains 
within CENP-E, six overlapping tbgments 
that span the entire length of the protein were 
expn%ed by in vitro translation of in vim 
synthesized RNAs (S), and the translation 
products were tested for microtubule binding 
(6) (Fig. 1A). Gmsistent with the similarity 
to motor domains of kinesins, the NH2-ter- 
mind 540 amino acids of CENP-E quantita- 
tively bound to micmubules in the absence of 
adenosine triphosphate (ATP) and were ex- 
tractable by ATP but not with a nonhydm- 
lyzable analog such as fby-imidoadenosine 
5'-phosphate (AMP-PNP) (Fig. 1B). 

Microtubule binding was not observed 
for the fragments that encompassed amino 
acids 324 to 2126. However, a second 
microtubule-binding domain was identified 
within the COOH-terminal554 amino ac- 
ids of CENP-E (CENP-ECOOH554). Further 
analysis revealed that although microtubule 
binding was specified by CENP-ECOOH243, 
deletion of the COOH-terminal99 amino 
acids from this fragment abolished microtu- 
bule binding (Fig. 1C). Fusion of CENP- 
EmH* to the COOH-terminus of the 
phage T4 gene10 leader peptide in the 
expression vector pET17xb produced a hy- 
brid protein that quantitatively bound to 

microtubules. The gene10 leader peptide by 
itself did not bind to microtubules. Dele- 
tions that removed the extreme COOH- 
terminal 35 and 87 amino acids from this 
genel0:CENP-E hybrid protein abolished 
microtubule binding. These results show 
that the COOH-terminal99 amino acids of 
CENP-E are necessary and sufficient for 
microtubule binding. 

CENP-EmH554 was used to character- 
ize the microtubule-binding properties of 
the COOH-terminus because it was impor- 
tant to avoid any effects that might be 
contributed by the gene10 ptide. Micro- 
tubule binding by cENP-GWs4,  unlike 
the motor domain of kinesins, was insensi- 
tive to ATP. This property as well as the 
h& proline content (13%) and basic iso- 
electric point (pi = 9.4) of CENP-ECOOH* 
are common to microtubule-associated pro- 
teins (MAPS) and tau's (7, 8). Interactions 
of MAPS and tau's with microtubules are 
disrupted at moderate salt concentrations, 
but microtubule b d i n g  by CENP-EmWS4 
resisted extraction by high salt concentra- 
tions (up to of 2 M NaCl) (Fig. 2A). 
CENP-ECOOH554 cofractionated with tubu- 
lin through two cycles of polymerization and 
depolymerization (Fig. 2B). When microtu- 
bules were depolymerkcl, CENP-EmWH 
was quantitatively released into the superna- 

Flg.1.lchtifiiofnnromicrdu- A 
bule-binding domains at the NH,- 1 CENP-E 
and COOH-termini of CENP-E. (A) 
Schematic representation of the A '  540 + 
fragments within CENP-E (numbers B 324 965 - 
denote amino acid positions) and c 8 9 1  1367 - 

their in vitro microtubule-binding ~ 1 1 7 5  1681 - 
(MT) activity. (B) MT binding by the 

~ 1 6 0 0  2126 - 
~ 2 1 0 9 2 6 6 3  + 

NH,-terminal mota-like domain ex- 
hibits sensitivity to ATP. (Top) B 
Coamassie-stained gel shawing 
the supematant (S) and pellet (PI 1 2  3 4 5 6 7  8 9 1 0  
fractkm after MT cosedimentation 

--- . -  - " 
experiment. Arrow points to tubulin. 
(Bottom) Autaadiiraphy of the -Tub. 

same gel shmng the partitioning 
of the radiiabeled translation prod- 
ucts between the S and P fractions. -NH,-term. 
MT-binding reactions were done in 
-buffer(lanesland2),buffer 
with increasing ccxlcentrations of 
MgATP (hnes 3 and 4, 2.5 mM C 
ATP; lanes 5 and 6, 5.0 mM ATP; MT 

lanes 7 and8,lO mM ATP), and 2.5 2420 
b~nd~ng 

2663 + mM AMP-PNP (lanes 9 and 10). (C) 2420 2565 
Mapping of the COOH-terminal 

H - 
2565 2663 1 + 

MT-bindii domain. (Top) Sche- 2565 2628 J - 
matic of the COOH-terminal frag- 25652576 
rnents H to K. (Bottom) Autmadic- K - 

gram showing the various in vitm G H I J K Vec. 
translation products in the supema- 
tant, or MTcontaining pellet frac- -45 

tions. Fragments I, J, and K were - r+ - 29 
fused to the gene10 peptide in 
pETl7xb. Vec., the 26Oanho s P S P S P S P S P  S P  
acid gene10 translation produd 
derived from pET17xb. Molecular size standards are ind i ied  on the rigM (in kilodaltons). 
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tant, which suggests that it does not fonn an 
insoluble -gate when bound to microtu- 
bules. After repolymerization, CENP- 
ECOOWH again bound to the miaotubules 
in a manner that remained resistant to high 
salt concentrations (Fig. 2B). The resistance 
of the interaction between CENP-EmHSH 
and microtubules to high salt concentrations 

-COOH- 
term. 

S P  S P S P S  P  

B 
1 2 3 4 5 6  7 8 -. - 7 

- - 
+ -COOH- 

term. 

S P S P S P  S P  

C 

-as - - p 
rn -- COOH- 

term. 
1 

S P S  P S P  

Fig. 2. Characterizatii of the COOH-terminal 
MT-binding domain of CENP-E. (A) MT binding 
by C E N P - m  resists sait extraction. No sait 
(lanes 1 and 2); 0.3 M NaCl (lanes 3 and 4); 1 .OM 
NaCl (lanes 5 and 6); and 2.0 M NaCl (lanes 7 and 
8). (B) CENP_ECOOH564 coassembles with MT. 
Supernatant and pellet fractions after polymeriza- 
tion (lanes 1 and 2); depdymerizatlon of the MT 
(lane 3 and 4); and second cycle of pdymeriza- 
tion (lanes 5 and 6). Extraction of the twicecycled 
MT with 2 M NaCl (lanes 7 and 8). The small 
amwnt of COOH-terminus in the pellet fraction 
(lane 4) probably reflects molecules that were 
bound to dd-stable microtubules. Top and bot- 
tom panels shoyv, respectively, Coomassie stain- 
ing and autaadirams of the same @. (C) 
hnpakon of the abilities of bacterially ex- 
pressed CENP-E- and brain MAPS to bind 
to S-MT. Coomassiistained gel showing super- 
natant (S) and pellet (P) fractions after binding 
CENP-EC0- and MAPS to u n d i i e d  MT 
(lanes 1 and 2) or S-MT (lanes 3 and 4). The 
S-MT pellet in lane 4 was extracted with 2 M 
NaCl and c e n t r i i  (lanes 5 and 6). a5 and p5 
denote subtilisindigested tubulin subunii. Mc- 
lecular size standards are indicated on the left 
(in kilodaltons). 



is not a result of its expression in a reticulo- 
cyte translation system, because bacterially 
derived CENP-Em- displayed the iden- 
tical properties. 

To examine the COOH-terminal bind- 
ing site of CENP-E along microtubules, we 
tested its ability to bind to subtilisin-digest- 
ed microtubules (S-MT), a treatment that 
selectively removes the acidic COOH-ter- 
minal residues from a- and p-tubulin (9, 
10) and produces microtubules that can no 
longer bind to MAPS (9). We coincubated 
S-MT with bacterially expressed CENP- 
EmH3@ and crude brain MAPs (I 1 ) . The 
simultaneous inclusion of MAPS in the 
binding reaction provided an internal con- 
trol to assess the relative amount of S-MT 
in our preparations. Identical results were 
obtained when the MAPS and CENP- 
Emma were incubated separately with 
S-MTs. Under conditions in which both 
MAPS and CENP-Emma were quantita- 
tively bound to normal microtubules, only 
the MAPs failed to bind to S-MT (Fig. 
2C). This provides functional evidence 
that the majority of the microtubules in 
these reactions were subtilisin-digested. In 
contrast, CENP-EmH3@ was able to bind 
to S-MT in a manner that remained resis- 
tant to extraction by high concentrations of 
salt (Fig. 2C). Thus, the binding of CENP- 
ECOOH3a to a region of the microtubule 
lattice that is not used by conventional 
MAPS may contribute to differences in sen- 
sitivity to salt extraction. 

The presence of microtubule-binding 
domains at the NH,- and COOH-termini 
of CENP-E supports the ability of this 
protein to cross-link microtubules. In vivo, 
this function would be temporally regulated 
because the association of CENP-E with 
microtubules in the spindle midzone is not 
detected until anaphase, despite the pres- 
ence of high concentrations of CENP-E 
prior to this time (1, 2). Inspection of the 
CENP-E-H99 microtubule-binding do- 
main revealed consensus phosphorylation 
sites (SPK) (12) for maturation-promoting 
factor (MPF), a cyclin W c 2  kinase com- 
plex that triggers cell entry into mitosis, 
and that its inactivation is necessary for the 
transition from metaphase to anaphase. 
This observation was confirmed when MPF 
that had been purified from metaphase ex- 
tracts of clam embryos (or mitotic Xenopus 
or mammalian extracts) by athnity to p13 
(13) was able to phosphorylate CENP- 
Em- in vitro. Phosphorylation of this 
domain by MPF quantitatively inhibited its 
microtubule-binding activity because no 
detectable amounts of phosphorylated 
CENP-ECOOH3a were found to bind to 
microtubules (Fig. 3A). Inhibitory mod& 
cations of the microtubules are apparently 
not introduced by components from the 
kinase reaction, because the unphosphoryl- 

398 

ated CENP-ECOOm86 did bind to microtu- 
bules in the same reaction (Fig. 3A). 

To obtain in vivo support of our in vitro 
findings that MPF can regulate the COOH- 
terminal microtubule-binding domain of 
CENP-E, a modified version of CENP- 
Emm@, which contained the hemagglu- 
tin (HA) epitope-tag derived from the 
influenza hemagglutinin protein (14). was 
expressed in HeLa cells. By labeling cells 
with [32P]orthophosphate, we initially es- 
tablished that endogenous CENP-E is phos- 
phorylated during mitosis (Fig. 3B). The 
transfected CENP-ECmH36s that was ex- 
tracted from M-phase cells (mitotic cells 
were selectively enriched by mechanical 
shake-off and found to be >95% at meta- 
phase) was found to migrate more slowly 
than the form that was expressed in inter- 
phase cells after SD!%polyacrylamide gel 
electrophoresis (PAGE) (Fig. 3B). The re- 
tarded migration of the mitotic form of 
CENP-EmH3@ was sensitive to phospha- 
tase treatment, thus demonstrating that 
this domain of CENP-E is specifically phos- 
phorylated during mitosis (Fig. 3B). 

To verify that CENP-ECmH3@ is a sub 
strate of MPF in vivo, we compared its 
two-dimensional (2D) phosphopeptide map 
(15) to one derived from the in vitro 
phosphory- lation. In vitro phosphorylation 
occurred exclusively on serine residues in 

three tryptic peptides (Fig. 3C). These 
phosphopeptides coaligned with those that 
were obtained from in vivo phosphorylated 
CENP-EmH3a. All three phosphopep- 
tides incorporated an equivalent amount of 
"P in vivo, whereas in vitro one of these 
peptides was preferentially labeled. The 
difference in labeling efficiency could result 
from a difTerent conformation adopted by 
this domain in vivo or from the presence of 
associated proteins. The unique spot de- 
rived from the in vivo-labeled CENP- 
ECmm@ could be due to phosphorylation 
by a different kinase or to a difTerence in the 
specificity of MPF. 

We tested the microtubule-binding 
properties of the mitotic and interphase 
forms of the CENP-EmH3@ by incubating 
lysates from transfected cells with urified 

&OH368 microtubules (1 6). The CENP-E 
that was expressed and phosphorylated in 
mitotic cells failed to bind to microtubules 
(Fig. 3D). The ability of the interphase 
form of CENP-EmH3@ to bind to micro- 
tubules was unexpected because the associ- 
ation of endogenous CENP-E with micro- 
tubules is not obvious during interphase. 
This result is probably a consequence of its 
expression at an inappropriate time of the 
cell cycle. Because most of the interphase, 
adherent cells expressing CENP-ECmm@ 
were in the GI and S phases of the cell 

Fig. 3. Microtubule bind- A B 
ing by CENP-ECooH368 1 2 3  4  1 2  3 4 5 6  
is inhibited by phosphe 66- 
rylatiis introduced by , , - ~ u b .  +COOH- I 
MPF in vitro and in vivo. term. 202- 45- 
(A) In vitro Dh06DhOn/l- 
at& of CENP-E- 
by MPF inhibits MT 
binding. Phosphorylated 
and unphosphoyated 
CENP-ECooH368 were 
centrifuged in the ab- 
sence (lanes 1 and 2) 
or presence (lanes 3 
and 4) of MT. (Top) 
C m i s t a i n e d  gel 

7.. 

showing the presence of 
CENP-ECooH388 in the 
supernatant (lane 3) and 
MTcontaining pellet 
(lane 4) fractions. (Middle) Autoradiograph of the same gel. (Bottom) A one-hundred-times longer 
exposure of the same fractions. (B) CENP-E and transfected CENP-ECOOH3BB are phosphorylated at 
mitosis. lmmunoprecipitation of 32P-labeled extracts from mitotic (lane 1) and interphase (lane 2) Hela 
cells with antibodies to CENP-E. Detection of the HA-tagged CENP-EC= in untransfected (lane 3), 
transfected interphase (lane 4), transfected mitotic extracts (lane 5), and mit& extracts after phospha- 
tase treatment (lane 6). Molecular size standards are indicated on the left of panels (in kilodaltons). (C) 
Comparison of in vitro- and in vk-phosphorylated CENP-ECooH388. (Left) Phosphoamino acid analysis 
of in vitmphosphorylated CENP-EC- (Y, phosphbyrosine; T, phosphothreonine; S, phosphe 
serine). (Middle) Phosphopeptide map of in vitro-phosphorylated CENP-p-.  (Right) Phosphopep 
tide map of transfected CENP-Em- extracted from mitotic cells. Arrows point to the three spots that 
coalign; arrowhead points to unique spot. (D) Assay for MT binding by the transfected CENP-ECOOH368 
in M-phase extracts (lanes 1 and 2) and interphase extracts (lanes 3 and 4). Interphase extracts were 
also incubated in the absence of MT (lanes 5 and 6). Odd- and even-numbered lanes represent 
supernatant and MT-containing pellet fractions, respectlvdy. Molecular size standards are indiied on 
the right (in kilcdaltons). 
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cycle, the CENP-Emm@ derived from 
these cells would not be expected to be 
phosphorylated by mitosis-specific kinases 
and can therefore bind to microtubules. 

To verify that the microtubule-binding 
activity of CENP-ECmH3@ was regulated 
during mitosis in vivo, we examined its 
distribution in cells that were at different 
stages of mitosis and compared it with that 
of endogenous CENP-E (14). In meta- 
phase cells, endogenous CENP-E was lo- 
calized to the kinetochores of chromo- 
somes, whereas CENP-ECmm@ w a  dif- 
fusely distributed throughout cells and did 
not associate with microtubules (Fig. 4, B 
and D). In contrast, when the CENP- 
ECOOH3@ was expressed at detectable lev- 
els in anaphase cells, it was prominently 
distributed along the microtubules in the 
spindle of anaphase cells (Fig. 4H). These 
findings confirm our model that the micro- 
tubule-binding activity of CENP-ECmH is 
regulated during mitosis. The apparent 
preferential localization of the CENP- 
ECmm@ to the spindle is probably caused 
by the high density of microtubules in this 
region. It is unlikely that the CENP- 
ECmm@ displays any selectivity for any 
particular subset of microtubules. The dis- 
tribution of CENP-ECmH3@ along the 
microtubules in anaphase cells was not 
uniform because it is noticeably absent 
near the center of the spindle. Because 

Flg. 4. lmmunofluorescence detection of trans- 
fected CENP-Em= @ and H) or endoge- 
nous CENP-E (B and F) in rnetaphase (6 and 
D) and anaphase (F and H) Hela cells. Chro- 
mosomes (A, C, E, and 0) were visualized after 
staining with 4',6'-diamidino-2-phenylindole 
PAPI). Bar, 10 pm. 

endogenous CENP-E normally occupies 
this narrow zone (Fig. 4F), its presence 
may have interfered with the ability of the 
transfected CENP-ECmH368 to bind to 
this region. 

In conclusion, the identification of two 
biochemically distinct microtubule-bind- 
ing domains at the NH,- and COOH- 
termini of CENP-E support its role as a 
microtubule cross-linker. Microtubule 
cross-linking function is suppressed before 
anaphase by mitotic kinases such as MPF, 
which phosphorylates and inhibits the mi- 
crotubule-binding activity of the COOH- 
terminus. The loss of MPF activity at the 
onset of anaphase (1 7) would lead to the 
dephosphorylation and activation of the 
COOH-terminal microtubule-binding do- 
main in CENP-E. The localization of en- 
dogenous CENP-E to just a narrow strip 
across the spindle equator may be related 
to its association with kinetochores. At 
metaphase, alignment of the chromosomes 
would bring the kinetochore-associated 
CENP-E to a position that is equidistant 
between the two poles. After dissociating 
from the kinetochore at anaphase, 
CENP-E would encounter the overlapping 
set of antiparallel microtubules in the 
spindle and cross-link them through its 
two microtubule-binding domains. Micro- 
tubule cross-linking by CENP-E may help 
stabilize the overall structure of the 
anaphase spindle or serve to push the 
overlapping microtubules past each other 
and elongate the spindle poles. 
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Importance of Peptide Amino and Carboxyl Termini 
to the Stability of MHC Class I Molecules 

Marlene Bouvier and Don C. Wiley* 
An influenza virus matrix peptide in which either the charged amino or carboxyl terminus 
was substituted by methyl groups promoted folding of the class I human histocompatibility 
antigen (HIA-A2). A peptide modified at both termini did not promote stable folding. The 
thermal stability of HIA-A2 complexed with peptides that did not have either terminus was 
-22°C lower than that of the control peptide, whereas matrix peptide in which both anchor 
positions were substituted by alanines had its stability decreased by only 5.5%. Thus, the 
conserved major histocompatibility complex class I residues at both ends of the peptide 
binding site form energetically important sites for binding the termini of short peptides. 

T h e  three-dimensional structu,re determi- 
nation of the human major histocompati- 
bility complex (MHC) class I molecule 
HLA-A2 shows that both ends of the pep- 
tide binding site are composed of polar 
residues conserved among all human and 
murine class I sequences (1-3). The con- 
served MHC residues form hydrogen bonds 
with polar main chain atoms of the peptide 
NH2- and COOH-termini (Fig. 1) (2, 3). 
These hydrogen bonds were revealed in 
x-rav structures of class I molecules com- 
plexed with single viral peptide 8-mers (4, 
5), 9-mers ( 5 4 ,  and 10-mers (6) and with 
a mixture of endogenous peptides of various 
leneths (9). 

The nktwork of hydrogen bonds be- 
tween conserved MHC class I residues and 
peptide NH,- and COOH-termini appears 
to provide a peptide sequence-independent 
mode of binding for short peptides (8, 10). 
Interactions between ~ o l v m o r ~ h i c  MHC . ,  . 
residues in pockets along the binding site 
and a few peptide anchor residues provide a 
peptide sequence-dependent mode of bind- 
ing (3-9, 1 1, 12). The two or three peptide 
anchor residues define class I allele-specific 
sequence motifs (1 3-1 6). Estimates of bind- 
ing energies contributed by peptide se- 
quence-specific interactions have been 
made for several alleles bv structural com- 
parisons of three allele-specific pockets (12) 
and by residue substitutions at anchor and 
non-anchor positions (1 3, 14, 17). Howev- 
er, similar estimates that compare the rela- 
tive energetic contributions of the peptide 
termini and of the side chains at anchor 
positions have not been made. Here, we 
assess the importance of the NH,- and 
COOH-termini of an influenza virus matrix 
peptide by substituting the charged groups 
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by CH, groups and compare the effect of 
these modifications on the thermal stability 
of HLA-A2 complexes with those of substi- 
tuting anchor positions 2 and 9 by alanines. 

Because a substitution in the influenza 
virus matrix peptide (WT) , GILGFVFTL 
(1 8-20), of Leu by Ala at position 9 (L9A) 
was found to have a negligible effect on the 
thermal stability of the complex (Table I), 
the desired modifications at the peptide 
NH,- and COOH-termini were made to 
L9A, rather than to WT peptide, for syn- 
thetic reasons (2 1). At the NH2-terminus 
of L9A, the NH, group of Gly (Fig. 1, large 
blue'atom) was substituted by a CH, group, 
GI-Ndel (Table I), which was predicted to 
eliminate two hydrogen bonds (Fig. 1) to 
the conserved MHC residues Tyr7 and 
Tyrl7'. At the COOH-terminus of L9A, 
the COOH group of Ala (Fig. 1, large red 
atoms) was substituted by a CH, group, 
A9-Cdel (Table I ) ,  which was expected to 
eliminate four hydrogen bonds (Fig. 1) to 
MHC residues. Peptide modifications done 
at either terminus retained the hydrogen 
and methyl side chains of Gly and Ala, 
respectively (Table 1). Peptide G1- 
Ndel+A9-Cdel combined both terminal 
modifications (Table 1). The optimal resi- 
dues Leu and Val (1 5), found at anchor 
positions 2 and 9, respectively, in the 
HLA-A2-restricted peptides, were substi- 
tuted in the WT peptide individually (I2L 
and L9V) and in combination (12LtL9V) 
(Table 1). Alanine substitutions at both 
anchor positions were also made 
(I2A+ L9A) (Table 1). 

HLA-A2 complexes were reconstituted 
from human heavy chain and P,-microglobu- 
lin (P,M) expressed in Esckrichia coli in the 
presence of excess peptide and ~urified by gel 
filtration chromatography (Fig. 2A) (22). 
Peptides modified at either terminus (Gl- 
Ndel and A9-Cdel) promoted folding of 
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