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Requirement of Cdk2-Cyclin E 
Activity for Repeated 

Centrosome Reproduction in 
Xenopus Egg Extracts 

Edward H. Hinchcliffe,'* Chuan Li,'" Elizabeth A. Thompson,' 
James L. Maller,' Greenfield Sluderlt 

The abnormally high number of centrosomes found in many human tumor cells 
can lead directly t o  aneuploidy and genomic instability through the formation 
of multipolar mitotic spindles. To facilitate investigation of the mechanisms 
that control centrosome reproduction, a frog egg extract arrested in S phase 
of the cell cycle that supported repeated assembly of daughter centrosomes 
was developed. Multiple rounds of centrosome reproduction were blocked by 
selective inactivation of cyclin-dependent kinase 2-cyclin E (Cdk2-E) and were 
restored by addition of purified Cdk2-E. Confocal immunomicroscopy revealed 
that cyclin E was localized at the centrosome. These results demonstrate that 
Cdk2-E activity is required for centrosome duplication during S phase and 
suggest a mechanism that could coordinate centrosome reproduction with 
cycles of DNA synthesis and mitosis. 

In animal cells, the interphase centrosome 
reproduces or duplicates only once per cell 
cycle, thereby ensuring a strictly bipolar mi- 
totic spindle axis (I).  Because there is no cell 
cycle checkpoint that monitors the number of 
spindle poles (2), uncontrolled duplication of 
the centrosome can contribute to genomic 
instability through the formation of multipo- 
lar mitotic spindles. Indeed; many human 
tumor cells, including those lacking the tu- 
mor suppresser protein p53 (3); have abnor- 
mally high numbers of centrosomes (4). 

Studies of sea urchin and Xenop~rs embry- 
os and clam oocyte lysates have revealed that 
the centrosome cycle can be regulated solely 
by cytoplasmic mechanisms (5-8): The re- 
peated duplication of the centrosome pro- 
ceeds in the complete absence of either a 
nucleus (7) or protein synthesis (8). In theo- 
ry, the cyclical rise and fall in the activity of 
one or more cyclin-dependent kinases (Cdks) 
could be the cytoplasmic mechanism that co- 
ordinates centrosome reproduction with cell 
cycle progression. However, the fact that cen- 
trosomes repeatedly duplicate in the complete 
absence of protein synthesis indicates that the 
activities of those Cdks that are dependent on 
the translation of their cyclin subunits during 
each cell cycle (that is, Cdkl-cyclin A or 
-cyclin B or both) do not regulate centrosome 
reproduction or assembly (8). Nevertheless, 
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Cdk2-cyclin E (Cdk2-E) remains a potential 
candidate to control centrosome duplication 
and coordinate it with nuclear events during 
the cell cycle (6, 9, 10). Cdk2-E activity 
drives the transition from G, to S phase in 
somatic cells (11); which is the time during 
the cell cycle,when daughter centrosome as- 
sembly is thought to begin (12). Importantly, 
in early Xenop~rs embryos, Cdk2-E activity is 
not dependent on the synthesis and degrada- 
tion of the cyclin E subunit, as the amount of 
cyclin E remains constant until the mid-blas- 
tula transition (MBT) (13). 

To inyestigate whether Cdk2-E actiyity 
regulates centrosome duplication, we devel- 
oped an S phase-arrested Xenopzls egg ex- 
tract that supports repeated centrosome repro- 
duction in yitro. We used an S phase extract 
because centrosomes will undergo multiple 
rounds of duplication during S phase arrest in 
both zygotes and somatic cells (6. 8. 14, 15). 
Unlike cycling extracts; Cdk2-E actiyity can 
be inhibited in S phase-arrested extracts 
without the concern that this inhibition will 
block cell cycle progression at a point before 
centrosomes are nonnally scheduled to repro- 
duce. To make these extracts, we prepared a 
cycling Xenopcls egg extract (16, 17) and then 
added aphidicolin, an inhibitor of a-DNA 
polymerase (18), and demembranated Xeno- 
pus sperm nuclei (19). Histone H1 kinase 
actiyity in control extracts cycled at least 
twice with a cell cycle time of -50 min; in 
contrast, H1 activity in aphidicolin-treated 
extracts remained at a constant, low amount 
for 6 hours (20,21). Time-lapse videomicros- 
copy of aphidicolin-treated extracts reyealed 
that nuclear envelope breakdown did not oc- 
cur during the 6-hour experiment (20). Thus, 
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our extracts are arrested in S phase because of 
the activation of the cell cycle checkpoint that 
monitors the completion of DNA synthesis. 

We characterized the pattern of centrosome 
reproduction in aphidicolin-treated extracts 
with time-lapse videomicroscopy. We used po- 
larization optics to directly visualize the astral 
microtubules organized by the sperm centro- 
somes and found that aster number increased 
over 6 hours (Fig. 1A). Because Xenopus ex- 
tracts do not spontaneously assemble microtu- 
bule asters or centrosomes in the absence of 
added sperm nuclei (22), this increase in aster 
number indicates centrosome doubling. The to- 
tal number of asters in the field eventually 
declined, because some asters moved out of the 
plane of focus or off the field of view (Fig. IA, 
panel d). Figure 1B shows an individual aster 
from another extract that doubled three times, 
its daughters remaining fortuitously close to- 
gether and in the plane of focus. 

We analyzed the pattern of doubling for all 
asters in a given field in aphidicolin-treated 
extracts and scored those that had at least one 
first, second, or third generation daughter aster 
visible for the duration of the 6-hour experi- 
ment. Of the individual asters for which we 
obtained a complete lineage analysis (N = 59), 
5% completed four rounds of duplication, 69% 
undenvent three rounds, 14% showed two 

Extracts were prepared and split into two portion, we added A34Xicl (175 nM final 
portions. To the first of these, C-Xicl (the concentration) and then separated this sample 
COOH-terminal half of Xicl) was added as a into two further portions. To the first of these, 
control because it does not affect the activity buffer was added, and to the second, we 
of Cdk2-E in vitro (9, 24). To the second added an equal volume of baculovirus-ex- 

o Fig. 1. (A) Repeated rounds of aster doubling - ~, 
in an aphid'icolin-treated extract. ham& 
from a time-lapse video sequence, showing 
the increase in aster number over time in a 
microscope field. The decrease in aster num- 
ber in (d) is due to  the migration of asters 
from the plane of focus and field of view. 
Minutes after addition of sperm nuclei are 
seen in the lower right corner of each frame. 

Polarization optics. Ten micrometers per scale division. (0) Time-Lapse sequence showing an 
individual aster from another aphidicolin-treated extract undergoing three rounds of doubling. (a) 
The aster at the start of the time-lapse sequence. (b and c) Doubling of this aster and separation 
of the daughter asters. (d) Doubling of these daughters. (e) Third round of doubling yields eight 
asters. Minutes after addition of sperm nuclei are seen in the lower right corner of each frame. 
Polarization optics. Bar in (e), 10 km. 

rounds, 2% showed a single round and 10% A 

did not duplicate. Asters whose progeny were 
all lost from view during the experiment were 
not included. Nevertheless. Table 1 shows the 
complete data set for aster duplication at each 
successive round, regardless of whether or not 
individual asters subsequently became lost from 
the field. The multiple rounds of aster doubling 
in a strict one-to-two fashion at each cycle (Fig. - . -  
1B) are characteristic of complete centrosome 
reproduction and cannot be explained by either 
centrosome splitting or fragmentation of the 
rnicrotubule organizing center (23). Together, 
our results define a cell-free system that allows 
the real-time observation of the complete cen- 
trosome reproductive cycle in vitro. 

To directly test whether Cdk2-E activity 
was required for repeated centrosome reproduc- 
tion during S phase arrest, we selectively inac- 
tivated Cdk2-E by addition of recombinant 
A34Xic1, a 34-amino acid NH,-terminus trun- 
cated variant of Xiclp2', a Xenopus cdk inhib- 
itor (24, 25). A34Xicl inhibits the activity of 
Cdk2-E with a median inhibitory concentration 
(IC,,) value of 10 nM and only affects Cdkl- 
cyclin A and -cyclin B activity at higher con- 
centrations (IC,, = 5 pM) (24). Because Cdk2 
does not complex with cyclin A until after the 
MBT (9, 13, 26), Cdk2-cyclin A activity was 
not a factor in this study. Inhibition of Cdk2-E 
does not drive the cell cycle out of S phase 
because the majority of S phase-promoting ac- 
tivity is provided by Cdkl-cyclin A (26), 
which is not inhibited in vitro by A34Xicl at 
the concentration used here (9,24). 

Fig. 2. (A) Selectively inhibiting Cdk2-E activity blocks repeated centrosome reproduction. Time- 
lapse sequence showing one round of aster doubling in an aphidicolin-treated extract containing 
175 nM A34Xicl. Minutes after addition of sperm nuclei are seen in the lower right corner of each 
frame. Polarization optics. Ten micrometers per scale division. (0) Time-lapse sequence showing the 
restoration of multiple rounds of aster doubling in an aphidicolin-treated extract containing 175 
nM A34Xicl plus 245 nM Cdk2-E. Minutes after addition of sperm nuclei are seen in the lower right 
corner of each frame. Polarization optics. Ten micrometers per scale division. 

Table 1. Aphidicolin-treated extracts followed for 6 hours. 

Round of Starting number of Number of Number Number and percentage 
duplication asters at each round asters lost* that remain that duplicate 

First 62 2 60 57 (95%) 
Second 114 19 95 91 (96%) 
Third 182 76 106 70 (66%) 
Fourth 140 37 103 4 (4%) 

*This is the number of asters that moved out of the plane of focus or off the field of view before they doubled. 
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pressed, affinity-purified active CdU-E com- 
plex (245 nM final concentration, equal to 1.4 
times the molar amount of A34Xicl added) 
(9, 13, 24, 27). The pattern of aster doubling 
under each of these three conditions was then 
simultaneously recorded with separate video- 
microscopy systems (Fig. 2, A and B). 

Analysis of the behavior of the asters in 
extracts treated with Xicl-C (N = 31 asters) 
revealed that 77% of the asters completed 
three rounds of doubling and 23% doubled 
twice. In the A34Xicl-treated extracts, 6% of 
the asters (N = 53) failed to double at all, 
79% doubled only once, 15% doubled twice, 
and none doubled three times over 6 hours. 

When purified active Cdk2-E was added 
back to A34Xicl-treated extracts, 50% of the 
asters (N = 52) underwent two and 42% 

underwent three rounds of duplication, 
whereas only 8% of the asters doubled just 
once over 6 hours. Table 2 shows the com- 
plete data set for all asters followed under 
these three conditions regardless of whether 
any daughter asters subsequently became lost 
from view. These results reveal that the ac- 
tivity of Cdk2-E is required for centrosomes 
to undergo repeated reproduction during S 
phase arrest. 

We characterized the localization of cy- 
clin E in Xenopus embryonic blastomeres by 
confocal immunofluorescence microscopy, 
using an affinity-purified antibody to cyclin E 
(9, 28). Cyclin E was found to be distributed 
diffusely throughout the cytoplasm but showed 
maximal concentration at the centrosome re- 
gion (Fig. 3). Thus, the Cdk2-E complex may 

become accumulated at the centrosome, as has 
been reported for other Cdk-cyclin complexes 
(29)- 

Previously, it was demonstrated that only 
a single round of daughter centrosome assem- 
bly can occur in sea urchin zygotes arrested 
before the onset of S phase, whereas repeated 
rounds of duplication occur during S phase 
arrest (6). Thus, the morphological events of 
daughter centrosome assembly can occur be- 
fore the G,-S transition, but entry into S 
phase appears to be necessary for the centro- 
some to duplicate again. This suggests that a 
"licensing" event during S phase restores the 
reproductive capacity to the daughter centro- 
somes, thereby permitting them to duplicate 
again during the next cell cycle. Here, our 
finding that the inactivation of Cdk2-E does 
not inhibit the first round of aster doubling in 
vitro, but does block further rounds (Fig. 2A 
and Table 2), suggests that the daughter cen- 
trosomes cannot reduplicate in the absence of 
Cdk2-E activity. Perhaps Cdk2-E is the "li- 
censing" factor that restores the reproductive 
capacity to the daughter centrosomes. In this 
regard, it is important to determine if the 
abnormal centrosome number observed in 
both mouse embryonic fibroblasts lacking 
p53 (3) and many human tumor cells (4) is 
due to the misregulation of Cdk2-E activity at 
the G,-S transition and during S phase. 

References and Notes 
1. D. Mazia, Exp. Cell Res. 153. 1 (1984); G. Sluder and 

C. L. Rieder, J. Cell 8\01. 100, 897 (1985). 
2. C. Sluder, E. A. Thompson, F. J. Miller, J. Hayes. C. L 

Rieder, J. Cell Sci. 110. 421 (1997). 
3. C. R. Brown. 5. J. Doxsey, E. White. W. J. We1ch.J. Cell. 

Physiol. 160. 47 (1994); K. Fukasawa, T. Choi, R. 
Kuriyama, C. F. Vande Woude. Science 271. 1744 
(19%). 

4. M. Winey, Cum. Biol. 6,962 (19%); C. A. Pihan et al., 
Cancer Res. 58. 3974 (1998). 

5. R. E. Palauo. E. Vaisburg, R. W. Cole, C. L Rieder, 

Fig. 3. Localization of cyclin E in Xenopus embryonic blastomeres by immunofluorescence Science2%,219(1992). 

microscopy. Shown are three separate cells double immunostained with antibody to cyclin E (A 6. E. H. Hinchcliffeo C. O. Cassels, C. L. Rieder, C. S1uder, 
J. Cell Biol. 140. 1417 (1998). through C) and antibody to a tubulin (a-Tub) (a and b) or antibody to y tubulin (y-Tub) (c). In (B), 7. C. Sluder, F. J. C. Rieder, ibid. 103, 1873 

the antibody to cyclin E was preabsorbed to the initial cyclin E antigen. A + a, B + b, and C + c (1986). 
represent merged images. Centromeres are marked by arrows (A and C). Confocal microscopy. Bars 8, C, Sluder, F. J. Miller, R. Cole, C. Rieder, ibid. 110, 
in (A), (B), and (C), 10 pm. 2025 (1990); D. L Card. S. Hafezi. T. Zhang, 5. J. 

Doxsey, ibid., p. 2033. 
9. R. 5. Hartley. J. C. Sible, A. L Lewellyn, J. L Maller. 

Table 2. Aphidicolin-treated extracts followed for 6 hours. m. ~ i o l .  188, 312 (1997). 
10. K. R. Lacey, P. K. Jackson, T. Steams, Pmc. Natl. Acad. 

Round of Starting number of Number of Number Sci. U.S.A., in press. 

duplication asters at each round asters lost* that remain 
Number and percentage 11. A. Koff et al.. Science 257, 1689 (1992); V. Dulic, E. 

that duplicate Lees. 5. 1. Reed, ibid., p. 1958. 
12. R. Kuriyama and C. C. Borisy, I. Cell Biol. 91, 814 

Xicl-C 11an>\ 
First 34 0 34 34 (100%) 
Second 68 15 53 53 (100%) 
Third 106 33 73 46 (63%) 

A34Xic 1 
First 64 8 56 53 (95%) 
Second 106 20 86 10 (12%) 
Third 20 1 19 0 (0%) 

A34Xicl + CdkZ-E 
First 56 0 56 56 (100%) 
Second 112 12 100 91 (91%) 
Third 182 46 136 43 (68%) 

'This is the number of asters that moved out of the plane of focus or off the field of view before they doubled. 

\ .--.-,. 
13. R E. Rempel, 5. B. Sleight, J. L Maller. J. Biol. Chem. 

270. 6842 (1995). 
14. C. Sluder and K. Lewis. J. Exp. Zool. 244, 89 (1987); 

J. W. Raff and D. M. Clover, j. Cell Biol. 107, 2009 
(1988). 

15. R. Balaon et al.. J. Cell Biol. 130, 105 (1995). 
16. k W. Murray, Methods Cell Biol. 36, 581 (1991). 
17. Cycling Xenopus egg extracts were prepared as de- 

scribed (16) and used fresh. Demembranated sperm 
nudei were prepared as described (19) and used at a 
final concentration of 400 heads/(~L Aphidicolin (Sig- 
ma) was added (final concentration of 10 d m l ) .  His- 
tone H1 kinase assays on egg exbaas were done as 
described (6. 16). Histone H1 phosphorylation was an- 

www.sciencemag.org SCIENCE VOL 283 5 FEBRUARY 1999 



R E P O R T S  

alyzed by a phosphoimager (Molecular Dynamics, Sun- 
nydale, CA) as described (6). To visualize asters, we 
placed extract in an FC-47 chamber [G. Sluder et al., 
Meth. Cell Biol. 61, 439 (1998)] and viewed it with a 
modified Zeiss ACM microscope (Zeiss) with polariza- 
tion optics and a charge-coupled device camera (Ham- 
mamatsu, East Bridgewater, NJ, or Dage-MTI, Michigan 
City, IL) at 20°C. Time-lapse video images were written 
directly t o  the hard drive of a PC, as described (6). Video 
sequence playback of aster doubling was done with 
Adobe Premiere Software (Mountain View, CA). 

18. 8. Ikegami, 8. Amemiya, M. Ouro, H. Nagano, Y. 
Mano, Nature 275, 458 (1978). 

19. M. Lohka and J. L. Maller, j. Cell Biol. 101, 518 (1985); 
J. J. Blow and R. A. Laskey, Cell 47, 577 (1986). 

20. E. H. Hinchcliffe, C. Li, E. A. Thompson, J. L. Maller, G. 
Sluder, data not shown. 

21. M. Dasso and J. W. Newport, Cell 61, 811 (1990). 
22. F. Tournier, M. Cyrklaff, E. Karsenti, M. Bornens, Proc. 

Natl. Acad. Sci. U.S.A. 88, 9929 (1991); R. Heald e t  
al., Nature 382, 420 (1996). 

23. G. Sluder and C. L. Rieder, j. Cell Biol. 100, 887 
(1985). 

24. J. Y. Su, R. E. Rempel, E. Erickson, J. L. Maller, Proc. 
Natl. Acad. Sci. U.S.A. 92, 10187 (1995). 

25. J. W. Harper and 8. J. Elldrege, Curr. Opin. Cen. Dev. 
6, 56 (1996). 

26. U. P. Strausfeld et al., J. Cell Sci. 109, 1555 (1996). 
27. Glutathione 8-transferase-tagged fusion proteins of 

134X ic l  and C-Xicl were prepared and purified as 
described (13, 24). Recombinant Xenopus Cdk2-E 
complex was expressed, purified, and tested for ki- 
nase activity in vitro as described (13, 24). 

28. lmmunofluorescence staining of Xenopus embryos 
was done as described (8), wi th  affinity-purified 
polyclonal antibody t o  cyclin E (9) and monoclonal 
antibodies t o  a tubulin or y tubulin (Sigma). Con- 
focal microscopy was performed on an MRC-600 
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Mycobacterium ulcerans is the causative agent of Buruli ulcer, a severe human 
skin disease that occurs primarily in Africa and Australia. Infection with M. 
ulcerans results in persistent severe necrosis without an acute inflammatory 
response. The presence of histopathological changes distant from the site of 
infection suggested that pathogenesis might be toxin mediated. A polyketide- 
derived macrolide designated mycolactone was isolated that causes cytopath- 
icity and cell cycle arrest in  cultured L929 murine fibroblasts. lntradermal 
inoculation of purified toxin into guinea pigs produced a lesion similar t o  that 
of Buruli ulcer in  humans. This toxin may represent one of a family of virulence 
factors associated with pathology in mycobacterial diseases such as leprosy and 
tuberculosis. 

Most pathogenic bacteria produce toxins that 
are important in disease. However, none has 
been identified for ~MJicobacterilrm tuberc~~losis 
and A41robncteri~ml lepme. The only mycobac- 
terial pathogen for which there is any evidence 
of toxin production is 1Wj.cobacteria ~rlcernns, 
the causative agent of Buruli ulcer. Although 
Buruli ulcer is little known outside the tropics, 
it recently has been recognized as an emerging 
infection in westein Africa (1). ~~vcobacterilrm 
~llcer-ans disease has several distinctive fea- 
tures. Infection results in progressive necrotic 
cutaneous lesions, which may persist for a de- 
cade if untreated and may extend to 15% of a 
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patient's skin surface. Despite extensive ne- 
crosis, lesions are painless, symptoms of sys- 
temic disease are absent, and there is little 
histological evidence of an initial acute in- 
flammatory response (2, 3). Finally, in con- 
trast to other pathogenic mycobacteria, which 
are facultative intracellular parasites of mac- 
rophages, 1M ~llcerans occurs in lesions pri- 
marily as extracellular microcolonies. 

A curious feature of Buiuli ulcer pathol- 
ogy is that organisms lie in a necrotic focus 
with the necrosis extending some distance 
from the site of bacterial colonization. This 
observation led to the hypothesis that 1W. 
~llcerans secreted a toxin (2). In 1974, Read 
et ill. reported that a sterile filtrate of hf. 
~rlcer~ans had a cytopathic effect on cultured 
nlurine fibroblasts (4). Early effoits to isolate 
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trate (8). The cytopathic effect of M ~llcerans 
or ASL on L929 murine fibroblasts was h r -  
ther characterized by showing that 1W. ulcer- 
ans or ASL arrested cells in the G,/G, stage 
of the cell cycle. In this paper, we report the 
purification of this toxin and present evidence 
for its role in the pathogenesis of Buruli ulcer. 

Initial attempts to obtain sufficient toxin 
from M. z~lcerans sterile filtrate for stsuctural 
analysis were fn~strated by low yield. To in- 
crease yield, we developed a method for isolat- 
ing toxin from intact bacteria (9). ASL were 
prepared from an extract of M ~llcerans con- 
taining chloroform and methanol (2 : 1) and 
were separated by thin-layer chromatography 
(TLC) on silica gel plates. Lipid bands were 
eluted from TLC plates and tested for cytopath- 
icity on L929 mouse fibroblast cells as de- 
scribed (8). Maximum toxic activity was asso- 
ciated with a light yellow, ultraviolet-active 
component (10) with a refractive index of 0.23 
in a solvent system containing chloroform, 
methanol, and water (90: 10: 1) (Fig. 1A). This 
compound was further purified by reversed- 
phase high-performance liquid chromatography 
and subjected to structural analysis. Mass spec- 
ha1 analysis of the toxln molecule wlder micro- 
spray conditions showed peaks at m/z 765 
(strong), 743 (weak), and 725 (medium) (Fig 
1B). Accurate mass meas~reinent of the peak at 
nl/z 765 (M+ + Na: C,,H,,O,Na, obseived 
765.4912; calculated 765.4912; error <0.1 
ppm) and the peak at nz/z 725 @--OH: 
C,,H,,O,, obseived 725.4988; calculated 
725.4987; error = 0.1 ppm) gave the formula 
C,,H,,O, for the compound. The compound 
was identified by hvo-dimensional nuclear 
magnetic resonance spechal analysis as a 
polyketide-denved 12-membered ilng macro- 
lide (Fig. 2) (11). The toxin was named myco- 
lactone to reflect its inycobacterial source and 

Microbiology, Colorado State ~ n i v e r s i t ~ , ' F o r t  Collins, this toxin were not successful (5, 6). More chemical structure. 
C0 80523-1677, USA. 3Abb0tt AbbOtt recently, Piinsler et a / .  (7)  reported that a To determine whether inycolactone was cy- 
Park, IL 60064, USA. 4 B o ~  H i l l  Hospital, Box Hill, 
Victoria 3128 Australia, 5National of Allergy sterile filtrate of kf. ~~lcerirns had iinmuno- topathic, we applied seiial dilutions of sterile 
and infectious ~ i ~ ~ ~ ~ ~ ~ ,  ~ ~ ~ i ~ ~ ~ l  institutes of ~ ~ ~ l ~ h ,  suppressive properties Earlier this year, we filtrate or mycolactone to an overnight culture 
Rockville, M D  20852, USA. reported cytotoxic activity associated with of L929 cells. Within 24 hours after addition of 
qo whom correspon~ence should be  addressed, E- acetone-soluble lipids (ASL) present in an mycolactone, the cells rounded up and by 48 
mail: psmall@nih.gov organic extract froin lil. trlcernns sterile fil- hours most cells lifted off the plate (Fig. 1C). 
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