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Spec SE mass spectrometer. Single-segment PSD spec- 
tra were recorded on isolated peptide [M+H]- ions. 
Phosphopeptides were sequenced (78) by nanoelectro- 
spray MS/MS on a Micromass Q-ToF. Precursor Ion 
spectra formlz 79 (74, 78) were recorded on a modified 
Sciex API Ill+ triple quadrupole mass spectrometer 
equipped with a nanospray source. 

32. J. L. Joyal e t  al . , J. Biol. Chem. 272, 15419 (1997). 
33 R Verma et a i .  Science 278, 455 (1997). 

34. K. Biemann, Methods Enzymol. 193, 886 (1990) 
35, Immortalized Xenopus melanophores were cultured 

as descr~bed (36). For In VIVO binding and release 
experiments, eight 100-mm plates of melanophores 
per treatment were each transfected by electropora- 
tion with 10 pg of pcDNA3-myc-MGT or Ser'h5u 
mutants of this construct. Transiently transfected 
cells were allowed to express protein for 48 hours 
before harvest. 

Cohesin Cleavage by Separase 
Required for Anaphase and 
Cytokinesis in Human Cells 
Silke Hauf, Irene C. Waizenegger, Jan-Michael Peters* 

Cell division depends on the separation of sister chromatids in anaphase. In 
yeast, sister separation is initiated by cleavage of cohesin by the protease 
separase. In vertebrates, most cohesin is removed from chromosome arms by 
a cleavage-independent mechanism. Only residual amounts of cohesin are 
cleaved at  the onset of anaphase, coinciding with its disappearance from 
centromeres. We have identified two  separase cleavage sites in  the human 
cohesin subunit SCCl and have conditionally expressed noncleavable SCCl 
mutants i n  human cells. Our results indicate that cohesin cleavage by separase 
is essential for sister chromatid separation and for the completion of 
cytokinesis. 

In eukaryotes, replicated DN.4 molecules re- 
main attached to each other until the onset of 
anaphase. This sister chromatid cohesion de- 
pends on a protein complex called cohesin 
!1 ) .  In yeast. sister chromatid separation is 
initiated b> cleavage of cohesin's subunit 
SccIp'McdIp by the protease separase (-7. 3). 
This reaction removes cohesin from chromo- 
somes and may directly dissolve cohesion 
between sister chromat~ds. 111 metaphase. 
separase 1s activated by the anaphase-promot- 
irlg con~plex or cyclosome (APC). \vhich me- 
diates the ubiquitin-dependent proteolysis of 
the separase inhibitor becurin (4-9). 

In 1,ertebrates. cohesin is removed from 
cl~romosoniec in t v o  steps. During prophase 
and prometaphase. the bulk of cohesin disso- 
ciates from the arms of condensing chromo- 
somes ( 1 0 )  by a mechanism that depends 
neither on the APC-separase pathway nor on 
cleavage of the human ortholog of Scclp 
Mcdlp. SCCI ( II ) .  A small amount of cohe- 
sin remains in centroineric regions until 
metaphase and is removed from chromo-
somes only at the onset of anaphase (9 ) .  In 
spread chron~osomes from HeLa cells arrest- 
ed in a preanaphase state. the absence of 
SCCl staining on chromatid arms correlates 
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with the lack of arm cohes~or~ A and(Fig. I .  
B). supporting the notion that loss of cohesin 
is required for sister chromatid separation. 
The disappearance of residual amounts of 
SCCl staining from centromeres coincides 
with the .4PC- and separase-dependent cleav- 
age of a small amount of SCCI (9).I t  is 
unknown, however, if this cleavage reaction. 
which affects maximally IO"O of the total 
cellular cohesin. is required for anaphase. 

To analyze the role of SCCl clealage in 
human cells. \ve Identified hvo cleavage sites in 
SCC 1 .  To map the NH,-terminal site. \ve gen- 
erated a seriei of in vitro-translated NH,- and 
COOH-terminal truncation mutants of SCC 1 
and compared their electrophoretic mobilities to 
those of the COOH- and NH,-tenninal in vivo 
cleavage products. respectively (Fig. I C). 
These analyses suggested that amino acid resi- 
dues 168 to 182 contain the NH,-terminal 
cleavage site. Comparison of this region with 
the recognition site consensus of yeast separase 
(-7, 12. 13 )  suggested that human SCCl is 
cleaved after ,4rg1" (Fig, ID). The analysis of 
recombinant versions of SCC 1 containing small 
deletions or point mutations in this region con- 
fimied this hypothesis (Fig. IE).  The same 
stratea was used to identify .4rg4'" as the 
COOH-telmlnal SCC l ~ l e a \  age slte (Fig I ,  D 
and E) ( l 4 )  MutatLon of both sites abolished 
SCCl cleavage by separase in vitro (Fig. 1F). 
C01npa"on of these sites with known separase 
cleavage sites in budding and fission yeast (2.  

36 	 8 L. Rogers et a / . .  Proc. Nati. Acad. Sci U.S.A. 94. 
3720 (1997). 
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12, 13) y~elds glutamate-X-X-arg~nlne as the 
consensus for the sequence preceding the sc~s- 
sile peptide bond (F&. ID). In yeast. Cdc5p 
kinase mediates phosphorylation of serine res- 
idues at the Ph positions preceding the clea~.age 
sites in Scclp!Mcdlp. which enhances cleav- 
age ( 1 5 )  In the NH2-tenn~nal clea\age slte of 
human SCC 1. t h ~ s  positlon is occup~ed by an 
aspartate residue. suggesting that separase pre- 
fers acidic residues at the P6 position. 

LVe generated stable human HeLa cell 
lines in which physiologic amounts of wild- 
type or cleal age-site mutants of myc-tagged 
SCCl are expressed upon addltlon of doxy- 
cqcline (Fig 2A) (16) Cell lines expressmg 
noncleax able SCC 1 prol~ferated more slo\x ly 
than did lines expressing the wild-type or 
single-site mutants (14).  Transgene expres- 
slon \x as rap~dlq lost after expression of non- 
cleal able SCC 1 (Fig 2B) ind~cat~ng that the 
mod~fied SCCl Interferes w ~ t h  proliferation 
411 SCC 1 mutants \x ere Incorporated ~ n t o  14s  
cohesln complexei (Fig 2C) ( 1 4 )  and 
shomed nuclear locallzat~on in interphase 
(Flg 3H). iinplylng that they acted as func- 
tional cohesln subun~ts Fluorescence mlcros- 
cop) of m ~ t o t ~ c  cells (Fig 2D) and Incubation 
of chromat~n fract~ons in ~ n e ~ o t i c  Gnoyuc 
egg extracts (Flg 2E) In u h ~ c h  the APC- 
separase pathhay is ~ n a c t n e  ( I 1  1 7 )  sug-
gested that the bulk of all SCCI mutants call 
be d~ssoc~atedfrom chromosomes b\ the 
prophase pathhay, further demonstrat~ng that 
t h ~ rpathuay does not depend on SCC1 cleal -
age 4nalqs1s of SCCl cleavage In m~totic 
Xpnop11~extracts uslng chrolnatln from the 
d~fferent HeLa cell llnes as substrate con-
filmed that the d~fferent SCCl mutants are 
nonclealable at e~ther  the NH2- or the 
COOH-termma1 71te or at both (Fig 2F) 

Immunofluorescence microscopy suggest-
ed that most cells expressing wild-type SCC 1 
completed mitosis and cytokinesis normally 
(Fig. 3A), whereas multiple mitotic abnor- 
malities were seen in cells expressing non- 
cleavable SCCl (Fig. 3B). In the latter cells, 
the cleavage furro\v had often begun to in- 
gress although anaphase had not occurred; 
1.e.. the chromoso~nes remained at the spindle 
equator. In these cases. the cleaxage furrow 
appeared to constrict the chromosolne mass 
randomly in either a symmetric or an asym- 
metric manner (Fig. 3B). resembling the cut 
phenotype in fission yeast mutants defective 
in anaphase (18). No cyclin B staining could 
be obsen-ed in the human cells attempting 
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Fig. 1. (A and B) Localization of SCCI-myc on 
chromosomes of nocodazole-arrested cells. HeLa 
SCCI-myc cells were spread onto slides, extracted 
prior to fixation, and stained with antibody to myc 
(anti-myc; red), CREST serum (green), and 4l.6'- 
diamidino-2-phenylindole (DAPI; blue) (76). (C) 
Mapping of SCCI cleavage sites. In vitro tran- 
scribed and translated NH,- or COOH-terminally 
truncated versions of human SCCI were analyzed 
side by side with SCCI cleaved in vivo (anaphase 
xt) by immunoblotting (76). Arrows indicate the in 
vivo cleavage products. The arrowhead marks full- 
length SCCI. Faster migrating bands in the right 
panel might result from internal translational 
starts or precocious translational stops. (D) Com- 
parison of the two cleavage recognition sites of 
human SCCI with putative (Mm. Xl. Dm) and with 
published (Sc, Sp) cleavage recognition sites in 
other species, leading to a minimal consensus se- 
quence. An arrow indicates the peptide bond 
cleaved by separase (25). (E) SCCI mutants with 
either point mutations or small deletions were in 
vitro transcribed and translated, and analyzed for 
their cleavability by incubation with activated 
separase as in (F) (76). (F) Activated separase was 
incubated with in vitro transcribed and translated 
wild-type SCCI-myc or with the NC mutant (in- 
put). At indicated time points, samples were taken 
and analyzed by immunoblotting with anti-myc. 
Arrows indicate both cleavage products of wild- 
type SCCI-myc. 

Fig. 2. Characterization of HeLa cell lines inducibly 
expressin the wild-type (WT) or mutant forms e (mtN. mt . mtNC; Fig. 1E) of SCCI-myc. (A) Expres- 
sion levels after 3 days of induction. SCCI immu- 
noblot of whole-cell extracts (9). Cell lines are 
indicated on top; numbers specify different clones 
expressing the same construct. Tagged exogenous 
SCCl (ex) can be separated from endogenous 
SCCI (end.) because of its higher molecular mass. 
Loading control: anti-proteasome immunoblot 
(prot) (9). (B) Expression levels after different 
times of induction. Western blot of whole-cell 
extracts prepared at the indicated time points after 
induction. Loading control: anti-a-tubulin immu- 
noblot (tub). (C) Sucrose density gradient centrif- 
ugation of cell extracts (16). Exogenous SCCI sed- 
iments with 145 indicating that it is incorporated 
into 145 cohesin complexes. (D) Fluorescence mi- 
croscopy of cell line mtNC-2 (16). Cells were 
stained with anti-myc, DNA was counterstained 
with DAPI. Cells in prophase, prometaphase, and 
metaphase are shown. Bar, 5 km. (E) In vitro 
dissociation assay. Crude chromatin pellets from 
logarithmically growing Hela cell lines were incu- 
bated in interphase (inter) or CSF Xenopus egg 
extract (7 7) for the indicated periods of time. DNA 
was reisolated through a sucrose cushion and im- 
munoblotted for topoisomerase II (topoll) and 
SCCI. (F) In vitro cleavage assay. Crude chromatin 
pellets from nocodazole-arrested Hela cell lines 
were incubated in inter hase (inter) or mitotic 
xenopus egg extract (x./.J(g). Samples were tab 
at the indicated time points and analyzed by im- 
munoblotting with anti-myc Arrows mark mitosis- 
specific SCCI cleavage products. 
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cytokinesis in the absence o f  anaphase (14), 
implying that the APC and therefore presum- 
ably also separase had been activated. The 
Aurora-B kinase relocates from centromeres 
to the spindle midzone around the same time 
as SCC 1 is cleaved (Fig. 3C) (1 9). Aurora-B 
could also be detected at the spindle midzone 
in  cells that failed to separate their chroma- 
tids due to uncleavable SCCl (Fig. 3, D and 
E), suggesting that Aurora-B relocation does 
not depend on chromatid separation. In addi- 
tion, anaphase bridges were frequently ob- 
served i n  cells expressing noncleavable 
SCCl, but a significant fraction o f  cells also 
appeared to undergo anaphase normally (Fig. 
3F). I t  is possible that cells undergoing a 
normal anaphase expressed less noncleavable 
SCCl than did cells showing anaphase de- 
fects. Inspection o f  cells expressing SCCl 
mutants that can only be cleaved at either one 
o f  the two cleavage sites revealed an increase 
in the frequency o f  cells with anaphase bridg- 
es, but no cells with the cut phenotype could 
be observed (Fig. 3F). 

In interphase cells expressing noncleavable 

SCC1, micronuclei, enlarged nuclei, and multi- 
ple nuclei were fkquently observed (Fig. 3G). 
Fluorescence-activated cell sorting (FACS) (1 6) 
revealed that exuression o f  noncleavable SCC 1 
coincided with a pronounced increase in aneu- 
ploid cells, representing, in  some samples, 30% 
of  all transgeneexpressing cells (Fig. 3H). To 
analyze how cells with these phenotypes arise, 
we analyzed cells expressing SCCl mutants and 
a green fluorescent protein (GFP)-tagged ver- 
sion o f  histone H2B (20) by video microscopy 
(16). Expression o f  wild-type SCCl did not 
interfere with mitotic progression, whereas cells 
expressing noncleavable SCCl initiated cytoki- 
nesis without segregating chromosomes (Fig. 4, 
A and B) (16). The latter cells stretched chro- 
mosomes toward the opposite poles o f  the 
cleaving cell and partially constricted the chro- 
mosomes by the ingressing cleavage furrow, 
causing the cut phenotype seen in fixed cells 
(Fig. 3B). Eventually, the cleavage furrow re- 
gressed, and the cells entered interphase without 
completing cytokinesis, often containing an en- 
larged and irregularly shaped nucleus (Fig. 4B). 

To examine the karyotype of these cells, we 
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induced expression of noncleavable SCCl for 3 
days to allow on average one round o f  mitosis in 
the presence of noncleavable cohesin, then add- 
ed colchicine to accumulate cells in the subse- 
quent mitosis and analyzed chromosome 
spreads by microscopy (16). Many spreads con- 
tained diplochromosomes in which two pairs of 
sister chromatids were aligned in parallel, rem- 
iniscent o f  the chromosomes observed in Dro- 
sophila mutants defective in anaphase (21). 
Such karyotypes were infrequent in  spreads 
from cells expressing wild-type SCCl or single- 
site cleavage SCCl mutants (Fig. 4C) (14). 
These observations suggest that cells expressing 
noncleavable SCCl reenter interphase with sis- 

mm_c.v*kc rn &*1.2 d no. 

nrw-i. a 0 no. 

Y1 6.3% 

PI 

Fig 3. Phenotype of Hela cells expressing nonclewable SCC1-myc (A) Normal mitoses in cells that 
expressed SCC1-myc WT (two left nels) or SCC1-myc mtc (right panel). Cells were stained with 
anti-myc (green and DAPI (blue) 0. Bar, 5 ym. (B) Abnormal mitoses in cells that expressed 
hSCC1-myc mtJc. Same staining as in (A). Bar, 5 pn. (C through E) Cells expressing hSCC1-m c WT 
(C) or hSCCl-myc mtNc (D and E) were extracted prior to fixation and costained for Aurora-B L n )  
and hSCC1-myc (red). DNA was stained with DAPI (blue). Bar, 5 ym. (F) Morphology of cells undergoing 
cytokinesis determined 3 days after induction. Cells undergoing cytokinesis and expressing wild-type or 
mutant versions of SCC1-myc were classified as follows: (normal) normal anaphase or telophase, 
[bridge(s)llagging chr.] cells in anaphase or telophase that showed either chromatin bridges or lagging 
chromosomes, (cut) cells undergoing cytokinesis without having separated their chromatin, (multipolar) 
multipolar anaphases or telophases. The total number (tot. no.) of cells counted for each cell line is 
indicated. Upper panel: DNA stained with DAPI. Lower panel: DNA in blue, SCC1-myc in green. Bar, 5 
ym. (G) Morphology of interphase nudei determined 5 to 7 days after induction. The total number (tot. 
no.) of cells counted for each cell line is indicated. Upper panel: DNA stained with DAPI. Lower panel: 
DNA in blue, a-tubulin in red, and SCC1-myc in green. Bar, 10 Fm. (H) FACS analysis of DNA content. 
Cells were stained for SCC1-rnyc (myc) and DNA (propidiumiodide, PI). Only cells gated for in the dot 
plot are shown in the histogram panel The percentage of hypodiploid (MI) or hyperdiploid (MZ) cells 
is indicated. 

Fig. 4. Cells exhibiting a "cut" phenotype even- 
tually fail to undergo cytokinesis, and diplochro- 
mosomes are present after 3 days of induction. 
Video microscopy of cells expressing wild-type 
(A) or nonclewable (8) SCC1-myc (76). Cell lines 
WT-1 and mtNC-1 were stably transfected with 
HZB-GFP (20) to visualize DNA. Cells were in- 
duced to express SCC1-myc for 2 days before 
analysis. Selected pictures taken at the indicated 
time point. (hours:min) are shown (representa- 
tive of three recordings). Nomarski is shown in 
red, overlayed by HZB-GFP in green. (C) Chromo- 
some spread of cells expressing noncleavable 
SCC1-myc Cell line mtNC-1 was induced to ex- 
press SCC1-myc for 3 days. Mitotic cells were 
harvested after 2 hours treatment with cokhi- 
cine, incubated in hypotonic solution, fixed, and 
spread. Coverslips were stained with Giemsa. Of 
the spreads in this preparation, 5.4% showed 
several diplochromosomes (compared to none in 
cell line WT-2). 
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ter chromatids still connected. These cells nev- 
ertheless re-replicate their DNA, resulting in the 
formation of diplochromosomes in the subse- 
quent mitosis (Fig. 4C). Repeated cycles of 
abortive mitosis and DNA re-replication may 
cause formation of the polyploid or multinucle- 
ate cells observed by FACS and microscopy 
(Fig. 3). Paradoxically, spread diplochromo- 
somes typically appeared as pairs of chromo- 
somes whose centromeric regions were not con- 
nected (Fig. 4C). Their nonrandom parallel ori- 
entation on the coverslips can only be explained, 
however, by assuming that all four chromatids 
had been connected by cohesion prior to the 
hypotonic spreading procedure. 

Our results suggest that cohesin cleavage is 
essential for sister chromatid separation and cy- 
tokinesis, even though only a minor amount of 
SCCl is cleaved in mitosis (9). It is therefore 
likely that the anaphase defects of cells in which 
separase activity is compromised by securin 
overexpression or deletion are similarly caused 
by defects in SCCl cleavage (22, 23). Because 
SCCl cleavage coincides with the disappear- 
ance of cohesin from centromeres (9), SCCl 
cleavage may preferentially dissolve cohesion at 
centromeres. It is possible that the cytokinesis 
defects induced by noncleavable cohesin are 
caused by a mechanical inability of the cleavage 
furrow to cut through chromosomes remaining 
in the fivrow plane. Alternatively, it is conceiv- 
able that a surveillance mechanism prevents cy- 
tokinesis in the presence of unseparated sister 
chromatids. 

Our observations also support the notion that 
sister separation is essential neither for cyclin B 
destruction and exit from mitosis nor for DNA 
re-replication in the next cell cycle (2, 4 4 ,  
21) -and is also not necessary for relocaliza- 
tion of Aurora-B from centromeres to the spin- 
dle midzone. Naturally occurring defects in 
separase activation and SCCl cleavage would 
therefore not simply block cell cycle progres- 
sion, but could instead cause chromosome non- 
disjunction events that could subsequently cause 
continued chromosomal instability by initiating 
chromosome breakage-fusion-bridge cycles 
(24). It will therefore be of interest to determine 
if defects in separase regulation contribute to the 
genomic instability observed in human tumors. 
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Vascular Abnormalities and 

Deregulation of VEGF in 


Lkbl-Deficient Mice 
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The LKB7 tumor suppressor gene, mutated in  Peutz-Jeghers syndrome, encodes 
a serinelthreonine kinase of unknown function. Here we show that mice wi th  
a targeted disruption of Lkb7 die at midgestation, wi th  the embryos showing 
neural tube defects, mesenchymal cell death, and vascular abnormalities. Ex- 
traembryonic development was also severely affected; the mutant placentas 
exhibited defective labyrinth layer development and the fetal vessels failed t o  
invade the placenta. These phenotypes were associated w i th  tissue-specific 
deregulation of vascular endothelial growth factor (VECF)expression, including 
a marked increase in the amount of VECF messenger RNA. Moreover, VEGF 
production in cultured Lkb7-'- fibroblasts was elevated in both normoxic and 
hypoxic conditions. These findings place Lkb7 in the VEGF signaling pathway 
and suggest that the vascular defects accompanying Lkbl loss are mediated at 
least in  part by VEGF. 

Germ line mutations of the LKBl gene cause 
Peutz-Jeghers syndrome, which is character- 
ized by gastrointestinal polyposis, abnormal 
melanin pigmentation, and increased risk of 
cancer (I). The Lkbl gene encodes a serinel 
threonine kinase of unknown function with 
no identified in vivo substrates and a ubiqui- 
tous expression pattern during mouse devel- 
opment (2). To study the function of Lkbl, 

'Molecular and Cancer Biology Program, Haartman 
Institute and Biomedicum Helsinki, Post Office Box 
63, University of Helsinki, Helsinki 00014, Finland. 
2Department of Anatomy and Cell Biology, Univer. 

sity of  Bergen N-5009 Bergen, Norway, 3Helsinki 
~ ~ i v e r s i t v  iaboratorv biannostics, central  H o s ~ i t a l  

we generated Lkbl-deficient mice. 
Two independent gene-targeting strategies 

were used to functionally disrupt Lkhl in the 
murine germ line (3, 4). In Lkhl heterozygous 
(Lkblt'-) intercrosses, both Lkbl'" (n = 87) 
and Lkblt'- (n = 177) animals were observed 
at expected frequencies, whereas no Lkbl-'- 
animals were obtained. Analysis of Lkbl-'- 
embryos throughout embryonic development 
revealed no abnormalities before embryonic day 
7.5 (E7.5), and most embryos appeared to de- -. 

velop normally up to ~ g , ~ ~ ~ M a c r o s c o p i canaly-
sis Lkbl-'- E8.25 revealed 
lnultiple abnormalities, including a failure of the 
embrvo to turn. a defect in neural tube closure. 
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Texas Southwestern Medical Center, Dallas, TX 
75235-9133. USA. 	 after El  1 .O, indicating that Lkbl is essential for 


embryonic development'

*These authors contributed equally t o  this work. 

tTo whom corresoondence should be addressed. E- Whole-~nount in situ hybridization was used 

mail: tomi.makelabhelsinki.fi to study the integrity of various developmental 


:iencemag.org SCIENCE VOL 293 17 AUGUST 2001 	 1323 


