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Organelle transport by myosin-V is down-regulated during mitosis, presumably 
by myosin-V phosphorylation. We used mass spectrometry phosphopeptide 
mapping t o  show that the tai l  of myosin-V was phosphorylated in mitotic 
Xenopus egg extract on a single serine residue localized in  the carboxyl-terminal 
organelle-binding domain. Phosphorylation resulted in the release of the motor 
from the organelle. The phosphorylation site matched the consensus sequence 
of calcium/calmodulin-dependent protein kinase II (CaMKII), and inhibitors of 
CaMKll prevented myosin-V release. The modulation of cargo binding by phos- 
phorylation is likely t o  represent a general mechanism regulating organelle 
transport by myosin-V. 

The partitioning and transport of organelles 
in eukaryotic cells is achieved by the regu- 
lated action of motor proteins that bind to 
organelles and transport them along microtu- 
bules and actin filaments to ensure proper 
localization in the cell. During mitosis, move- 
ment of cytoplasmic organelles usually ceas- 
es, preventing the interference of organelles 
with components of the cell-division machin- 
ery and ensuring stochastic partitioning of 
multicopy organelles between daughter cells 
(I). Xenopus melanophores provide a conve- 
nient system to study the regulation of or- 
ganelle transport. The concerted efforts of 
two microtubule motors, kinesin-I1 and cyto- 
plasmic dynein, and an actin motor, myosin- 
V, achieve movement of pigment organelles 
(melanosomes) in melanophores (2-4). Be-
cause melanosomes do not respond to hor- 
monal signals during mitosis, activity of 
these motors may be down-regulated during 
cell division (5). Whereas the regulation of 
microtubule motors in the cell cycle has been 
documented in other cell types (6, 7), the 
melanophore system can be used for analysis 
of the regulation of myosin-based organelle 
transport. Myosin-V-driven transport of 
melanosomes is inhibited by their incubation 
in mitotic, but not interphase, Xenopus egg 
extract because of the dissociation of the 
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motor from the surface of melanosomes (8). 
Myosin-V could be regulated in the cell cycle 
through the modification of its COOH-termi- 
nal tail domain, a part of the motor that is 
involved in cargo binding (9, 10). 

To test whether the COOH-terminal glob- 
ular domain of myosin-V tail (MGT) was 
sufficient for melanosome binding, we trans- 
fected melanophores with a construct encod- 
ing myc epitope-tagged MGT (amino acids 
1443 to 1853 of mouse dilute myosin-Va) in 
the plasmid pcDNA3 (11). Melanosomes 
from transfected cultures were purified and 
probed for bound myc-MGT. Myc-MGT in- 
deed bound to melanosomes (Fig. 1A). To 
determine whether the binding of myc-MGT 
was cell cycle-regulated in the same way as 
the binding of the endogenous motor, we 
treated melanosomes from transfected cul-
tures with Xenopus egg extracts as previously 
described (8). Both endogenous, full-length 
myosin-V and mouse myc-MGT were re-
leased from melanosomes after treatment 
with mitotic but not with interphase extract 
(Fig. 1, A and B). Thus, myosin-V release 
was determined by the modification of its 
COOH-terminal globular domain and did not 
require the presence of other parts of the 
molecule. In addition, mouse MGT accurate- 
ly reproduced the behavior of endogenous, 
full-length myosin-V from Xenopus and 
could be used to study myosin-V regulation. 

The release of myosin-V from melano- 
somes by mitotic extract correlates with its 
phosphorylation (8); therefore, MGT should 
contain the phosphorylation site. To test this 
hypothesis, we expressed MGT in Escherichia 
coli as a fusion protein with glutathione S-
transferase (GST). The recombinant protein 

was bound to glutathione-agarose beads (12); 
beads with fusion protein were incubated in 
extracts supplemented with [y-32P]adenosine 
5'-triphosphate (ATP) (13). After incubation, 
MGT was cleaved from GST with thrombin 
and analyzed by SDS-polyacrylamide gel elec- 
trophoresis (PAGE) and autoradiography. 
MGT was heavily phosphorylated in mitotic 
but not interphase extracts (Fig. 2A). Thus, the 
phosphorylation of myosin-V tail likely in- 
duced its dissociation from organelles. 

We used recombinant MGT phosphoryl- 
ated by mitotic extracts to map the site of 
phosphorylation with a multidimensional 
mass spectrometry-based strategy (14). 
Tryptic digests of MGT treated with mitotic 
and interphase egg extracts were analyzed for 
phosphopeptide content by online liquid 
chromatography-electrospray mass spec-
trometry, monitoring for the highly diagnos- 
tic phosphopeptide marker ion mass-to-
charge ratio (mlz) 79 (PO,-) (IS). A compar- 
ison of the marker ion trace for the mitotic 
and interphase MGT samples (Fig. 2B) 
showed an increase in the level of phospho- 
rylation present in a cluster of three chro- 
matographic peaks (labeled 7 to 9 in Fig. 2B). 
We used matrix-assisted laser desorptionlion- 
ization-post source decay (MALDI-PSD) 
(16) to show that these peaks contained a 
phosphopeptide of mass 1920.9 daltons, 
which corresponded to an MGT tryptic pep- 
tide, TSSIADEGTYTLDSILR (17), plus 1 
mol of phosphate. To define the location of 
the modified residue from among the seven 
potential phosphorylation sites, we se-
quenced the 1920.9-dalton peptide in each of 
the three fractions (18) using nanoelectro- 
spray tandem mass spectrometry (MSIMS). 
Sequence data from all three fractions 
showed that the phosphorylation site is locat- 
ed within the first three residues of each 
peptide (corresponding to ~ h r ' ~ ~ ' ,  Ser'649, 
and Ser'650 in full-length mouse myosin-Va); 
however, we were unable to assign the spe- 
cific site of modification for any of them. The 
MSMS spectrum of the peptide from the 
most abundant fraction (fraction 8) contained 
some evidence to suggest that the major site 
of phosphorylation is Ser16'0 (Fig. 2C). To 
rule out the possibility that we had over-
looked additional phosphorylated sequences 
in fractions 7 to 9, we combined the fractions 
and analyzed them by nanoelectrospray MS 
with a precursor ion scan of mlz 79 (18). No 
other sequences were detected, which con-
firmed that a single peptide was selectively 
phosphorylated in mitotic extracts. 

To unambiguously localize the site(s) of 
phosphorylation, we generated seven mutant 
versions of MGT with all possible single, 
double, and triple substitutions of serine and 
threonine in positions 1648 to 1650 to ala- 
nine, and we compared the phosphorylation 
of mutant and wild-type proteins in mitotic 
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Fig. 1. Mouse MGT binds to Xenopus melano- 
somes and dissociates in mitotic egg extract. 
(A) MGT is dissociated from melanosomes in 
mitotic extract. Western blotting was done 
with the antibody to myc 1-9E10.2. MGT 
bound to melanosomes (C) and was retained 
after treatment with interphase egg extract (I) 
but was released after treatment with mitotic 
extract (M). (B) Myosin-V is dissociated from 
melanosomes in mitotic extract. Western blot- 
ting was done with polyclonal antibody DIL-2 
against myosin-V (8). Melanosomes (C), mela- 
nosomes treated with mitotic egg extract (M), 
and melanosomes treated with interphase egg 
extract ( I )  are shown. 

extracts (11). Only the mutation in position 
1650 affected phosphorylation (Fig. 2D). 
Hence, a protein kinase(s) in mitotic extract 
selectively phosphorylated MGT at Ser'6so. 

Mapping of the mitotic phosphorylation site 
allowed us to test whether phosphorylation in- 
deed releases mvosin-V from melanosomes. If 
phosphorylation regulates binding, the substitu- 
tion in MGT (MGT-Serl65OAla) should create 
a protein that binds to melanosomes but cannot 
be phosphorylated and released by mitotic ex- 
tracts. On the other hand, replacement with 
negatively charged glutamic acid should mimic 
the phosphorylated state, and MGT canying 
this substitution should be unable to bind to 
melanosomes. 

Constructs encoding the mutant or wild- 
type forms of myc-MGT were expressed in 
melanophores, melanosomes were purified 
and incubated in mitotic extracts, and binding 
to melanosomes and release was analyzed by 
Western blotting (8). The results of this ex- 
periment demonstrate that both wild-type and 
Serl65OAla forms of MGT bound to mela- 
nosomes. However, unlike the wild-type pro- 
tein, MGT-Serl650Ala did not dissociate 
from organelles in mitotic extracts (Fig. 3A). 
Conversely, MGT-Serl650Glu could not 
bind to melanosomes. 

If the phosphorylation of myosin-V gov- 
ems organelle binding, what kinase or phos- 
phatase is responsible for this regulation? 
Two obvious candidates for this phosphoryl- 
ation are p34(Cdc2) and Plxl, two protein 
kinases that are known to be up-regulated 
during mitosis (19,20). Both of these kinases 
phosphorylate recombinant myc-MGT in 
vitro. However, they phosphorylate MGT- 

I '  . 
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Fig. 2. Mitotic phosphorylation of Ser1650 of myosin-V and phosphopeptide analysis. (A) Phospho- 
rylation of recombinant MGT in Xenopus egg extracts. MCT purified on glutathione agarose beads 
(72) was phosphorylated in mitotic extract (M) but not in interphase egg extract (I). (B) 
Phosphopeptide-selective liquid chromatography electrospray-MS analysis (74) of MCT treated 
with mitotic (top) or interphase (bottom) egg extract (37). SDS-PACE bands were excised and 
digested in situ with trypsin. Tryptic digests of each sample were fractionated by reverse phase 
HPLC. The column flow was split 10:1, with 3.6 pVmin being collected as fractions and 0.4 pVmin 
sent to the mass spectrometer, which was operated in the negative ion mode and optimized to 
detect the phosphate-specific marker ion, m/z 79 (PO;), produced by collision-induced dissocia- 
tion (CID) in the ion source of the mass spectrometer. Fractions 7 to 9 were analyzed by 
MALDI-PSD and were found to each contain a phosphopeptide of mass 1920.9. Under PSD 
conditions, phosphopeptides Lose H3P04 from phospho-serine and -threonine side chains and HPO, 
from phosphotyrosine side chains to produce intense-98 daltons and [M+H] -80 daltons fragment 
ions. Thus, phosphopeptides can be easily distinguished from nonphosphorylated peptides, which 
do not fragment to produce these ions (76). (C) CID product ion spectrum of the 1920.9-dalton 
phosphopeptide from fraction 8. The y,-ion series shows that residues 1651 to 1664 are not 
phospho lated. A weak b, series is present, showing a b, ion corresponding to unmodified Thr16- '2' and Ser' 49. All subsequent b, ions (b, to b1J are shifted in mass by 80 daltons. For the sake of 
clarity, not all ions are labeled on the spectrum. The actual sequence coverage is indicated on the 
peptide sequence. Nomenclature is after Biemann (34). (D) Localization of the phosphorylation site 
by mutagenesis in positions 1648 through 1650. The Ser or Thr residues at  positions 1648 through 
1650 were mutated to Ala. Amino acid sequences in positions 1648 to 1650 corresponding to 
wild-type, single, double, or triple alanine substitutions (77) are shown above each lane. 

Ser1650Ala to the same extent as wild-type 
MGT. Because MGT-Serl650Ala was not 
phosphorylated in mitotic egg extracts, nei- 
ther p34(Cdc2) nor Plxl are likely to be 
involved in myosin-V regulation. On the oth- 
er hand, the mitotic phosphorylation site in 
MGT (R-T-S-S) matches the consensus se- 
quence for calcium/calmodulin-dependent 
protein kinase I1 (CaMKII) (R-X-X-SIT) (17, 
21). CaMKII has also been known to copu- 
rify with myosin-V during biochemical frac- 
tionation and binds to its tail domain (22). 
Thus, CaMKII may be responsible for the 
phosphorylation of myosin-V and the regula- 
tion of its binding to organelles. To test this, 

we first determined whether SerIh5' was a 
site for CaMKII phosphorylation. Wild-type 
MGT was indeed phosphorylated by purified 
brain CaMKII, whereas the SerIh5' -* Ala 
replacement abolished the phosphorylation 
(Fig. 3B). Therefore, SerlhsO is the only site 
accessible for CaMKII in MGT. Although 
both Thrlh4* and SerIh5' fit the CaMKII con- 
sensus site, only SerIh5' was actually phos- 
phorylated by the kinase. 

Phosphorylation of the regulatory site on 
MGT by CaMKII strongly suggested that it 
may be responsible for myosin-V phospho- 
rylation and release. We tested whether 
CaMKIl inhibition prevented release of my- 
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Fig. 3. Phosphorylation regulates binding and release during mitosis. (A) Melanosome binding of 
MCT, MGT-Serl650Ala, and MCT-Serl650Clu. Melanophores were transfected with the following 
constructs (35): wild-type myc-MCT, myc-MGT-Serl650Ala, or myc-MCT-Serl650Clu. Melano- 
somes were purified (36), incubated with Xenopus egg extracts, repurified, and subjected to 
Western blotting. Wild-type and mutant proteins are Listed above each pair of lanes, and the 
treatment with either mitotic (M) or interphase (I) egg extract is listed below. (8) Autoradiography 
of an in vitro kinase assay. Purified mouse brain CaMKll phosphorylates wild-type MCT but not 
MGT-Serl650Ala. (C) Inhibitors of CaMKll prevent the release of endogenous myosin-V from 
melanosomes in mitotic egg extract. As previously shown, mitotic egg extract (M) dissociated 
myosin-V from melanosornes, whereas interphase egg extract (I) did not. AIP (10 FM) or 
5,s'-dibromo-BAPTA (10 mM) prevented myosin-V release from the melanosome surface when 
added to mitotic egg extract. 

osin-V by mitotic extracts. The treatment of pigment cells. First, although the sequence of 
mitotic extracts with CaMKII inhibitors, the Xenopza myosin-V is not yet known, conser- 
calcium chelator 5,5'-dibromo-l,2-bis(2- vation of the CaMKII site described here in 
aminophenoxy)ethane-N,N,N1. N'-tetraacetic all three forms (a, b, and c) of myosin-V in all 
acid (BAPTA) or the highly specific peptide 
inhibitor autocamtide-2-related inhibitory pep- 
tide (AIP) (23), strongly inhibited release (Fig. 
3C). These inhibitors did not affect HI kinase 
activity of mitotic extracts and therefore did not 
prevent release by converting mitotic extracts to 
an interphase state. Thus, CaMKII was respon- 
sible for the regulation of myosin-V binding to 
organelles. Consistent with this idea, we found 
that activity of CaMKlI toward a specific pep- 
tide substrate (SignaTECT-CaMKII assay sys- 

vertebrates suggests a universal mechanism 
of regulation. Second, myosin-V and 
CaMKII copurify in vitro (22). Third, these 
two proteins are often found together in vivo. 
For example, in neurons they are found in 
postsynaptic densities (26) and on synaptic 
vesicles (27, 28). It is possible that CaMKll 
regulates myosin-V functions in neurons with 
the same basic mechanism that is described 
here for pigment cells. 

and Xho I restriction sites of pcDNA3 (Invitrogen. 
Carlsbad. CA). The sequences were confirmed by 
direct DNA sequencing. 

12. The plasmid pCEX-41-2-myc-MCT encodes the myc- 
epitope tag and the last 410 amino acids of mouse 
myosin-Va (dilute), fused to the COOH-terminus of 
CST. It was constructed from the vector pCEX-41-2 
(Pharmacia, Piscataway, NJ). Wild-type and mutant 
myc-MCT in pCEX-4T-2 were expressed in E. coli 
BLZl(DE3) (Life Technologies. Grand Island. NY) and 
purified by the batch procedure on glutathone-agarose 
beads (Sigma). Bacterial pellets were resuspended in 
CST buffer [phosphate-buffered saline (PBS). 5 mM 
dithiothreitol pH 7.01 and supplemented with 1% Tri- 
ton X-100 and protease inhibitors (10 pglml each 
chymostatin, leupeptin, and pepstatin) before lysis in a 
French press at 7600 kPa. Lysates were clarified by 
centrifugation at 16,OCOg for 10 min. Supernatants 
were applied to 1 ml of preswelled glutathione-agarose 
beads for 1 hour at 4°C while rotating. Beads were 
washed first in 10 resin volumes of lysis buffer, followed 
by 10 volumes of CST buffer plus 300 mM NaCI, and 
finally in 10 volumes of CST buffer. 

13. Half a milligram of CST-myc-MCT bound to glu- 
tathione-agarose beads was labeled in 100 p l  of 
either mitotic or interphase Xenopus egg extracts 
supplemented with 20 pCi of [Y-~~P]ATP (ICN. 
Costa Mesa. CA) for 30 min. Beads were then 
washed in CST buffer. GST buffer plus 300 mM 
NaCI, and then with CST buffer again. Beads were 
resuspended in 100 p l  of PBS, and 40 p g  of throm- 
bin was allowed to cleave MCT from the CST for 1 
hour at 37°C. After digestion, beads were pelleted 
in a table-top centrifuge and discarded. Then. 20 pI 
of Sx Laemmli sample buffer was added to the 
supernatant, boiled for 3 min, and analyzed by 
SDS-PACE and autoradiography. 
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tracts. The involvement of CaMKII in the 
mitotic regulation of myosin-V is also consis- 
tent with the fact that its activation is required 
for mitotic progression in cultured cells (24) 
and that the level of free Ca2+ in frog-egg 
extracts is sufficient for the activation of 
CaMKll (25). 

The phosphorylation of myosin-V tail by 
CaMKII regulates its binding to melano- 
somes in Xenopzrs melanophores, explaining 
cell cycle-dependent inhibition of organelle 
transport on actin filaments. However, we 
believe that tail phosphorylation may be a 
common mechanism regulating organelle 
transport by myosin-V in vertebrate cells 
rather than a peculiar feature of Xenopzrs 

. , 
4. 5. L. Rogers, V. I. Celfand, Curr. Biol. 8. 161 (1998). 
5. S. M. Starodubov, V. A. Colichenkov, Ontogenez 19. 

279 (1988). 
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(1996). 
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9. N. L. Catlett, L. 5. Weisman, Proc. Natl. Acad. Sci. 

U.S.A. 95, 14799 (1998). 
10. X. Wu et al., J. Cell Biol. 143, 1899 (1998). 
11. DNA encoding the globular tail of mouse myosin-Va 

(MCT) was amplified from the construct pCMV2- 
FLAG-MC-ST (70) by the overlap extension polymer- 
ase chain reaction (PCR) technique (29. 30). Primers 
for the PCR reaction included the sequence encoding 
the myc-epitope tag. The PCR product was intro- 
duced into the multiple cloning site of the vector 
pCEX-4T-2 between the Bam HI and Xho I restriction 
sites. The plasmid pcDNA3-myc-MCT, which allows 
for eukaryotic cell expression, was created by ligation 
of the myc-MCT PCR product between the Bam HI 

. . ,  
31. Coomassie-blue-stained SDS-PACE bands from 

mitotic and interphase MCT were excised, reduced. 
alkylated, and digested with trypsin in situ as 
described (32). Each sample was analyzed for phos- 
phopeptide content by a modification of the mul- 
tidimensional MS-based phosphopeptide mapping 
procedure reported in (14. 15.33). To enhance the 
sensitivity of the previously reported method, we 
used a microcapillary PepMap C18 high-perfor- 
mance liquid chromatography (HPLC) column 
(with a 180-pm inside diameter) flowing at 4 
pllmin and a modified PerkinElmer Sciex API Ill+ 
triple quadrupole mass spectrometer equipped 
with a micro-ionspray source. The HPLC flow was 
split post column with 0.4 pllmin directed into the 
mass spectrometer and the remaining 3.6 pllmin 
manually collected into chilled PCR tubes for fur- 
ther analysis. The MS was operated in a single ion 
monitoring mode for optimal sensitivity. Phos- 
phopeptides were identified in selected fractions 
by MALDI-PSD analysis (16) on a Micromass Tof- 
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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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