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Splitting the Chromosome: Cutting the 

Ties That Bind Sister Chromatids 


Kim Nasmyth,* Jan-Michael Peters, Frank Uhlmann 

In eukaryotic cells, sister DNA molecules remain physically connected 
from their production at 5 phase until their separation during anaphase. 
This cohesion is essential for the separation of sister chromatids to  
opposite poles of the cell at mitosis. It also permits chromosome segre- 
gation to take place long after duplication has been completed. Recent 
work has identified a multisubunit complex called cohesin that is essential 
for connecting sisters. Proteolytic cleavage of one of cohesin's subunits 
may trigger sister separation at the onset of anaphase. 

Back t o  Basics: Chromosome 
Mechanics 
Instructions for the behavior of every cell 
in the bodies of worms, flies, and humans 
will soon reside in public databases for all 
to read. A complete set of such instructions, 
packaged as chromosomes, is inherited by 
most cells in our body. Because of this, 
many if not most somatic nuclei in mam- 
mals are totipotent; that is, they are capable 
of programming all of mammalian devel- 
opment when injected into enucleated eggs 
(I). The cloning of Dolly had dramatic prac- 
tical consequences, but its feasibility was 
never improbable on theoretical grounds. 
How cells inherit two complete packages of 
the genome at each cell division is one of the 
most fundamental questions in biology (Fig. 
1A). 

Recent studies of the chromosome cycle 
have concentrated on control mechanisms, 
such as the crucial part played by cyclin- 
dependent protein kinases in triggering 
chromosome duplication and segregation 
(2) and surveillance mechanisms (check- 
points) that monitor the fidelity of these 
two processes (3). This focus on "control" 
is, however, a recent phenomenon. Earlier 
studies, largely cytological in nature, con- 
centrated on the mechanics of chromosome 
segregation (4-7). What, for example, was 
"the nature of the initial act of doubling of 
the spireme thread (chromosome)" (5, p. 
109), and how were the sister threads 
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moved to opposite poles of the cell during 
mitosis? 

The elucidation of DNA's structure large- 
ly answered the first of these questions (8), 
and work on cytoskeletal proteins like tubulin 
and the spindle fibers assembled from it has 
gone a long way toward solving the mystery 
of chromosome movement. In contrast, until 
recently the mechanisms by which sister 
chromatids are tied together after chromo- 
some duplication and then separated at the 
metaphase-to-anaphase transition was largely 
neglected, despite being equally crucial for 
the mitotic process (9). 

Importance of Sister Cohesion 
The ability of eukaryotic cells to delay 
segregation of chromosomes until long af- 
ter their duplication distinguishes their cell 
cycle from that of bacteria, in which chro- 
mosome segregation starts soon after the 
initiation of DNA replication (10). This 
temporal separation forms the basis for the 
cell cycle's partition into four phases-G,, 
S, G,, and M-and it has played a central 
role in the evolution of eukaryotic organ- 
isms. Meiosis, during which two rounds of 
chromosome segregation follow a single 
round of duplication, requires separable S 
and M phases. Furthermore, mitotic chro- 
mosome condensation, without which large 
genomes cannot be partitioned between 
daughter cells at cell division, would not be 
possible if chromosome segregation coin- 
cided with DNA replication. A gap between 

and phases therefore made possible the 
evolution of large genomes. It is sister 
chromatid cohesion that permits chroma-
some segregation to take place long after 

duplication. Cohesion provides a memory 
of a duplication process that may have 
occurred long ago (up to 50 years in the 
case of human oocytes)-a memory that 
defines which chromatids within a nucleus 
are to be parted from each other at cell 
division. Were chromatids to drift apart 
before building a mitotic spindle, there 
would be no way for cells to determine 
whether chromatids were sisters (to be seg- 
regated to opposite poles) as opposed to 
being merely homologous chromosomes, a 
distinction that is crucial for all diploid 
organisms. 

The structures holding sister chromatids 
together are responsible for generating bi- 
laterally symmetrical chromosomes during 
mitotic divisions. The bilateral symmetry 
of chromosomes underlies the symmetry of 
the spindle apparatus and hence forms the 
basis for the exact and symmetrical parti- 
tion of chromosomes and the roughly equal 
partition of most other cell constituents at 
cell division. In addition, tying sister chro- 
matids together generates a centromere ge- 
ometry that favors the attachment of sister 
kinetochores to spindles that extend to op- 
posite poles. Only those kinetochore-spin- 
dle connections that result in tension are 
stabilized, which enables the chromosome 
alignment process to be proofread (11). 
Despite its importance, the mechanism by 
which sister chromatids are tied together is 
still poorly understood. 

Chromatid Separation Independent of  
the Spindle Apparatus 
The chromatid separation process has also 
remained mysterious. It is an autonomous 
process that does not directly depend on the 
mitotic spindle (5, 7). This is most vividly 
seen in cells whose spindles have been 
destroyed by spindle poisons such as col- 
chicine. In many organisms, in particular in 
plant cells, the cell cycle delay induced by 
colchicine is only transient, and chromatids 
eventually split apart in the complete ab- 
sence of a mitotic spindle (12, 13) (Fig. 2). 
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Mitosis in the presence of colchicine or 
colcemid (known as c-mitosis) leads to the 
production of daughter cells with twice the 
normal complement of chromosomes. This 
process is routinely used for manipulating 
plant genomes and may contribute to the 
therapeutic effects of Tax01 in treating 
breast cancer. 

A Tense Period in the Cell Cycle 
Changes in the interaction between sister 
chromatids, as opposed to changes in the 
activity of spindle fibers, are thought to 
trigger the sudden movement of chromatids 
to the poles at the metaphase-to-anaphase 
transition. Destroying the spindle fiber that 
connects a chromosome to one pole by 
using ultraviolet (14) or laser microbeams 
(15) causes the entire chromosome (i.e., 
both chromatids) to move rapidly to the 
opposite pole. The implication is that sister 
chromatid pairs on the metaphase plate are 
under tension. Sisters are being pulled 
away from each other by spindles attached 
to oppositely oriented sister kinetochores. 
The apparatus that will move chroinatids to 

Anaphase 

Sisters connected 
by cohesion 

Loss of cohesion 
disconnects sisters 

I Fie. 1. The meta~hase-to-ana~hase transition. 
(4 Light microg;aphs of mitohc figures in en- 
dosperm of the African blood lily Haemanthus 
katherinae Bak. Microtubules are stained in red 
and chromosomes in blue. In metaphase (left), 
centromere regions are aligned on the spindle 
equator, whereas in anaphase (right), the arms 
of separated sister chromatids trail behind cen- 
tromere regions, which move poleward. Bar, 10 
pm. [Reprinted from (97) with permission] (B) 
A model depicting how cohesion structures (red 
dots) physically connect sister chromatids 
(light blue) during metaphase. Cohesion antag- 
onizes the pulling forces exerted by spindle 
microtubules (green) on kinetochores (dark 
blue). During anaphase, loss of cohesion liber- 
ates sister chromatids for poleward movement. 

the poles during anaphase is therefore al- 
ready engaged during metaphase. Meta- 
phase is therefore viewed as a state of 
equilibrium in which traction exerted on 
kinetochores by spindle fibers is opposed 
by cohesion between sister chromatids 
(Fig. 1B) (7). 

Loss of sister chromatid cohesion would 
therefore be sufficient for the sudden 
movement of chromatids to opposite poles 
at the metaphase-to-anaphase transition. 
According to this hypothesis, a specific 
apparatus binds chromatids together during 
replication, holds them in an orientation 
that facilitates the attachment of sister ki- 
netochores to spindles extending to oppo- 
site poles, and resists the splitting force that 
results from this bipolar attachment to the 
spindle. Destruction of this specialized co- 
hesive structure triggers movement of chro- 
matids to opposite poles at the onset of 
anaphase. 

In the absence of molecular details, this 
notion has remained a working hypothesis 
only.. Indeed, until recently there has been 
little direct evidence that chromosome sep- 
aration is due to the loss of cohesion as 
opposed to the onset of chromatid repulsion 
(7,-16). An affinity between sister chroma- 
tids might be sufficient to resist their ten- 
dency to be split by spindle forces up to and 
during metaphase. Anaphase could be trig- 
gered by a repulsive force that overcomes 
the sister's "natural" affinity. The notion 
that the midzone of anaphase spindles [or 
Belar's Stemmkorper (1 7)] might exert this 

Fig. 2. Sister chroma- 
tid separation does 
not depend on the mi- 
totic spindle. Light mi- 
crographs of mitosis in 
living flattened en- 
dosperm from H. 
katherinae Bak treated 
with colchicine (c- 
mitosis). The micro- 
graphs were taken at 
10-min intervals. Bar, 
10 um. [Re~rinted 
from '(72) ~\ th '~ermiss ion]  

repulsion is now discredited, but unknown 
repulsive forces may yet lurk in the crev- 
ices between sisters. 

Ties That Bind Chromatids Together 
In many organisms, the regions around cen- 
tromeres have a special role in holding sister 
chromatids together during megphase. 
Flourescence in situ hybridization shows that 
most sister DNA sequences separate from 
each other (at least a short distance) soon 
after DNA replication (18). Nevertheless, sis- 
ter chromatids usually do not acquire mor- 
phologically separate axes until prometa- 
phase, well after the onset of chromosome 
condensation. Human chromosomes, for ex- 
ample, appear as undivided "sausages" dur- 
ing prophase even though they are already 
highly condensed (19) (Fig. 3A). When sister 
chromatid arms eventually emerge as sepa- 
rate entities during prometaphase, sister cen- 
tromeric sequences still hug each other in a 
compact embrace known as the central con- 
striction (Fig. 3, B and C). When late-mitotic 
events are inhibited by treatment with spindle 
poisons, separation of arm sequences contin- 
ues while that of centromeres is blocked (20). 
The consequence is sister chromatid pairs 
connected only at centromeres, which though 
an artefact of drug treatment, is a classic 
image of mitotic chromosomes. 

The robust cohesion at centromeres may 
be due more to their heterochromatic nature 
than to their ability to form attachments to 
the mitotic spindle. Other heterochromatic 
chromosome domains, like the entire Y 

Fig. 3. Chromosome arms begin to  separate in prometaphase. Scanning electron micrographs of 
human chromosomes isolated from cells in prophase (A), prometaphase (B), metaphase (C), and 
early anaphase [inset in (C)]. Bar, 1 pm. [Reprinted from (79) with permission] 
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chromosome in flies, also remain tightly 
stuck together during mitotic arrest (21). A 
relation between heterochromatin and 
stickiness is also seen during normal mito- 
ses. Human chromatid pairs move to the 
poles during anaphase with different kinet- 
ics, and the laggards are invariably chro- 
mosomes with the greatest amount of cen- 
tromeric heterochromatin (22). 

Despite the extra stickiness of centro- 
meres, it is often this region which splits first 
at the onset of a normal anaphase. Traction 
exerted at centromeres peels sisters apart, 
with distal regions of chromosome arms be- 
ing the last to separate (5, 20). In several 
organisms, including budding yeast (23,24), 
diatoms (25), and the crustacean Ulophysema 
oresundense (26), sister centromeres are 
pulled most of the way to the poles even 
during metaphase, long before arm sequences 
separate. In these organisms, it appears that 
loss of cohesion along chromosome arms and 
not at centromeres is what triggers anaphase 
(20). 

Despite these valuble insights, over a cen- 
tury of cytological observation has shed little 
light on the identity of the sister chromatid 
cohesion apparatus. In the absence of a bio- 
chemical approach, one way forward was 
inspired guesswork. Once it appeared likely 
that chromosomes contained one double- 
stranded DNA molecule, it was proposed that 
the central constriction might be due to the 
late replication of centromeric DNA. Howev- 
er, pulse-labeling experiments suggest that 

little or no DNA is replicated during mitosis 
(27). Another ingenious idea is that sister 
chromatids are held together by the intertwin- 
ing (catenation) of sister DNA molecules that 
arises when two replication forks converge 
(28). According to this notion, increased to- 
poisomerase I1 (Topo 11) activity triggers the 
final decatenation of sister DNA molecules at 
the onset of anaphase. Though Topo I1 is 

for mitotic divisions and is therefore un- 
likely to be a universal component of the 
cohesion apparatus. 

Genetic studies in yeast have meanwhile 
uncovered a multisubunit complex called co- 
hesin that is essential for sister chromatid 
cohesion not only in yeast (38) but also in 
vertebrates (39). An important breakthrough 
in the identification of cohesin was the dis- 

clearly essential to disentangle chromatids 
(29), there is evidence for an independent 

covery that proteolysis (40), mediated by a 
ubiquitin protein ligase responsible for de- 

cohesion apparatus. First, circular mini-chro- 
mosomes in yeast are held together in no- 

stroying mitotic cyclins (41, 42), is needed 
for sister chromatid separation. This ligase, 

codazole-treated cells without any inter- 
twining of sister molecules (30). Second, 

known as the anaphase-promoting complex 
(APC) or cyclosome (43), was initially 

centromeres (though not entire chromo- 
somes) disengage from each other and 

thought to mediate proteolysis of cohesion 
proteins. Its role in sister chromatid separa- 

move to the poles in the absence of any 
detectable Topo I1 activity in fission yeast 
(31). Third, addition of Topo I1 inhibitors 
to mammalian cells in metaphase fails to 
block separation of sister centromeres at 
the onset of anaphase (32, 33). 

tion turns out to be less direct; it in fact 
mediates destruction of an inhibitor of the 
sister-separating apparatus (44-47). Never- 
theless, the premise that the APC destroyed 
cohesion proteins provided a new impetus to 
the search for proteinaceous bridges connect- 
ing sister chromatids. Screens for mutations 
that permitted separation of sister chromatids 
in cells lacking APC activity have now iden- 
tified at least eight proteins essential for sister 
chromatid cohesion (38, 48-51). Remark- 

Cohesin and Its Friends 
Genetics is the method of last resort when 
other approaches reach their limits. The 
identification of mutants such as desynaptic 
in maize (34) and MeiS332 in Drosophila 
(35, 36), in which sister chromatids dis- 

ably, the function of all these proteins seem to 
be intimately connected (Fig. 4A). 

Four of these proteins, Smc 1, Smc3, Scc 1 
(also called Mcdl and Rad21), and Scc3, 

sociate prematurely during meiosis, provid- 
ed the first inkling that sister chromatid 
cohesion might be mediated by special 
proteins (37). Despite its important role 
during meiosis, MeiS332 is dispensable 

form a multisubunit complex called cohesin 
(38, 39). Indeed, McdlISccl was indepen- 
dently isolated as a dosage suppressor of an 
Smcl mutation (49). All four cohesin sub- 
units are required both for establishing cohe- 
sion during S phase and (at least in yeast) for 
maintaining it until the onset of anaphase. 
Two other proteins, Scc2 (Mis4) and Scc4, 
form a separate complex that is required for 
the association of cohesin with chromosomes 
(52). Cohesin binds to specific chromosomal 
loci (including centromeres) for much of in- 
terphase (53-53, but it can only establish 
cohesion between sister chromatids during 
DNA replication, possibly when sister DNA 

Fie. 4. Cohesin and A 
frEnds. (A) A model 
illustrating how yeast 
proteins required for 
cohesion connect sis- 
ter chromatids during 
DNA replication and 
maintain this associa- 
tion until the onset of 
anaphase. (B) Electron 
micrographs of ho- 
modimers of the Ba- 
cillus subtilis S M C  pro- 
tein. Three commonlv molecules emerge from replication forks 

(56). Establishment of sister cohesion is observed conform; 
tions are shown. Bar, therefore an integral part of S phase. 

Another protein, Spo76, is required for 20 nm. [Reprinted 
from (63) with per- 
mission] (C) A specu- 
lative model for how 
cohesin might join sis- 
ter chromatids to- 
gether, which is based 
on the premise that 
cohesin forms large 
supercoiled loops an- 
alogous to  those pro- 
posed for condensin 
(shown alongside). 

orderly sister chromatid cohesion in Sordaria 
(57), a genus of fungi. Spo76 has homologs 
in many organisms, called PdsS in budding 
yeast (58) and BimD in Aspergillus nidulans 
(59). It is not yet understood how Spo761Pds5 
cooperates with cohesin. In budding yeast a 
protein called Ecol or Ctf7 is essential for 
establishing cohesion during S phase but not 
for maintaining it during G, or M phases (38, 
51). Its fission yeast homolog Esol is also 
required for establishing sister chromatid co- 
hesion (60). Of all known cohesion proteins, 
the cohesin complex may lie at the heart-of 
the cohesion process because cleavage of one 

Cohesin 

www.sciencemag.org SCIENCE VOL 288 26 MAY 2000 



N U C L E A R  D Y N A M I C S  - 

of its subunits is essential for the separation might help link together equivalent coils from 
of sister chromatids, at least in yeast (61). each sister (Fig. 4C). An ability to coil chro- 
Xenopus cohesin is also needed for proper mosomes would explain how cohesin con- 
sister chromatid cohesion (39). Nevertheless, 
it is still uncertain how, or indeed whether, 
cohesin holds sisters together during meta- 
phase in animal cells, as most of it dissociates 
from chromosomes by prometaphase (39). It 
is therefore possible that other important 
players remain to be identified. 

Two cohesin subunits, Smcl and Smc3, 
are members of a large family of related 
proteins whose evolution predates the split 
between eukaryotes and bacteria (62). All 

tributes to chromosome compaction (49). 
In animal cells, condensin binds to chro- 

mosomes at about the same time that most 
cohesin dissociates from them (39), between 
prophase and prometaphase. It is possible 
that condensin's ability to condense chromo- 
somes as cells enter mitosis depends on the 
prior dissociation of most cohesin. The con- 
nections between sister DNA molecules 
might otherwise interfere with the locally 
processive coiling of each chromatid on it- 

Smc proteins have related globular domains self. Cohesin could also contribute to chro- 
at their NH,- and COOH-termini, joined by mosome compaction during interphase and 
two long stretches of a-helical coiled-coil, early stages of mitosis by providing longitu- 
which are linked by a central flexible hinge. dinal links along chromatids as well as hori- 
Bacterial Smc proteins form antiparallel ho- 
modimers whose terminal globular domains 
are proposed to form an active adenosine 
triphosphatase (ATPase). The flexibility of 
the hinge region allows the Smc homodimer 
to adopt either a V or a linear shape (Fig. 4B) 
(63). It remains to be seen whether cohesin 
contains an Smc lISmc3 heterodimer or Smc 1 
and Smc3 homodimers. 

Little is known about the properties of 
cohesin in vitro, except that fragments from 
the COOH-terminal domain of Smc3 and its 
coiled-coil region can bind DNA (64). Smcl 
and Smc3 belong to a subfamily of eukary- 
otic Smc proteins, which includes Smc2 and 
Smc4. The latter two proteins are compo- 
nents of the condensin complex, which is 
necessary for mitotic chromosome condensa- 
tion (65-67). Condensin possesses ATPase 
activity and is capable of forming large su- 
percoiled loops by introducing a global pos- 
itive writhe (68). These positive supercoils 
might be the driving force for mitotic chro- 
mosome condensation. The presence of a pair 
of Smc proteins in both condensin and cohe- 
sin suggests that these two complexes might 
have similar although not identical activities. 
Cohesin might, for example, introduce large 
constrained supercoils, like those produced 
by condensin, at equivalent positions on each 
sister chromatid. The Sccl subunit of cohesin 

Fig. 5. The APC-separin pathwa . Metaphase Y A model illustrating how A P C ~ ~ ~  O 

initiates anaphase through the ac- 
tivation of separin and subsequent 
cleavage of a cohesin subunit. 

zontal ones between sisters (49). 

Securin: A Protein Whose Destruction 
by the APC Controls Sister Chromatid 
Separation 
Destruction of mitotic cyclins occurs at or 
shortly before sister chromatid separation but 
is not required for this process (40, 69). The 
discovery that the ubiquitin protein ligase 
responsible for destroying cyclins was also 
required for separating sister chromatids (41) 
led to a hunt for other APC targets whose 
destruction might be necessary for sister sep- 
aration. Two candidates soon emerged: Pdsl 
from budding yeast and Cut2 from fission 
yeast. Destruction of Pdsl and Cut2 proteins 
at the onset of anaphase depends on APC and 
is essential for sister chromatid separation 
(44-46). Although these two proteins have 
rather dissimilar primary sequences, it ap- 
pears that they are members of a class of 
anaphase-inhibitory proteins existing in all 
eukaryotes and now called securins because 
of their role in controlling the onset of sister 
separation (Fig. 5). 

The human securin protein (70) is over- 
produced in many tumor cells (71) and is 
thought to be an oncogene (72). Increased 
securin levels might cause missegregation of 
chromosomes and thereby facilitate genome 
instability. A possible candidate for the se- 

Anaphase 

curin homolog in Drosophila is the pimples 
protein, which like yeast and vertebrate se- 
curins is destroyed at the metaphase-to-an- 
aphase transition (73). In budding yeast, Pdsl 
is only essential for proliferation at high tem- 
peratures (74), and its elimination permits 
sister separation in the absence of APC ac- 
tivity (44, 47). So, destruction of securin 
might be the APC's sole role in the triggering 
of sister separation, at least in yeast. 

Separin: An Endopeptidase Necessary 
for Separating Chromatids? 
The budding yeast securin has what appears to 
be a single stable partner, a 180-kD protein 
called Espl (47). In fission yeast, Cut2 had 
previously been found to be associated with 
Cutl, an Espl homolog (75). Vertebrate se- 
curins are likewise associated with an Espl 
homolog (70). EsplICutl-like proteins, now 
known as separins, are found in most if not all 
eukaryotes. They are usually large proteins, 
with molecular sizes from 180 to 200 kD, con- 
taining a conserved COOH-terminal "separin" 
domain. In budding yeast (47, 76), fission yeast 
(79,  and Aspergillus (77), separins are essen- 
tial for sister chromatid separation. Despite fail- 
ing to separate sister chromatids, separin mu- 
tants proceed with most if not all other aspects 
of the cell cycle. It has been proposed that 
separins are dedicated "sister-separating" pro- 
teins whose activity is held in check by their 
association with securins. According to this hy- 
pothesis, the APC mediates sister chromatid 
separation by liberating separin from its inhib- 
itory embrace by securin (Fig. 5) (47). 

A clue to the mechanism by which separin 
splits sister chromatids was the observation that 
in budding yeast (contrary to most other eu- 
katyotic cells) most Sccl remains bound to 
chromosomes until the metaphase-to-anaphase 
transition (48). The dissociation of Sccl from 
chromosomes at the onset of anaphase depends 
on separin (47) and is accompanied by the 
proteolytic cleavage of Sccl, both in vivo and 
in vitro (61). Separin induces Sccl cleavage at 
two related sites, each with an arginine in the P1 
position. Mutation of either arginine to aspartic 
acid abolishes cleavage at that site but is not 
lethal to the cell. However, simultaneous muta- 
tion of both sites is lethal and prevents both 
sister chromatid separation and Sccl's dissoci- 
ation from chromosomes (61). Similar potential 
cleavage sites are found in Rad21, the fission 
yeast Sccl homolog, and their simultaneous 
(but not single) mutation also blocks chromo- 
some segregation (78). Cleavage of cohesin's 
Sccl subunit might therefore be a conserved 
feature of sister chromatid separation, at least in 
fungi (Fig. 5). 

With the recent addition of several other 
separins to the databases, the conserved ami- 
no acid residues within the separin domain 
have been identified. They include a univer- 
sally conserved histidine and cysteine resi- 
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due, which is a hallmark of cysteine endopep- 
tidases (79). The sequences flanking these 
two residues are characteristic of cysteine 
endopeptidases of the CD subclass, which 
includes caspases, legumains, and two bacte- 
rial proteases, gingipain and clostripain, (80). 
Thus, separin might indeed be the protease 
that cleaves Sccl. Whether cohesin's Sccl 
subunit is the sole target of separin is pres- 
ently unclear but certainly possible, for the 
only other yeast protein to contain good 
matches to the SccllRad21 consensus is 
Rec8, a related protein that replaces Sccl in 
the cohesin complex during meiosis (81). It 
will be crucial to address whether cleavage of 
Sccl alone is sufficient to trigger anaphase in 
yeast and whether sister separation in animal 
and plant cells also depends on cleavage of 
cohesion proteins. 

The proposed COOH-terminal catalytic 
domain of separin depends (at least for in 
vivo activity) on a long NH,-terminal do- 
main, which is bound by its inhibitory securin 
chaperone (82). Securin must do more than 
just inhibit separin, because sister separation 
fails to occur in cut2 (75) and pimples (73) 
mutants and is inefficient in pdsl securin 
mutants (47). Securin might either target se- 
parin to its future sites of action in the cell or 
help separin adopt a potentially active con- 
formation, which is only unleashed on the 
cell when securins are destroyed by the APC. 

Cutting the Gordian Knot 
Could proteolytic cleavage of a cohesin sub- 
unit really be a universal trigger for sister 
separation? If so, how does one explain the 
dissociation of the bulk of cohesin from chro- 
mosomes during prometaphase in organisms 
other than yeast (39)? In vertebrates, this 
process clearly occurs in the absence of APC 
activity and is therefore presumably not due 
to separin activity (83). The implication is 
that two separate pathways must exist for 
removing cohesin from chromosomes: one, 
thus far detected only in yeast, involving 
Sccl cleavage at the metaphase-to-anaphase 
transition; and a second, possibly absent in 
yeast, that removes cohesin from chromo- 
somes during prometaphase in the absence of 
cleavage (Fig. 6). It is of course possible that 
Sccl is simply not cleaved at all by separin in 
animal cells and that some as yet unidentified 
cohesion protein that does indeed persist on 
chromosomes until metaphase is separin's 
true target. Given the conservation of cell 
cycle mechanisms, it seems more likely that 
eukaryotic cells in fact possess both the 
cleavage and noncleavage cohesin-removal 
pathways and that separin's target is a resid- 
ual amount of Sccl associated with meta- 

human cells, and a similar fraction of Sccl is 
cleaved around anaphase (84). Let us there- 
fore explore this working hypothesis further, 
bearing in mind that what applies to cohesin 
could equally apply to other as yet unidenti- 
fied cohesion proteins. 

The noncleavage pathway would remove 
most cohesin during prophaselprometaphase 
by an as yet obscure mechanism. This path- 
way could involve phosphorylation of a co- 
hesin subunit by mitotic protein kinases, be- 
cause vertebrate cohesins rebind to chromatin 
in telophase when mitotic kinases are inacti- 
vated and chromosomes decondense (39). 
The dissociation of cohesin from chromatin 
during prophase coincides with, but does not 
depend on, the association of condensin with 
chkmosomes. This first phase of cohesin 
removal may be crucial (possibly along with 
the arrival of condensin) for the initial split- 
ting of chromosomes into two morphologi- 
cally separable chromatids. 

Although it commences during prophase, 
the noncleavage pathway possibly does not 
complete its task before separins are activated 

mutants lacking either the APC activator 
FizzyICdc20 (21) or the putative securin pim- 
ples (Fig. 6B) (73). 

According to our hypothesis, something 
prevents the full removal of cohesin from 
heterochromatic regions, including all centro- 
meres, where the interface between sister 
chromatids during metaphase is far more ex- 
tensive than dong chromosome arms (85, 
86). The final disentanglement of sister chro- 
matids can only be achieved by cleavage of 
the "gordian knot" by separin. If as proposed 
by this hypothesis, cleavage of Sccl-like pro- 
teins is crucial for the final act of sister 
separation in all eukaryotic cells, this Achil- 
les heal of the cohesion system deserves a 
nobler name ("gordin," for example) than the 
current ragbag of three-letter words inherited 
from different organisms. It is currently un- 
clear what property of heterochromatin might 
protect cohesin (or other cohesion proteins 
for that matter) from the noncleavage disso- 
ciation pathway during metaphase. It is pos- 
sible that the fairly widespread pathological 
phenomenon of premature centromere divi- 

after congression of all chromatid pairs to the sion (87), which is thought to cause aneuploi- 
metaphase plate. This would explain why dy and is found in patients with Roberts 
cohesion between chromosome arms is the syndrome (88), might be caused by centro- 
last to be peeled away during undisturbed meric cohesion becoming susceptible to the 
mitoses and why arm cohesion appears to be 
sufficient for orderly chromosome segrega- 
tion when centromeric cohesion has been de- 
stroyed by a laser beam (20). Nevertheless, 
given sufficient time, the noncleavage path- 
way is capable of removing all cohesin from 
chromosome arms, which explains why sister 
chromatid arms fully separate whereas cen- 
tromeres remain connected in cells tr6ated 
with spindle poisons (13) or in Drosophila 

Prophase 
pathway 

-? 

I a: 
Prophase 

Anaphase 
pathway 

Fig. 6. (A) A two-step model for the 
sequential loss of sister chromatid co- 
hesion in animal cells. The bulk of 
cohesion proteins may be removed 
from condensing chromosomes during 
prophase by a separin-independent 
pathway, which might involve mitotic 
kinases such as Cdkl, Polo, and Auro- 
ra. Activation of the separin pathway 
then initiates anaphase by cleaving 
residual cohesion proteins that remain 
on chron)osomes, in particular at cen- 
tromeres. (B to D) Mitotic chromo- 
somes from wild-type Drosophila cells 
(B) and pimples mutant cells after one 
(C) and two (D) rounds of re-replica- 
tion after possible failure of the sepa- 

Anaphase rin pathway. [Reprinted from (73) 
with permission] Chromatids of auto- 
somes are held together solely in peri- 

Metaphase 

noncleavage pathway. 

Controlled Cutting 
As Mazia noted in 1961, "metaphase strikes 
us as an interruption of the flow of events, 
during which the mitotic apparatus is waiting 
for something to happen" and that "chromo- 
some splitting can be viewed as an event 
timed by a signal given by the cell and one 
that that does not depend on the mitotic ap- 

phase chromosomes, in particular in centro- 
meric regions. Consistent with this hypothe- 
sis, a small fraction of cohesin remains asso- 
ciated with metaphase chromosomes in 
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paratus" (7,p. 233). Mazia's "signal" is pre- 
sumably the liberation of separin from its 
inhibition by securin. If so, what initiates this 
process? Time-lapse photography of mitosis 
supplied the answer: "Chromosomes that 
have already reached the equator wait for 
chromosomes delayed at one pole" (i.e., 
those that have not yet formed bipolar attach- 
ments to the spindle) "and only when the 
metaphase plate contains all the chromo- 
somes does anaphase begin" (7, p. 268). This 
is a fairly clear description written over 40 
years ago of the chromosome-alignment sur- 
veillance mechanism, which is also called the 
spindle assembly checkpoint (89). In most, 
but not all, eukaryotic cells, unaligned or 
lagging chromosomes transmit a signal by 
way of the protein Mad2, which inhibits the 
APC and its activator protein Cdc2O and 
thereby prevents the proteolysis of both B- 
type cyclins and securins. It is the block to 
securin destruction that prevents Scc 1 cleav- 
age and thereby sister chromatid separation 
(Fig. 5) (90). 

The Mad2 pathway is thought to be 
essential for regulating mitosis in somatic 
cells of many organisms. In its absence, 
chromatin bridges, lagging chromosomes, 
and chromosome fragmentation are ob-
served during anaphase (91). Most tumor 
cells are highly aneuploid and moreover 
have unstable karyotypes, which might be 
caused by defects in the Mad2 pathway 
(92). Nevertheless, destruction of securin 
by the APC is tightly regulated by mecha- 
nisms that are independent of Mad2. These 
involve the accumulation of Cdc20 protein 
only as cells enter mitosis (93, 94) and 
phosphorylation of APC by mitotic kinases, 
which enables the complex to respond to 
Cdc20 (95, 96). Strikingly, sister chromatid 
separation remains tightly regulated in bud- 
ding yeast mutants lacking securin (90), 
suggesting that other mechanisms regulate 
cleavage of Scc 1. 

Summary 
The veil of mystery surrounding the sister 
separation process for over a century is final- 
ly lifting. There is now convincing evidence 
that the sudden movement of chromosomes 
to the poles at the onset of anaphase is trig- 
gered by cleavage of specific sister chromatid 
cohesion proteins. Future research must ad- 
dress the structural basis of cohesion and how 
it is established only at replication forks. It 
must also address the generality of mecha- 
nisms that dismantle cohesion at the met- 
aphase-to-anaphase transition and how mis- 
takes in this process contribute to human 
disease. 
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