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All organisms must correctly copy and equally distribute
their genetic information each and every time a new cell
is created. In eukaryotic cells, this action involves many
different coordinated processes, including DNA replica-
tion, kinetochore and spindle formation, and chromo-
some cohesion. If errors occur in chromosome segrega-
tion, a chromosome may be lost or gained, resulting in
an aneuploid cell. Aneuploidy is associated with cancer
in humans, as well as a variety of developmental disor-
ders including Downs syndrome. Because all organisms
require the faithful transmission of their genetic infor-
mation, many of these processes and proteins are evolu-
tionarily conserved. Thus, gaining a basic understanding
of the basic mechanisms that contribute to the accurate
segregation of chromosomes is essential for understand-
ing the underlying cause of some human diseases.

The kinetochore is a complex multiprotein structure
that forms at centromeres (for recent reviews, see
McAinsh et al. 2003; Meraldi et al. 2006). The basic func-
tion of the kinetochore is to attach chromosomes to mi-
crotubules. Once attached, microtubules can then pull
chromosomes to opposite spindle poles, thus enabling
the physical separation of chromosomes into two cells.
Kinetochores can consist of 70 proteins or more, which
are often divided up into three layers: inner, central, and
outer. The inner proteins are associated with the DNA
and are linked to the outer layer by the central layer. The
outer kinetochore proteins attach to microtubules and
associate with several checkpoint proteins that monitor
various aspects of kinetochore and spindle formation.

Accurate attachment of kinetochores to microtubules
is referred to as amphitelic attachment and refers spe-
cifically to the case in which one sister kinetochore is
attached to microtubules emanating from one spindle
pole and the second sister kinetochore is attached to mi-
crotubules from the other spindle pole (Fig. 1A). This
situation is often referred to as biorientation. In some
cases, the attachment between kinetochores and micro-
tubules can be defective. The attachment can be mono-
oriented, meaning that microtubules from only one of
the two poles are involved in the attachment. There are

two different cases of this: syntelic and monotelic. In
syntelic attachment, both sister kinetochores are at-
tached to microtubules from the same pole (Fig. 1B). In
monotelic attachment, one of the kinetochores may be
attached to microtubules from one pole and the other
kinetochore is unattached (Fig. 1C). In a merotelic at-
tachment, one kinetochore may be attached to microtu-
bules from both poles. This occurs in organisms that
have multiple microtubules attached to a single kineto-
chore. Defects in kinetochore attachment may lead to
the activation of the spindle checkpoint.

All eukaryotic cells studied to date have a mitotic
spindle checkpoint. This refers to the fact that defects in
the mitotic spindle trigger a cascade of events that lead
to cell cycle delay or arrest. Defects that activate the
checkpoint likely include both (1) a lack of kinetochore–
microtubule attachment and (2) a lack of tension be-
tween sister kinetochores (Fig. 1D; for a recent review,
see Pinsky and Biggins 2005). Despite ongoing debate,
there is a good body of evidence accumulating that lack
of tension can trigger the spindle checkpoint in budding
yeast. The protein with the best evidence of being in-
volved in tension sensing is Aurora kinase B, or Ipl1 in
budding yeast (Biggins and Murray 2001; Stern and Mur-
ray 2001).

In the presence of functional Ipl1, defective kineto-
chore–microtubule attachments are detached, presum-
ably to allow for an increased chance at forming correct
attachments (Tanaka et al. 2002; Pinsky et al. 2006). An
Ipl1 mutant (ipl1-321) displays 85% chromosome mis-
segregation following a G1 arrest (Biggins et al. 1999).
These missegregation events in many cases appear to be
due to syntelic attachments since sister chromatids are
observed segregating to the same spindle pole (Biggins et
al. 1999; Tanaka et al. 2002). Since syntelic attachments
do not generate tension, this Ipl1 mutant will lack ten-
sion.

In mitotic rat PtK cells, the kinetochore is attached to
an average of 24 microtubules each and in grasshopper
spermatocytes, the average is 32 (McEwen et al. 1997;
King and Nicklas 2000). The situation in budding yeast
is considerably simpler. Each kinetochore attaches to a
single microtubule (Winey et al. 1995). Thus, each ki-
netochore exists in one of two states, attached or unat-
tached, and there can be no partial microtubule occu-
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pancy that could generate “degrees” of tension or attach-
ment. This makes budding yeast an ideal simplified
model for the study of kinetochores and microtubules.

Since tension implies two opposing forces, how would
a lack of tension be generated? In the case of the mitotic
spindle checkpoint, there is the activity that keeps sister
chromatids together and the activity that pulls them
apart. The force that keeps sister chromatids together is
chromosome cohesion, as mediated by the cohesin com-
plex. In fact, there is an intense region of association of
this complex at pericentric domains that spans 20–50 kb
that is needed for accurate segregation of sister chroma-
tids in yeast (Blat and Kleckner 1999; Megee et al. 1999;
Tanaka et al. 1999; Glynn et al. 2004; Lengronne et al.
2004; Weber et al. 2004). The force that pulls sister chro-
matids apart is their attachment to the plus end of mi-
crotubules via the kinetochore.

The cohesin complex itself is composed of four sub-
units: Smc1, Smc3, Scc1/Mcd1, and Scc3. The Smc pro-
teins (structural maintenance of chromosomes) contain
intramolecular coiled-coils that form a V shape with
sides that are 50 nm long (Anderson et al. 2002; Haering
et al. 2002). The folding of the coils brings the N and C
termini together, and these domains are held together by
Scc1/Mcd1. Scc3 binds to Scc1/Mcd1. Together these
subunits appear to form a ring structure (Haering et al.
2002). Cleavage of the Scc1/Mcd1 subunit by the prote-
ase separase allows the ring to come apart (Uhlmann et
al. 1999).

The exact nature of how the complex holds sisters
together is a matter of debate. The nature of the inter-
action of the complex with chromatin becomes espe-
cially relevant at centromeric regions. While one model
contends that the complex forms a ring that embraces
two sister chromatids (Haering et al. 2002; Gruber et al.
2003), this model is difficult to reconcile with the obser-
vation that centromeres appear to go through cycles of
separation and rejoining during metaphase that do not

require cohesin proteolysis, and the distance of their
separation (up to 0.8 µm) is too great for the embrace
model to accommodate (Fig. 2A; He et al. 2000). Alter-
nate proposals for the structure of cohesin have been
made that can account for the separation of centromeres,
including individual rings around each chromatid that
can interact and come apart (Fig. 2B; Milutinovich and
Koshland 2003; Losada and Hirano 2005), or even a con-
version of intersister complexes to intrasister complexes
at pericentric regions (Fig. 2C; Bloom et al. 2006).

In this issue of Genes and Development, Eckert et al.
(2007) provide evidence that the inner kinetochore, in
particular the centromere-specific histone H3 variant
Cse4, is necessary to recruit the cohesin complex to peri-
centric domains in response to a lack of tension. In pre-
vious work, (Weber et al. 2004) a second inner kineto-
chore protein, Ndc10, was also shown to be required to
enhance pericentric cohesin association in the absence
of tension. In another study, (Collins et al. 2006) a mu-
tation in Cse4 (cse4-353) was found to result in a sister
kinetochore biorientation defect, but cohesin levels at
the centromere were not affected. However, this particu-
lar Cse4 mutant does not locate to centromeres, and the
experiment was done in a manner such that wild-type
Cse4 may still be present at centromeres and kineto-
chores are somewhat intact albeit defective, arguing that
the enhancer effect of the inner kinetochore occurs in
cis, as was suggested by an earlier study (Weber et al.
2004).

Eckert et al. (2007) also propose that the association of
cohesin at pericentric regions is in equilibrium with dis-
association caused by the tension exerted on bioriented

Figure 1. Kinetochore–microtubule attachments. Chromo-
somes are shown in blue, centromeres in yellow, microtubules
in black, and spindle poles in green. (A) Amphitelic attachment:
Each kinetochore is attached to microtubules from opposing
spindle poles. (B) Syntelic attachment: Both sister kinetochores
are attached to microtubules from the same spindle pole. (C)
Monotelic attachment: One kinetochore is attached to a micro-
tubule from a spindle pole and the other kinetochore is not
attached to a microubule. (D) Activation of the spindle check-
point can occur via a tension defect or an attachment defect.

Figure 2. The cohesin complex and sister centromere separa-
tion. DNA is shown in blue; centromeres are indicated in yel-
low. (A) Sister centromeres in metaphase have been observed to
separate up to 0.8 µm before reuniting. This occurs in the ab-
sence of cohesin proteolysis (He et al. 2000). In contrast, sites in
chromosome arms remain joined. Microtubules are shown in
black and spindle poles in green. (B) If sister chromosomes are
cohesed by two cohesin rings (red circles) that interact, these
protein–protein interactions may be transiently dissociated by
the pulling force of the microtubules in the neighborhood of
centromeric chromatin. (C) If sister chromosomes are cohesed
by a single cohesin ring (red circles), these rings may convert to
intrastrand linkages in the neighborhood of centromeric chro-
matin.
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kinetochores. The outer components of the kinetochore
are required for this process since they sense tension, a
lack of which increases cohesin association. In particu-
lar, in an ipl1 mutant background (ipl1-321) in which
tension is defective due to an increase in syntelic attach-
ments, pericentric cohesin association is increased.
Similar results were obtained in a stu2-277 background,
which is also expected to reduce tension without elimi-
nating attachment. Stu2, an essential outer kinetochore
protein, normally helps to generate force on chromo-
somes by facilitating the depolymerization of microtu-
bules (van Breugel et al. 2003).

While the results of Eckert et al. (2007) provide a clear
indication that the kinetochore is required for cohesin
association and a lack of tension serves to enhance peri-
centromeric cohesion, they also highlight new ques-
tions. For instance, what is the molecular mechanism of
the enhancer activity? Are there protein–protein inter-
actions between kinetochore components and cohesin?
How does tension generated at the kinetochore cause the
loading of cohesin within a 20–50 kb domain? Resolving
the structure of the cohesin complex relative to pericen-
tric regions will be one necessary step toward shedding
light on these issues.

There are other instances in which a relatively short
DNA element can act over large chromosomal domains,
namely, telomeric silencing (Renauld et al. 1993; Hecht
et al. 1996) and X-chromosome inactivation (Lee et al.
1999). Interestingly, these are both phenomenon of tran-
scriptional repression. In the case of Sir-mediated silenc-
ing, the model is that the silencing complex initially
binds to a specific DNA element and then the histone
deacetylation activity of the complex acts on H3-K9, H3-
K14, and H4-K16 in neighboring regions, allowing the
“spreading” of silencing to occur. Methylated Lys 9 of
histone H3 is a modification commonly associated with
heterochromatin, and this modification allows for the
association of Swi6 (HP-1 homolog) with centromeric
regions in fission yeast, which has in turn been shown to
contribute to the recruitment of cohesin to pericentric
regions (Bernard et al. 2001; Nonaka et al. 2002). Al-
though budding yeast lacks a clear homolog of HP-1, it
may contain pericentric histone modifications or his-
tone variants that facilitate cohesin association.

Sequences that can nucleate the binding of the dosage
compensation complex for X inactivation in Caenorhab-
ditis elegans have recently been discovered (McDonel et
al. 2006). The mechanism by which transcriptional re-
pression extends from these DNA elements appears to be
due to binding to particular sequences followed by short-
and long-range spreading of the complex that leads to
transcriptional repression (Csankovszki et al. 2004). The
dosage compensation complex in C. elegans contains
two subunits that belong to the Smc family, suggesting
Smc proteins may share a common mechanism for
“spreading,” once their association has been nucleated.

The results of Eckert et al. (2007) also suggest that
pericentric cohesion is more important for chromosome
segregation than arm cohesion. This observation is in
keeping with two results: (1) In vertebrate cells, arm co-

hesion is dissolved in prophase (and chromosomes still
segregate accurately) (Hauf et al. 2005). (2) In meiosis,
arm cohesion is dissolved prior to the first meiotic divi-
sion (and chromosomes still segregate accurately at the
second meiotic division) (Watanabe and Nurse 1999;
Buonomo et al. 2000). If cohesion at centromeres is suf-
ficient, at least in some cases, to promote accurate chro-
mosome segregation, one has to ask the importance of
arm cohesion whose role in chromosome segregation
may be secondary to roles in DNA repair (Strom et al.
2004; Unal et al. 2004), chromosome condensation (Hart-
man et al. 2000; Lavoie et al. 2002), or even transcription
(Rollins et al. 1999), but this is a question that remains to
be answered definitively.
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