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A Functional Assay for 
Centromere-Associated Sister 

Chromatid Cohesion 
Paul C. Megee and Douglas Koshland* 

Cohesion of sister chromatids occurs along the entire length of chromosomes, 
including the centromere where it plays essential roles in chromosome segregation. 
Here, minichromosomes in the budding yeast Saccharomyces cerevisiae are ex- 
ploited to  generate a functional assay fo i  DNA sequences involved in cohesion. The 
centromeric DNA element CDElll was found to  be necessary but not sufficient for 
cohesion. This element was shown previously to  be required for assembly of the 
kinetochore, the centromere-associated protein complex that attaches chromo- 
somes to  the spindle. These observations establish a link between centromere- 
proximal cohesion and kinetochore assembly. 

The cohesion of replicated chromosomes (sister 
chromatids) is established near the time of 
DNA replication and persists until the met- 
aphase-anaphase transition in mitosis. Cohesion 
proximal to the centromere on sister chromatids 
sterically constrains the centromeres so that 
they attach to microtubules emanating from 
opposite spindle poles. This ensures segrega- 
tion of sister chromatids in opposition in the 
ensuing anaphase. In addition, the dissolution 
of cohesion is thought to be a key element in 
regulation of the metaphase-anaphase transi- 
tion (I). 

To understand the molecular basis of sis- 
ter chromatid cohesion, it is necessary to 
identify and characterize the proteins and 
DNA elements important for this process. 
Proteins involved in cohesion have been 
identified and shown to be conserved from 
yeast to vertebrates (2-4). However, identi- 
fication of requisite DNA elements has been 
thwarted by the fact that cohesion is not 
restricted to the centromere but occurs along 
the entire length of the chromosome (5, 6). 
These observations suggest that cohesion fac- 
tors may bind to chromosomes nonspecifi- 
cally like histones or specifically to multiple 
sites. In either case, the DNA elements are 
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functionally redundant, precluding their iden- 
tification by classic genetic approaches. 

The budding yeast is a powerful model sys- 
tem for analysis of DNA elements required for 
chromosome transmission because of the abil- 
ity to construct 5- to 25-kb circular minichro- 
mosomes. Analysis of these minichromosomes 
led to identification of origins of replication 

Dissociation 

Fig. 1. Sister minichromatid cohesion assay. 
The minichromosome centromere (oval) is lo- 
cated between site-specific recombination sites 
(arrows). Black rectangle represents an ARS, the 
origin of replication. Hatch mark indicates the 
location of the test site used for mapping cen- 
tromere-associated cohesion activity (see Fig. 
4). Recombination results in excision of the 
intervening DNA, producing an acentric 
minichromosome and a minichromosome con- 
taining the centromere. Recombination (8) is 
induced in C,-stage cells containing a mini- 
chromosome of interest, and cells are then 
released from the C, block. The extent of sister 
minichromatid cohesion on the larger, acentric 
minichr~m~s~mes was assessed microscopical- 
ly in cells sampled after release from the C, 
block or after mitotic arrest. 
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[Am, -250 base pairs (bp)] and centromere 
DNA (CEN, - 120 bp). The minichromosomes 
are transmitted with high fidelity, which sug- 
gests that they also contain DNA elements that 
mediate cohesion (6). However, the small size 
of the minichromosomes b t i c a l l y  reduces 
the number of potentially redundant cohesion 
sites, kilitating the identification of cis-acting 
factors. 

We have exploited the properties of budding 
yeast minichromosomes to develop an assay for 
cohesion sequences. We focused on the centro- 
meric region of the minichromosome because 
endogenous chromosomes show cohesion 
proximal to the centromere, albeit at a resolu- 
tion of 25 kb. A 1.6-kb DNA fragment contain- 
ing centromeric DNA fiom chromosome III 
(CEN3) and the yeast auxotrophic marker gene 
U . 3  [hereafter referred to as the centromere 
cassette (7)] was placed between sitespecific 
recombination target sites on minichromo- 
somes. Upon recombinase induction (8) in GI- 
stage cells, the DNA sequences flanked by 
recombination target sites were excised (Fig. 1). 
Cells were released from the GI cell cycle block 
after recombination, allowed to progress 
through S phase, and arrested in mitosis before 
the metaphase-anaphase transition. After cell 
fixation, minichromosome cohesion was as- 
sessed by fluorescence in sib hybridization 
(FISH) (6) or by green fluorescent protein 

MinlchromatM DIasocMon (%) 

Excised 

(GFP) tags (3, 9). A single FISH or GFP signal 
is observed in G,-stage cells containing unrep- 
licated chromosomes or in M-stage cells in 
which replicated sister minichromatids are so 
closely associated that signals fiom individual 
sisters cannot be resolved (8). In Contrast, two 
signals are observed in cells with precociously 
separated sister chromatids (2, 3). The maximal 
observable dissociation of sister minichroma- 
tids due to experimental limitations was 39% 
by GFP and about 60% by FISH (10). 

After centromere cassette excision, the per- 
centage of sister minichromatid dissociation 
was five times higher in both the FISH and GFP 
assays. Furthermore, the absolute amount of 
dissociation was about 50% of the maximum 
detectable levels (Fig. 2). Sister minichromatid 
dissociation was due to the loss of the centro- 
mere cassette rather than recombination per se 
because control minichromosomes that under- 
went centromere cassette inversion remained 
associated (Fig. 2A). Similar amounts of sister 
minichromatid dissociation were observed 
when the centromere cassette was excised from 
minichromosomes of 5 to 25 kb (Fig. 2) (ll), 
which indicates that the centromere-associated 
cohesion function is independent of minichro- 
mosome size and sequence context. We con- 
clude, therefore, that the centromere cassette 
contains DNA elements that mediate sister 
minichromatid cohesion. 

Fig. 2 Centromere cassette excision promotes sister minichromatid dissociation. Cells containing 
minichromosomes were released from C, after recombination and rearrested in mitosis by using 
nocodazole. (A) FlSH analysis of nudei containing sister minichromatids in which the centromere 
cassette was inverted or excised depending on the orientation of the recombination target sites. We 
used digoxigenin-labeled pBR322 DNA as probe to detect minichromosomes (2, 6), shown in green or 
yellow. Total chromosomal DNA, counterstained with propidium iodide, is shown in red. Sister 
minichromatid dissociation is plotted for three independek experiments in which FlSH signals in 150 
to 200 nuclei were scored. We calculated sister minichromatid dissociation bv subtractine the Dercent- 
age of nuclei with two FlSH signals in GI-arrested populations (repres;nting eithg ba&round 
hybridization or cells containing two copies of the minichromosome at the beginning of the experiment) 
from the percentage of nudei with two signals after mitotic arrest (B) Fixed cells containing CFP-tagged 
sister minichromatids (7) with the centromere cassette excised (recombinase induction) or retained (no 
recombinase induction). Sister minichromatid dissociation is plotted for six independent experiments in 
which CFP signals in 150 to 200 cells were scored. Max indicates maximum detectable sister 
minichromatid dissociation (70). Error bars indicate standard deviation. Bars = 5 p,m. Arrowheads 
indicate nuclei or cells with dissociated sister minichromatids. 

We next examined the kinetics of the 
sister minichromatid dissociation. GI-stage 
cells containing GFP-tagged minichromo- 
somes were released fiom a GI block and 
were sampled at regular intervals for (i) 
minichromosome cohesion, and (ii) DNA 
content and endogenous chromosome disso- 
ciation to position cells within the cell divi- 
sion cycle (Fig. 3). Minichromatids lacking 
the centromere cassette began dissociating 15 
min before the completion of bulk DNA rep- 
lication (Fig. 3) and 15 to 30 min before the 
separation of endogenous sister chromatids 
(Fig. 3) and centromeric minichromatids 
(11). The timing of the precocious dissocia- 
tion of minichromatids lacking the centro- 
mere cassette is similar to that observed for 
endogenous chromatids in a mutant strain 
defective for the cohesion protein Mcdlpl 
Scclp (3). Thus, minichromatids lacking the 
cassette often begin dissociating during S 
phase and before the onset of anaphase, con- 

DNA content 

Time alter release from 
G I  block (mln) 

Fig. 3. Sister minichromatids lacking the cen- 
tromere cassette initiate dissociation before 
the metaphase-anaphase transition. Cells con- 
taining CFP-tagged'minichromosomes were re- 
leased from a C. block and samoled at 15-min 
intervals beginning 30 min aftk release. (A) 
DNA conteni was measured by flow cytomeh$ 
1C and 2C indicate ore- and oostreolication 
DNA content, respechvely. (B)' Graph shows 
percentage of cells with dissociated sister 
minichromatids (squares) and dissociated en- 
dogenous sister chromatids (circles). Endoge- 
nous sister chromatid dissociation was scored 
in cells stained with 4',6-diamidino-2-phe- 
nylindole. After anaphase onset, the different 
apparent rates of dissolution of minichromatid 
and endogenous chromatid cohesion probably 
reflects the fact that, once cohesion is elimi- 
nated, the acentric minichromatids separate 
only by diffusion, whereas the endogenous 
chromatids are actively separated by kineto- 
chore-microtubule forces. 
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sistent with a failure to establish cohesion, as 
expected if the cassette contained a DNA 
element mediating cohesion. 

A similar premature dissociation of 
minichromatids lacking the cassette was ob- 
served in time course experiments when cells 
were released from G, and blocked in meta- 
phase by the addition of nocodazole (1 I). How- 
ever, dissociation of these minichromatids 
reached a plateau at a value of only 50% of the 
maximum in metaphase-blocked cells com- 
pared with 100% of the maximum in cells that 
underwent anaphase. Thus the residual cohe- 
sion of the minichromatids lacking the cassette 
is dissolved only when the cells progress 
through the metaphase-anaphase transition. Be- 
cause this residual cohesion exhibits the same 
regulation as the cohesion between endogenous 
chromatids, it is likely to be relevant. These 
data indicate that the minichromosome contains 
another DNA element outside the cassette that 
mediates cohesion. 

To map the sequences within the 1.6-kb 
centromere cassette that are responsible for 
cohesion, we constructed a minichromosome 
in which only a 320-bp CEN3 proximal re- 
gion was excised by recombination. Removal 
of this sequence increased sister minichroma- 
tid dissociation fourfold (Fig. 4). We then 
placed a 250-bp fragment containing centro- 
mere sequences from chromosome VI 
(CEN6) between recombination target sites 
on another minichromosome. The only se- 
quence similarity shared by the CEN3 and 
CEN6 fragments is the 125-bp centromere 
DNA. Sister minichromatid dissociation in- 
creased sevenfold when the CEN6 sequences 
were removed (Fig. 4B), suggesting that the 
cis cohesion factor is associated with the 

Fig. 4. Cohesion activity maps to  cen- 
tromeric DNA. Sister minichromatid 
dissociation was determined by FlSH 
(A) and GFP-tagged minichromo- 
somes (B). Minichromatids harboring 
derivatives of the original centromere 
cassette (CEN3-URA3) (7) or CEN6 
were tested for cohesion activity. De- 
letions (A) or substitutions (+) of 
centromere DNA derivatives and 
URA3 are indicated. Wild-type centro- 
meres (capital letters) and mutant 
cen3 alleles are described in the text. 
The extent of minichromatid dissoci- 
ation with or without the original cen- 
tromere cassette is included for com- 
parison (see Fig. 2). Minichromatid 
dissociation is plotted relative to  the 
maximum detectable level of dissoci- 
ation (10). 

125-bp centromere DNA found on all yeast 
chromosomes. 

The centromere DNA of Saccharowz~~ces 
cerevisiae consists of three conserved centro- 
mere DNA elements (CDEs) (12, 13). The cen- 
tral element (CDEII) is -80 bp of 290% A+T 
DNA and is flanked by two highly conserved 
palindromic motifs, CDEI and CDEIII. At least 
part of CDEII and CDEIII is required for mi- 
totic chromosome segregation, and CDEIII is 
essential for assembly of the kinetochore (14- 
16). To examine the ability of these DNA 
elements to confer sister minichromatid cohe- 
sion activity, we placed them on the minichro- 
mosome at a test location outside the recombi- 
nation target sites (Fig. 1). The centromere cas- 
sette was excised by recombination, and the 
remaining minichromosome containing the 
CDEs was then assessed for sister minichroma- 
tid dissociation. Sister minichromatids contain- 
ing wild-type CDEI+II and a single base pair 
substitution in CDEIII (cen3-BCT2) showed 
three to four times more dissociation than 
minichromatids that retained the centromere 
cassette (Fig. 4), indicating that CDEIII is nec- 
essary for cohesion. However, rninichromatids 
containing only CDEIII dissociated at levels 
similar to acentric minichromatids (Fig. 4A), 
indicating that CDEIII is necessary but not 
sufficient for cohesion activity. Thus CDEIII 
and its associated factors direct not only kinet- 
ochore assembly but also centromere-proximal 
cohesion. 

In summary, our observation that cohesion 
at the centromere is disrupted by the removal of 
specific sequences suggests that cohesion pro- 
teins are not randomly distributed on chromo- 
somes like nucleosomes but rather are posi- 
tioned either by their ability to bind DNA di- 

Minichromatid 
CEN Dissociation (%) 
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rectly or indirectly through other sequence-spe- 
cific factors. Centromere-associated cohesion is 
thought to be critical for proper kinetochore 
function, and cytology of prometaphase chro- 
mosomes in other eukaryotes suggests that cen- 
tromere-associated cohesion and kinetochore 
function are mediated by distinct complexes 
that lie immediately adjacent to each other. Our 
results suggest that, at least in budding yeast, 
cohesion and kinetochore activities are coordi- 
nated through a common sequence element. In 
principle, the minichromosome assay could 
also be used to define centromere-independent 
DNA elements mediating cohesion either by 
analysis of the residual cohesion of acentric 
minichromatids or by identification of DNA 
fragments that restore cohesion to acentric 
minichromatids. 
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Reach Plans in Eye-Centered 
Coordinates 

Aaron P. Batista,* Christopher A. Buneo, Lawrence H. Snyder,? 
Richard A. Andersen: 

The neural events associated wi th  visually guided reaching begin with an image 
on the retina and end with impulses t o  the muscles. In between, a reaching plan 
is formed. This plan could be in the coordinates of the arm, specifying the 
direction and amplitude of the movement, or it could be in the coordinates of 
the eye because visual information is initially gathered in this reference frame. 
In a reach-planning area of the posterior parietal cortex, neural activity was 
found t o  be more consistent with an eye-centered than an arm-centered coding 
of reach targets. Coding of arm movements in an eye-centered reference frame 
is advantageous because obstacles that affect planning as well as errors in  
reaching are registered in this reference frame. Also, eye movements are 
planned in eye coordinates, and the use of similar coordinates for reaching may 
facilitate hand-eye coordination. 

To reach toward an object, information about 
its location must first be obtained from the 
retinal image. Early visual cortical areas con- 
tain topographic maps of the retina, and as a 
result the target is originally represented in 
eye-centered coordinates. However, targets 
for reaches should ultimately be represented 
in limb coordinates that specify the direction 
and amplitude the limb must move (motor 
error vector) to obtain its goal. Thus, for the 
brain to specify an appropriate reach com- 
mand, coordinate transformations must take 
place. Transformation of signals from eye to 
limb coordinates requires information about 
eye, head, and limb position. These signals 
could be combined all at once to accomplish 
this transformation or in serial order to form 
intermediate representations in head-centered 
coordinates (by adding eye position informa- 
tion) and body-centered coordinates (by add- 
ing eye and head position information) (1). 
At some point in this process a plan to make 
the movement is formed; knowing how reach 
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plans are represented in the brain can tell us 
much about the mechanisms and strategies 
the brain uses to generate reaches. 

The major anatomical pathway for visually 
guided reachng begins in the visual cortex and 
passes through the posterior parietal cortex 
(PPC) to the frontal lobe. Different regions of 
PPC have recently been shown to be special- 
ized for planning different types of movements 
(2, 3), including areas specialized for saccadic 
eye movements [the lateral intraparietal area 
(LIP)], for reaches [the parietal reach region 
(PRR)], and for grasping (the anterior intrapa- 
rietal area). In other words, at this level of the 
visual-motor pathway the pattern of neural ac- 
tivity reflects the outcome of a movement se- 
lection process. Because PPC is partitioned into 
planning regions for different actions, it has 
been proposed that each subdivision should 
code its respective movement in the coordinate 
frame appropriate for malung the movement 
(4). This proposal predicts that targets for 
reaches should be coded in limb coordinates in 
PRR. Here we demonstrate that the responses 
of reach-specific neurons in PRR are more con- 
sistent when reach targets are described in eye 
coordinates than in arm coordinates, showing 
that, at least in PRR, early reach plans are coded 
in terms of visual space rather than in terms of 
the limb. 

Single cell recordings were made in PRR 
(5). We tested neurons in four conditions; in 
two conditions different reaches were per- 
formed to targets at the same retinal location, 
and in the other two conditions identical 

reaches were made to targets at different 
retinal locations (6 ) .  This paradigm allowed 
us to observe independently the effects on 
PRR neurons of manipulating target location 
in eye and limb reference frames. A reach- 
specific neuron tested in these four conditions 
is shown in Fig. 1. The effect of varying the 
initial hand position is shown in Fig. 1, A and 
B; the cell's spatial tuning is similar in the 
two conditions, showing that the cell is large- 
ly insensitive to changes in the limb-centered 
positions of the targets. The effect of chang- 
ing the direction of gaze is shown in Fig. 1, C 
and D. The cell's spatial tuning changes 
markedly between these two conditions, even 
though the arm-centered locations of the tar- 
gets do not change. In all conditions, the 
cell's preferred reach end point is constant 
relative to the direction of gaze-down with 
respect to fixation. This neuron is selectively 
active for reaches and encodes target location 
in an eye-centered reference frame. 

This neuron exemplified the population of 
74 neurons from three monkeys tested in this 
experiment. The data from all neurons are sum- 
marized by correlation analysis in Fig. 2A (7). 
Each point represents one neuron; a point's 
position along the horizontal axis represents the 
correlation between the cell's two tuning curves 
measured with targets at the same retinal loca- 
tion (conditions shown in Fig. l ,  A and B). The 
position along the vertical axis represents the 
correlation between that neuron's tuning curves 
measured with targets at the same limb-cen- 
tered location (conditions shown in Fig. 1, C 
and D). Eighty-four percent of the neurons lie 
below the line of equal correlation (4, showing 
a better coirelation in an eye-centered reference 
frame than in a limb-centered reference frame. 
A second test was used in which the is570 tuning 
curves measured with the same initial hand 
position but with different eye positions were 
shifted into alignment in eye-centered coordi- 
nates (Fig. 2B). With this analysis, 8 1% of 
neurons had a correlation that was greater when 
the tuning curves were shifted into eye-centered 
alignment than when they were not shifted. 
Thus, the responses of most PRR neurons were 
better correlated for identical reach targets in 
eye coordinates than for identical reach targets 
in arm coordinates. For most neurons, spatial 
tuning was also more consistent in eye coordi- 
nates than in head- or body-centered coordi- 
nates; although target locations in the latter two 
reference frames were invariant across the four 
task conditions, neural responses varied with 

www.sciencemag.org SCIENCE VOL 285 9 JULY 1999 257 




