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The u r a 4  + gene displays phenotypes consistent with variegated expression when inserted at 11 sites 
throughout fission yeast centromere 1. An abrupt transition occurs between the zone of centromeric 
repression and two adjacent expressed sites. Mutations in six genes alleviate repression of the silent-mating 
type loci and of ura4 + expressed from a site adjacent to the silent locus, mat3-M. Defects at all six loci affect 

repression of the ara4 + gene adjacent to telomeres and at the three centromeric sites tested. The c l r 4 - $ 5  and 
rikl-304 mutations cause the most dramatic derepression at two out of three sites within c e n l .  All six 

mutations had only slight or intermediate effects on a third site in the center of cenl or on telomeric 
repression. Strains with lesions at the clr4, rikl, and swi6 loci have highly elevated rates of chromosome loss. 

We propose that the products of these genes are integral in the assembly of a heterochromatin-like structure, 

with distinct domains, enclosing the entire centromeric region that reduces or excludes access to transcription 
factors. The formation of this heterochromatic structure may be an absolute requirement for the formation of 

a fully functional centromere. 
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The centromeres of the fission yeast Schizosaccharomy- 
ces pombe are complex structures composed of large re- 

petitive arrays symmetrically arranged around a nonre- 

petitive central domain (Hahnenberger et al. 1991; Mu- 

rakami et al. 1991; Takahashi et al. 1992; Steiner et al. 

1993; cenl is shown in Fig. 1A, below). Long arrays of 

tandem satellite repeats are frequently associated with 

the centromeres of many eukaryotes (Miklos and Cotsell 

1990; Rattner 1991; Tyler-Smith and Willard 1993). 

These centromeric satellites are packaged into a highly 

compacted structure known as constitutive heterochro- 

matin, but it is not known if this contributes to cen- 

tromere function. It is likely that mammalian satellite 

repeats contribute to kinetochore formation, but alone, 

they may not be sufficient to form a functional cen- 

tromere (Earnshaw et al. 1989; Haaf et al. 1992; Larin et 

al. 1994). 

Genes placed in the vicinity of centromeric hetero- 

chromatin in mouse cells can exhibit variable states of 

expression (Butner and Lo 1986). This phenomenon, 

termed position effect variegation (PEV), was first de- 

scribed in Drosophila, where it was found that genes 

placed adjacent to centromeric heterochromatin were un- 

stably repressed (Eissenberg 1989; Henikoff 1990; Karpen 

1994). In Drosophila, mouse, and human cells, some 

1Corresponding author. 

studies indicate that heterochromatin is often associated 

with the nuclear periphery (Hochstrasser et al. 1986; Fer- 

guson and Ward 1992; Vourc'h et al. 1993). It is possible 

that this and other associations serve to lock these re- 

gions of chromosomes in an inactive state (Karpen 1994}. 

In unicellular organisms, such as yeasts, there are 

chromosomal regions with features characteristic of het- 

erochromatin. The silent mating-type loci HML and 

HMR in the budding yeast, Saccharomyces cerevisiae, 
are normally maintained in a repressed state (for review, 

see Laurenson and Rine 1992), and genes placed close to 

telomeres are reversibly repressed (Gottschling et al. 

1990). Mutations in the RAP1, RIF1, ABF1, SIR1-SIR4 
genes (for review, see Laurenson and Rine 1992) and 

components of the ORC (origin recognition complex; 

Bell et al. 1993; Foss et al. 1993; Micklem et al. 1993) act 

to reduce or abolish repression at the silent mating-type 

loci. In addition, mutations affecting the conserved 

amino-terminal region of histone H4 {HHF1 and HHF2) 
and mutations in components of amino-terminal protein 

acetyltransferase (NAT1 and ARD1) also affect silencing 

at the HM loci (for review, see Laurenson and Rine 1992). 

A subset of these mutations also relieve transcriptional 

repression at telomeres, whereas deletion of the RIF1 
gene enhances this repression (Aparicio et al. 1991; 

Kyrion et al. 1993). The RAP1 protein and perhaps te- 

lomeres aggregate at the nuclear periphery (Klein et al. 

1992; Palladino et al. 1993). This localization of RAPlp 
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is dependent on the products of the SIR3 and SIR4 genes, 

suggesting that they are involved in tethering RAP 1 p and 

maybe telomeres to the nuclear envelope (Palladino et al. 

1993). These factors are therefore implicated in the as- 

sembly of the silent mating-type loci and telomeres into 

related heterochromatin-like structures that have vari- 

able accessibility to transcription factors and other pro- 

teins (Gottschling 1992; Singh and Klar 1992]. 

In fission yeast, genes placed within any of the three 

centromeres are transcriptionally repressed and exhibit 

phenotypic variegation (Allshire et al. 1994). As in many 

organisms, recombination across fission yeast cen- 

tromeres is also suppressed (Nakaseko et al. 1986) and 

they contain large domains packaged into unusual chro- 

matin CPolizzi and Clarke 1991; Takahashi et al. 1992). 

Fission yeast centromeres and telomeres, except during 

mitosis, are associated with the nuclear periphery 

throughout the cell cycle (Funabiki et al. 1993). There- 

fore, the centromeric regions of S. p o m b e  chromosomes 

share many characteristics in common with heterochro- 

matin and, although not visible by conventional staining 

methods, can be considered as representing small do- 

mains of centromeric heterochromatin. Centromeres are 

not the only regions of fission yeast chromosomes that 

have properties akin to heterochromatin. Reversible re- 

pression is also known to occur adjacent to the silent 

mating-type loci {mat2 and mat3;  Thon et al. 1994) and 

telomeres (Nimmo et al. 1994}. Repression of the silent 

mating-type loci is alleviated by mutations at the clrl + 

clr2 +, clr3 +, clr4 +, r ik l  +, or swi6 + loci (Egel et al. 

1989; Thon and Klar 1992; Ekwall and Ruusala 1994; 

Lorentz et al 1994; Thon et al. 1994). 

The sw/6 + gene is nonessential and encodes a protein 

with homology to proteins containing a chromodomain 

(Lorentz et al. 1994) including the Drosophila hetero- 

chromatin protein HP1 (Powers and Eissenberg 1993), 

Polycomb (Paro and Hogness 1991), murine m31 and 

m32, and human HSM (Singh et al. 1991) and HP1HS~ 

(Saunders et al. 1993). Mutant forms of Drosophila HP1 

act as suppressors of variegating genes, whereas overex- 

pression results in enhanced repression (Eissenberg et al. 

1992}. Several chromodomain proteins have been found 

associated with centromeric heterochromatin (Powers 

and Eissenberg 1993; Saunders et al. 1993; Nicol and 

Jeppesen 1994; Wreggett et al. 1994). Similarly, Poly- 

c o m b  is required to maintain repression of homeotic 

genes during development (Paro 1993}. 

The studies of telomeric silencing in S. cerevisiae sug- 

gested that some or all of the products of the clrl + 

clr2 +, clr3 +, clr4 +, r ik l  +, and swi6 + genes might be 

involved in silencing not only at the m a t  loci, but also at 

telomeres and centromeres in S. pombe .  Here, we first 

establish the limits of the silenced domain within S. 

p o m b e  cenl  and test the effect of mutations at these six 

loci on ura4 + expression at various locations: adjacent 

to mat3-M,  integrated at three sites within cenl ,  or next 

to a telomere. Three of the mutations identify gene prod- 

ucts crucial for the maintenance of centromeric gene re- 

pression and/or complete centromere function. We pro- 

pose that the formation of a heterochromatin-like struc- 

ture is important for centromere function in fission yeast 

and utilizes factors involved in silencing at other chro- 

mosomal locations. 

Results 

The assays 

In the data presented below, repression of the ura4 + gene 

at various sites in the fission yeast genome {centromeric, 

telomeric, adjacent to mat3)  is assayed in two ways. 

First, all strains contain a convenient control ura4-DS/E 

minigene allele residing at the ura4 locus that produces 

a truncated, nonfunctional, mRNA easily distinguish- 

able from full-length ura4 + mRNA by Northern analy- 

ses. After quantitation, the ratio of the full-length ura4 + 

mRNA to the truncated minigene control mRNA allows 

the level of expression/repression from each site to be 

assessed. In all cases, these strains are grown under non- 

selective conditions so the level of ura4 + expression 

seen in each strain reflects an average for the whole pop- 

ulation. The second assay is presented in the form of 

serial dilution of cells from each strain plated on nons- 

elective (N/S), selective (URA-), or counterselective 

{FOA) plates. In fission yeast it is not known how much 

ura4 + product is required to render a cell Ura +. In addi- 

tion, it is not known how much ura4 + product can be 

tolerated in an FOA-resistant cell. Previously, we have 

shown that strains with the ura4 ÷ gene inserted within 

cenl ,  cen2, or cen3 and grown in N/S, FOA, or URA- 

media have the same repressed level of ura4 + message 

(Allshire et al. 1994]. Therefore, there must be a rela- 

tively low threshold of ura4 ÷ gene expression below 

which a cell is FOA resistant and above which it is Ura ÷ 

and FOA sensitive. The plating assays appear more sen- 

sitive to small changes in the level of ura4 + expression 

around this threshold. Northern analyses cannot always 

detect these small differences in expression but permit a 

distinction between slight alleviation and more dramatic 

derepressed states. In addition, some strains with the 

ura4 + gene inserted at certain centromeric sites have, on 

average, a high level of ura4 + expression but can form 

FOA r colonies at a relatively high frequency. Closer ex- 

amination often reveals that the colonies formed are 

smaller than colonies formed by control strains. A plau- 

sible explanation is that the ura4 ÷ gene in such strains is 

generally expressed under nonselective growth condi- 

tions but that the repressed state is selected upon plating 

on FOA. These strains can be thought of as bearing a 

repressible ura4 + gene. Similarly, other strains that have 

low levels of ura4 + mRNA under nonselective growth 

conditions but that can grow on URA- plates can be 

thought of as bearing an expressible ura4 + gene. The 

range of repression/expression of ura4 + at different sites 

of insertion is variable, presumably reflecting differential 

access to transcription factors at these sites. 

Variegated expression of ura4 + occurs at mu l t ip l e  

sites wi th in  cenl 

The ura4 ÷ gene is variably repressed when placed at a 
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central location within fission yeast c e n l ,  cen2, or cen3 

as judged by reduced levels of expression and heteroge- 

neity in the ability to form colonies on selective (URA-) 

or counter selective (FOA) plates (Allshire et al. 1994). 

To establish the extent of the position-effected domain, 

further analyses have concentrated on the entire region 

of ~35 kb containing c e n l  (Fig. 1A). 

The ura4 + gene was inserted at 13 sites within and 

immediately flanking the c e n l  region by transplacement 

with cloned fragments of c e n l  DNA disrupted by the 

ura4 + gene. Southern analyses indicated that in each 

case the structure of cen l was preserved, apart from the 

desired ura4 + insertion event (data not shown). The 

ura4 + gene was first inserted at seven sites (shown in 

Fig. 1B, C) extending from the NcoI  site on the left side of 

i m r l L  (B'), across c n t l  (CC1) to the N c o I  site at the right 

side of i m r l R ( B ' ) .  The ura4 + gene is shown inserted in 

both orientations at the left and right i m r l  N c o I  sites. 

Only one orientation of the ura4 + gene is shown at the 

other insertion sites (Fig. 1B). Transcription of the ura4 + 

gene at each insertion site was examined by comparison 

with the u r a 4 - D S / E  minigene internal control (Allshire 

et al. 1994). Figure 1B shows a symmetrical profile with 

respect to ura4 + expression levels across i m r l L ,  c n t l ,  

A cen l -~s-?z 

Figure 1. The insertion and state of re- 

pression of the ura4 ÷ gene within the cen- 

tral region of cenl .  (A) A schematic repre- 

sentation of S. p o m b e  cenl .  (B) Northern 

analyses of total RNA prepared from 

strains with the ura4 + insertion sites as 

shown grown in rich nonselective me- 

dium (YEA) at 32°C. The filter was hybrid- 

ized with labeled ura4-DS/E probe washed 

and exposed to a Phosphorlmaging screen. 

The resulting image is shown from which 

the relative level of ura4 + RNA produced 

from the intact gene vs. that from the 

ura4-DS/E minigene residing at the ura4 

locus was calculated (be low tracks). The 

position of each ura4 + insertion relative 

to a restriction map and schematic dia- 

gram of the central region of cen l is 

shown. The nomenclature of various re- 

gions is as presented by Takahashi et al. 

(1992), and the K"/B ' /CC1 nomenclature 

of Hahnenberger (1991) is also outlined. 

The vertical lines within the i m r l L  and 

i m r l  R regions show the position of tRNA 

genes. The symbols < and > indicate the 

direction of transcription of the inserted 

ura4 + gene at each site. The sites where 

the ura4 + gene was inserted in both ori- 

entations are marked (*). Restriction en- 

zyme sites: (B) BamHI;  (Bg) BglII; (C) ClaI; 

(E) EcoRI; (RV) EcoRV., (H) HindlII; (Hp/ 

HpaI; (K) KpnI; (N)NcoI;  (Nd) NdeI; (S) 

SphI; (Sp) SpeI; (X)XhoI. (Not all sites for 

each enzyme are shown.)(C} Cultures of 

the same strains as shown in B above were 

grown to 0.5x107 to 2.0x107 cel ls /ml in 

N/S medium. Serial dilutions (1:5)of each 

culture were spotted onto URA- ,  FOA, 

and N/S plates and incubated at 32°C for 

3--4 days. The highest density spots con- 

tained 4x 103 cells. Strains and location of 

the ura4 + gene within cen l  are indicted 

with respect to the same schematic dia- 

gram as described in B. 
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and  i m r l R ,  reflecting the inverted arrangement  of se- 

quences in this region of the centromere. The ura4 + 

gene is repressed at all sites but is apparently expressed 

well when placed between the tRNA ~a and tRNA g[u 

genes. 

Growth of these strains at 32°C in the absence of uracil 

or presence of FOA is shown in Figure 1C. Again, there is 

a symmetr ica l  relationship with  respect to their ability 

to grow on U R A -  and FOA plates. All strains grow 

equivalently on nonselective plates. Strains FY496, 

FY498, FY501, and FYS02, wi th  low levels of ura4  + tran- 

script under nonselective growth conditions, form more 

large colonies on FOA than on U R A -  plates. However, 

strains such as FY524 and FY525, which show relatively 

high levels of ura4  + transcription under nonselective 

conditions (0.5 and 0.7 in Fig. 1B), grow well on U R A -  

plates and poorly on FOA plates. In these strains the 

ura4  + gene is inserted in the 350-bp region between two 

tRNA genes. It is known that this region of chromatin  is 

DNase  I hypersensit ive (Takahashi et al. 1992); there- 

fore, this site may  also be more accessible to transcrip- 

tion factors. The fact that  these strains can form small 

colonies on FOA plates indicates that  the ura4  + gene at 

these sites is still repressible. 

The ura4  + gene was also inserted at four sites wi th in  

o t r l  (dg l /dh l  or K ' /L /K")  and two sites just outside 

c e n l  (Fig. 2A}. Insertion of ura4  + into o t r l  was compli- 

cated by the fact that not only are there 2 copies of the 

repetitive elements comprising the c e n l  otr,  but c e n 2  

and c e n 3  contain up to 4 and 13 copies of these repeats, 

respectively (Steiner et al. 1993). Consequently,  inser- 

tion events at these sites wi thin  cen  l were infrequent, 

and for this reason only left-side or right-side o t r l  inser- 

tion events were analyzed. Because of the symmet ry  of 

cen  l ,  we assumed that the behavior at equivalent sites 

on each side would be identical. Only FY648 has the 

ura4  + gene inserted on the right side, whereas all others 

are on the left as drawn. All insertion sites within o t r l  

showed reduced ura4  + m R N A  levels (Fig. 2A). Even in 

strains FY939 and FY988, wi th  insertion sites in the 

more distal region of o t r l ,  expression of the inserted 

ura4  + gene is still repressed and many  colonies develop 

on FOA plates (Fig. 2B). However, just 0.9 and 1.2 kb 

outside o t r l ,  at the X h o I  (FY937)and H p a I  (FY941} sites, 
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Figure 2. The insertion and state of re- 

pression of the ura4 + gene within the 

outer regions of cenl .  (A) Northern analy- 

ses of total RNA prepared from strains 

with ura4 + insertion sites as shown grown 

in rich nonselective medium (YEA} at 32°C 

was performed as in Fig. lB. The position 
of each ura4* insertion relative to a re- 

striction map (enzyme abbreviations as in 

Fig. 1B, not all sites for each enzyme are 

shown) and schematic diagram of outer re- 

gion of cenl  is shown. The nomenclature 

of various regions is as presented by Taka- 

hashi et al. (1992), and the K ' / L / K "  no- 
menclature of Hahnenberger (1991} is also 

outlined. The position of Phe tRNA gene 

flanking cenl  at left (Takahashi et al. 1992) 

is shown. The symbols < and > indicate 

the direction of transcription of the in- 

serted ura4 + gene at each site. The ura4 + 

gene was inserted in both orientations at 

those sites marked (" I- (BI Cultures of the 

same strains as shown in A above were 
grown to 0.5x 107 to 2.0x 107 cells/ml in 

N/S medium. Serial dilutions (1:5) of each 

culture were spotted onto URA-, FOA, 
and N/S plates and incubated at 32°C for 

3-4 days. The highest density spots con- 
tained 4x 103 cells. Strains and location of 

the ura4 + gene within cenl  are indicted 

with respect to the same schematic dia- 

gram as described in A. 
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the ura4 + gene is expressed at relatively high levels (Fig. 

2A) and colonies are rarely formed on FOA plates 

( < 1 X 1 0 - 4 1  Fig. 2B). 

These data suggest that  there is a rapid change be- 

tween the repressed region inside the distal BglII site in 

otrl  to the expressing XhoI site 0.9 kb outside the cen- 

tromeric domain. Repression of the ura4 + gene outside 

the distal region of the large inverted repeat is minimal.  

Consistent  wi th  this abrupt transit ion in centromeric 

repression, plating experiments suggest that at the distal 

BglII insertion site the ura4 + gene is more repressed 

when its promoter  is adjacent to otrl  (FY939) than when 

it is adjacent to the flanking outer sequences (FY988). 

Fewer and smaller  F O N  colonies result from the strain 

FY988 with  the ura4 + gene transcribed toward the cen- 

tromere (Fig.2B). No effect of gene orientation is seen at 

other sites where tested (cf. FY965 and FY967). 

M u t a t i o n s  at six loci al leviate  s i lencing of ura4 + 

adjacent  to mat3 and te lomeres  

In S. cerevisiae, mutat ions  in genes that  suppress silenc- 

ing at the silent mating-type loci also alleviate repres- 

sion of telomere adjacent genes (Aparicio et al. 1991). Six 

previously isolated mutations,  clrl-5, clr2-E22, clr3-E36, 

clr4-$5, r ik l -304,  or swi6-115, appear to alleviate repres- 

sion of the S. p o m b e  silent mating-type loci, mat2 -P  and 

rnat3-M (Egel et al. 19891 Thon and Klar 1992; Ekwall 

and Ruusala 1994; Lorentz et al. 1994). When the ura4 ÷ 

gene is inserted adjacent to the m a t 3 - M  locus (mat3- 

M::ura4 +)its expression is severely repressed, but this is 

alleviated by mutat ions  at the clrl,  clr2, clr3, clr4, r i k l ,  

and swi6  loci (Ekwall and Ruusala 19941 Thon et al. 

1994). Figure 3A demonstrates that the mat3::ura4 + 

gene results in only a few small colonies on U R A -  plates 

but many large colonies on FOA plates in a wild-type 

background. In contrast, the six mutan t  backgrounds re- 

duce or lose this ability to grow in the presence of FOA 

and gain the ability to grow normally on U R A -  plates. 

Control strains bearing the ura4-DS/E locus alone or in 

addition to a functional ura4 ÷ gene integrated at a ran- 

dom, nonrepressed site (Allshire et al. 1994) are included 

for comparison. 

Transcription of the mat3-M::ura4  + gene was com- 

pared with that from the ura4-DS/E minigene by North- 

ern analyses (Fig. 3B). Very little ura4 + transcript is de- 
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Figure 3. The effect of mutations at the chl,  clr2, clr3, clr4, rikl, and s ~ 6  loci on FOA resistance uracil prototrophy, and expression 

of ura4 + inserted next to mat3-M or adjacent to a telomere. Cultures with the ura4 + gene borne next to mat3-M (A), a telomere (C) 

in wild-type and mutant backgrounds as shown, were grown to 0.5x 107 to 2.0x 107 cells/ml in N/S medium. Serial dilutions (1:5) of 

each culture were spotted onto URA-, FOA, and N/S plates and incubated at 32°C for 3--4 days. The highest density spots contained 
4x 103 cells. The same strains and one with the ura4 + gene at an unknown random site in the genome (E) were grown in YEA-rich, 

nonselective medium at 32°C; total RNA was prepared and subjected to Northern analyses with labeled ura4-DS/E fragment as a probe 

(B,D,E). Quantitation of the resulting Phosphorlmage is presented below. 
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tected in a wild-type background, but the presence of any 

of the six mutations increases the level of ura4 + mes- 

sage to levels approximately half that of the minigene 

control. Thus, although these mutations suppress the 

ability of a m a t 3 : : u r a 4  + strain to grow on FOA, they do 

not completely abolish all repression imposed on this 

ura4 + gene. Complete deletion of the nonessential 

sw i6  + gene had identical effects as the swi6 -115  allele 

on expression from m a t 3 : : u r a 4  + (data not shown). 

The six mutations were also tested for their effect on 

telomere-mediated repression of ura4 + using a strain 

with the gene adjacent to and transcribed toward a te- 

lomere constructed by telomere-associated chromosome 

breakage of a nonessential minichromosome Chl6 

(Nimmo et al. 1994). Serial dilution assays and Northern 

blot analyses were performed (Fig. 3C,D). In the wild- 

type background, the telomere-adjacent ura4 + gene 

(Chl6 m 2 3 - u r a 4 + - T E L )  is repressed, because this strain 

(FY520) displays reduced growth on URA-  plates, 

whereas many large colonies are visible on FOA plates. 

This situation is reversed by the presence of any of the 

six mutations, indicating that defects in any of these 

genes can alleviate the repressive effects imposed by the 

nearby telomere (Fig. 3C). However, the levels of ura4 + 

transcript produced from the telomeric site indicate that 

these mutations have only slight effects on repression 

(Fig. 3D). Deletion of the entire s w i 6  ÷ gene had the same 

minimal effect on expression of this telomeric ura4 ÷ 

gene (data not shown). Therefore, none of the six muta- 

tions tested abolishes repression imposed by telomeres 

on the adjacent ura4 + gene. 

As a control, Northern analyses of a set of strains con- 

taining T M l - u r a 4  + integrated at a random site (Allshire 

et al. 1994) in wild-type and mutant  backgrounds is 

shown (Fig. 3E). The ura4 + gene is expressed at normal 

levels, and none of the six mutations tested alters the 

expression of this ura4 + gene. 

The  clr4 a n d  rikl  m u t a t i o n s  abol i sh  ura4 + 

repress ion at  cer ta in  s i tes  w i t h i n  cenl. 

Strains with mutations in any of the six genes were 

tested to see if they alter repression of ura4 + genes in- 

serted within fission yeast centromeres. Three sites of 

ura4 + insertion within c e n l  (shown in Figs. 1 and 2) 

were analyzed: the central N c o I  site within c n t l / T M 1  

(FY336), the N c o I  site at the right end of i m r l R  (FY498), 

and the SphI  site in o t r l R  {FY648}. Plating assays of 

strains bearing one of these insertion sites, the clrl-5,  

clr2-E22, clr3-E36, clr4-$5, r i k l -304 ,  swi6-115,  or 

s w i 6 A : : h i s l  + lesion, and the u r a 4 - D S / E  minigene con- 

trol are shown in Figure 4. Wild-type controls and strains 

with a randomly integrated ura4 + gene or no functional 

ura4 + gene are included. 

Most mutations alleviate ura4 + repression regardless 

of the site of insertion in the centromere, as shown by 

the impaired ability of these cen l ura4 + insertion 

strains to form colonies on FOA plates. This suggests 

that the level of expression from ura4 ÷ genes inserted 

within the centromere, at any of the sites tested, may 

increase when there is a defective clr l ,  clr2, clr3, clr4, 

r i k l ,  or sw/6 gene. Mutations in clrl ,  clr2, or clr3 clearly 

have a weaker effect at the i m r l R ( N c o I ) : : u r a 4  + and 

otr lR(SphIJ::ura4 + insertion sites than the clr4, r i k l ,  

and sw i6  mutations. The clr l -5 ,  clr2-E22, swi6-115 ,  and 

s w i 6 A : : h i s l  + mutations appear to have little or no effect 

on the c n t l / T M l I N c o l j : : u r a 4  + insertion site (Fig. 4). 

Northern analyses (Fig. 5) show that in many cases the 

presence of a mutant  locus leads to slight increases in 

the level of expression from the c e n l  inserted ura4 + 

genes. However, certain mutations have their greatest 

effect on certain ura4 + insertion sites. In strains with 

the c n t l / T M l : : u r a 4  + insertion, none of the mutations 

tested caused substantial derepression {expression of 

ura4 + is up to a maximum of 0.2 of the minigene con- 

trol). At the i m r l R ( N c o I ) : : u r a 4  + and otr lR(SphI ) : :ura4  + 

insertions sites, the clr l ,  clr2, clr3, and s w i 6  mutations 

only result in partial derepression of the ura4 ÷ gene. In 

contrast, at both of these sites, the presence of the clr4- 

S5 or r i k l - 3 0 4  mutations almost abolishes repression so 

that the level of ura4 + expression is elevated to between 

0.85 and 0.95 of the minigene control. This suggests that 

there are distinct domains within cen l that are highly 

sensitive to the clr4-$5 and r i k l - 3 0 4  lesions and other 

domains, such as the central region of c e n l ,  which are 

not {see Fig. 7, below). 

These data indicate that the products of the clrl  +, 

clr2 +, clr3 +, clr4 +, r ik I  +, and sw/6 + genes all partici- 

pate in the formation of structures that mediate gene 

repression at the silent mating-type loci, adjacent to te- 

lomeres and within centromeres. Mutations at two of 

these loci, clr4, and r i k l ,  have the greatest effect on the 

repressive mechanisms but only at certain sites within 

the centromere. The products of the clr4 + and r i k l  + 

genes must therefore play a critical role in the formation 

of a heterochromatin-like structure at fission yeast cen- 

tromeres. As only three sites of ura4 ÷ insertion within 

cen 1 were tested in all mutant  backgrounds, it is possi- 

ble that the clr l ,  clr2, clr3, and sw/6 mutations cause 

greater derepression at other untested centromeric sites. 

The  clr4, rikl,  a n d  swi6 m u t a t i o n s  r educe  

the f i de l i t y  of  l inear  a n d  circular  c h r o m o s o m e  

segregat ion 

It is possible that the repressed state within fission yeast 

centromeres is a manifestation of higher order structures 

required for the formation of a functional centromere. 

Because clrl-5,  clr2-E22, clr3-E36, clr4-$5, r i k l - 304 ,  

swi6-115,  and s w i 6 A : : h i s l  + mutations can all affect 

transcriptional repression within cen l ,  these mutations 

may interfere with the structures formed at the cen- 

tromere and thereby impair centromere function. 

The fission yeast minichromosome Chl6  is a 530-kb 

derivative of chromosome III and is lost in -0 .2% of all 

cells (Niwa et al. 19891. When Chl6 is lost from cells, 

they form red rather than white colonies on limited ad- 

enine plates. If loss occurs in the first division of a single 

cell on such a plate, then half of the resulting colony will 

retain the minichromosome and form a white sector, 
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Figure 4. The effect of mutations at the 
chl,  clr2, clr3, ch4, rikl, and sw/6 loci on 

FOA resistance and uracil prototrophy at 

three sites of ura4 + insertion within cen 1. 
Cultures with the ura4 + gene inserted at 
cnt l /TM1 (NcoI) (top), imrl  (NcoI)(mid- 

dlel, and otrl (SphlI {bottom} in wild-type 

and mutant backgrounds as shown were 
grown to 0.5x107 to 2.0x10 z cells/ml in 

N/S medium. Serial dilutions (1:51 of each 
culture were spotted onto URA-, FOA, and 

N/S plates and incubated at 32°C for 3--4 

days. The highest density spots contained 
4x103 cells. FY340, which carries the 

ura4 ÷ gene at a random site and grows as a 

fully ura + strain, is included for compari- 

son in each panel. FY489, which has no 

functional ura4 + gene, only the ura4-DS/E 
allele, is also included. 
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whereas the other half, wi th  no minichromosome,  will 

form a red sector. By scoring the frequency of half-sec- 

tored colonies, an accurate rate of chromosome loss per 

division can be calculated. 

Strains bearing the minichromosome Chl6  and one of 

each of the muta t ions  were constructed, and the rate of 

Ch l6  loss compared with  that  in a wild-type background 

(Table 1A). The loss rate/division in wild type strains is 

not influenced by mat ing type and is similar to est imates 

published previously (Niwa et al. 1989). Strains bearing 

lesions at clrl ,  clr2, or clr3, which had weak effects on 

centromeric transcriptional repression, display rates of 

loss similar to wild type. In contrast, strains with the 

clr4-$5 or r i k l -304  mutat ions  missegregate the mini- 

chromosome in - 5 %  of cell divisions, a lmost  a 100-fold 

increase over wild type. These same two loci have the 

greatest effect on transcriptional repression within cen- 

tromeres (Fig. 5}. Mutat ions  at the sw/6 locus also affect 

chromosome segregation. In strains bearing swi6-115 or 

swi6a: :h i s l  +, abnormal  segregation is elevated 35- and 

95-fold so that  the ra in•chromosome is lost in 1.8% and 

4.9% of cell divisions, respectively. 

The effect of these muta t ions  on the segregation of 

normal  chromosomes was also tested. Diploids homozy- 

gous for each muta t ion  were forced by intragenic corn- 

plementat ion between the ade6-210 (red) and ade6-216 

(pink) alleles. In the absence of selection for Ade + cells, 

loss of a chromosome causes the diploid to revert rapidly 

to the haploid state forming red or pink sectors, allowing 

the rate of whole chromosome loss to be estimated.  Ta- 

ble 1B demonstrates that  the clr4-$5, r ik l -304,  and swi6 .  

115 mutat ions  also cause elevated rates of loss of endog- 

enous chromosomes.  

Because the clrl-5, clr2-E22, clr3-E36, clr4-$5, r i k l -  

304, and swi6-115 mutat ions  may  affect gene repression 

at te l•meres  {i.e., little or no growth on FOA; Fig. 4C), it 

is possible that  the elevated loss rate of the linear min- 

• chromosome Chl6  and whole chromosomes above was 

mediated through a defect in te l •mere  function rather 

than changes in centromere structure and function. To 

test this possibility, the rate of loss of the 36-kb centro- 

meric circular minichromosome CM3112 (Matsumoto 

et al. 1990) was measured in the presence and absence of 

all these mutat ions  (Table 1C). Again the rate of chro- 

mosome loss is independent of mat ing type and clrl-5, 

clr2-E22, or clr3-E36 have little or no effect on the 

CM3112 loss rate, which remains at between 1% and 2% 

of all divisions. The mis-segregation of this circular min- 

• chromosome occurs at such a high rate in strains bear- 

ing clr4-$5, r ik l -304,  and swi6-115 mutat ions  that an- 
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A 

ura4 

ura 4 DS/E 

c i 
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Figure 5. Mutations at clr4 and rikl eliminate repression of 

ura4 + at distinct sites within cenl. Northern analyses of total 

RNA prepared strains with ura4 + inserted at cnt l /TM1 (A), 

imrl (NcoI){B), and otrl (SphI)(C) in wild-type and mutant 

backgrounds as indicted. FY340, which expresses the ura4 ÷ 

gene fully from a random site in the genome in the ura4-DS/E 

background, is included for comparison. The level of ura4 + 

mRNA produced relative to the ura4-DS/E control band was 

calculated from each PhosphorImage. 

o ther  me thod ,  m o r e  su i ted  to e s t ima t ing  h igh loss rates, 

was e m p l o y e d  (Kipling and Kearsey 1990). Table  1C 

shows tha t  in s t rains w i t h  clr4-$5, r ik l -304,  or swi6-115 

m u t a t i o n s  the  m i n i c h r o m o s o m e  CM3112 is lost  in 18%, 

17%, and 21% of divisions,  respect ively .  This  d ramat i c  

difference in the  s tabi l i ty  of CM3112 in wi ld- type  versus  

clr4-$5, r ik l -304,  and swi6-115 backgrounds  is illus- 

t ra ted in Figure 6. In S. pombe ,  acent r ic  m i n i c h r o m o -  

somes  or ars con t a in ing  p lasmids  are, in general,  lost in 

20-50% of cell d ivis ions  (Heyer et al. 1986; M a t s u m o t o  

et al. 1990). Therefore ,  these  resul ts  d e m o n s t r a t e  tha t  

m i t o t i c  c e n t r o m e r e  f u n c t i o n  of the  already c o m p r o m i s e d  

c i rcular  m i n i c h r o m o s o m e  CM3112 is a lmos t  comple t e ly  

obl i te ra ted  in  clr4-$5, r ik l -304,  and swi6-115 back- 

grounds.  This  impl ies  tha t  the  factors encoded  by these  

genes are essent ia l  for the  f u n c t i o n  of this  m i n i m a l  cen- 

t romere .  

D i s c u s s i o n  

A zone  of repression covering the cen tromer ic  d o m a i n  

Transcr ip t ion  of the  ura4 + gene is repressed at all 11 

sites tes ted w i t h i n  the d o m a i n  occupied  by f ission yeast  

cenl ,  as demarca t ed  by the  large inve r t ed  repeat  sur- 

round ing  the  centra l  region. At two  sites ou ts ide  th is  

domain ,  the  ura4 + gene is no t  repressed (Figs. 1 and 2). 

These  two  sites are 0.9 kb (XholI and 1.2 kb (HpaI) out- 

side the large inver ted  repeat  as def ined by T a k a h a s h i  et 

Table 1. Effect of clrl, clr2, clr3, clr4, rikl, and swi6 

mutations on the fidelity of chromosome transmission 

A. The 530-kb linear minichromosome Ch 16 
Loss rate 

per percent 

Strain Background division divisions 

FY521 WT h ÷ 4.4 x 10 .4 0.044 

FY721 WT h -  5.8 x 10 .4 0.058 

FY723 clrl-5 1.7 x lO -3 0.17 

FY725 clr2-E22 1.9 x 10 .3 0.19 

FY727 clr3-E36 1.1 x 10 .3 0.11 

FY729 clr4-$5 4.9 x 10 .2 4.90 

FY731 rikl-304 4.8 x 10 .2 4.8 

FY733 swi6-115 1.8 x 10 .2 1.8 

FY1036 swi6A::hisl ÷ 4.9 x 10 -2 4.9 

B. Whole chromosomes monitored by breakdown 
o[ diploids 

Loss rate 

per percent 

Strain Background division divisions 

FYllO0 WT <1 x 10 -3 <0.1 a 

FYII02 clrl-5 <1 x 10 -3 <0.1 a 

FYl104 clr2-E22 <1 x 10 -3 <0.1 a 

FYll06 clr3-E36 <1 × 10 -3 <0.1 ~ 

FY1108 clr4-$5 4.7 x 10 -2 4.7 ~ 

FY1110 rikl-304 3.2 x 10 -2 3.2 a 

FYl l l2  swi6-115 2.4 x 10 .2 2.4 ~ 

C. The 30-kb circular minichromosome CM3112 
Loss rate 

per percent 

Strain Background division divisions 

FY7S9 W T h  ÷ 1.1 x 10 -2 1.1 

FY865 WT h -  9.0 x 10-3 0.9 

FY853 clrl-5 1.5 x 10 -2 1.2 

FY787 clr2-E22 7.9 x 10 -3 0.8 

FY790 clr3-E36 1.7 x 10 -2 1.7 

FY856 clr4-$5 1.8 x 10-1 18.0 a 

FY859 rikl-304 1.7 x 10- ~ 17.0 a 

FY862 swi6-115 2.1 x 10 -1 21.0 a 

aThe loss rate was determined by the method of Kipling and 

Kearsey {1990). 
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Figure 6. Mutations at clr4, rikl, and 
swi6 disrupt segregation of a circular min- 
ichromosome. Wild-type (FY759), clr4-$5 

(FY856), rikI-304 {FY8591, and swi6-I15 

(FY862) colonies containing the circular 
minichromosome CM3112 were picked 
from plates selecting for the minichromo- 
some {Ade-), resuspended in N/S me- 
dium, and plated onto YE + 0.15A plates. 
Colonies retaining the minichromosome 
are white; those without it are red. Mini- 
chromosome loss during colony out- 
growth results in white colonies with red 
sectors. Little or no white sectors are vis- 
ible in the strains bearing either the rikl- 

304, clr4-$5, or swi6-I15 lesions, indicat- 
ing that centromere function is severely 
disrupted in the presence any of these mu- 

tations. 

al. (1992), although other data (Steiner et al. 1993; R. 

Allshire and G. Cranston, unpubl.) suggest that this in- 

verted repeat extends at least as far as the HpaI site (Fig. 

2A). At the BgllI insertion site at the end of the otr re- 

gion, ura4 + transcription is repressed. The fact that at a 

site only 0.9 kb (XhoI, FY937) further away little repres- 

sion is observed indicates that the centromeric zone of 

repression mus t  terminate  abruptly wi th in  this 0.9-kb 

region. It is conceivable that the 0.9-kb region contains a 

specific sequence that acts as a barrier to the formation 

of repressive structures outside this region. It has been 

postulated that specific terminators are required to hal t  

the assembly of heterochromatin along a chromosome 

(see Eissenberg 1989). Specific DNA fragments have been 

identified that, in Drosophila, insulate genes from posi- 

tion effects (Kellum and Schedl 1991; Chung et al. 1993). 

The 0.9-kb cenl  region may have a similar  role in insu- 

lating neighboring genes from centromeric repression. 

Alternatively, the large inverted repeat wi th in  the cen- 

tromere may  form a higher order structure, such as a 

hairpin (see Fig. 7c), which  mediates repression. In this 

case, the HpaI and XhoI sites would lie at the base of this 

structure and might  be less prone to repression. 

Repression, un usual cen tromeric chromatin,  an d 

repeats 

The central domain of fission yeast centromeres forms 

unusual  chromat in  (Polizzi and Clarke 1991; Takahashi  

et al. 1992), which  we have shown influences the chro- 

mat in  structure of the ura4 + gene when  placed in the 

center of cenl  or cen2 (Allshire et al. 1994). We proposed 

that this unusual  chromatin was causally related to the 

repression of ura4 + observed at these sites. It was there- 

fore surprising to find that the ura4 + gene is also re- 

pressed in the outer domains of cenl  where the DNA is 

packaged into regular nucleosomes. This  suggests that 

either different mechanisms  of repression operate in 

these different domains or that the alteration in ura4 + 

chromatin structure wi th in  cen l and cen2 does not me- 

diate repression. 

Clarke et al. (1993) have observed that all functional  

centromere constructs assemble unusual  chromat in  in 

the central domain, whereas nonfunct ional  constructs 

do not. This suggests a l ink between specialized chroma- 

tin structure and centromere function. It is also possible 

that a higher order structure, for example a hairpin con- 

figuration (such as that proposed by Takahashi  et al. 

1992; Clarke et al. 1993; see Fig. 7c), is required to me- 

diate both centromeric repression and centromere func- 

tion. Recent observations in Drosophila indicate that 

tandem or inverted repeats of a minigene have a propen- 

sity to interact and mediate their own repression. In 

some configurations this repression is sensitive to com- 

mon suppressors of variegating position effects such as 

mutat ions  in the Suvar(2)5 gene encoding HP1 {Dorer 

and Henikoff 1994). It has been proposed that repression 

is brought about by the pairing of copies of the minigene 

so as to exclude transcription factors. Other phenomena  

related to PEV, such as trans-sensing, are also thought to 

rely on somatic pairing {Henikoff 1994). It is therefore 

intriguing that, apart from containing large inverted re- 

peats of 18 kb or more, all fission yeast centromeres clus- 

ter together at the nuclear periphery in interphase (Fun- 

abiki et al. 1993) and that genes are also repressed at 

fission yeast telomeres (Nimmo et al. 1994) which  also 

form aggregates at the nuclear periphery (Funabiki et al. 

1993). Credence to the idea that a higher order structure 

is required for fission yeast centromere funct ion comes 

from the observation that certain min ichromosome con- 

226 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Press on August 24, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Factors affecting position effects at fission yeast centromeres 

a 

Wild type Transcription factors 

_,__,__,__,___,__,__,__,_ 

k Jk "J, ZLZI, I,2J 'LI J 

clr4-$5 or rik1-304 

.s_s__ 
I lqT1 / % - I  I 

J " " k / . _ J  

c 

Wild type swi6-115 or swi6A::his. 

©0 
Figure 7. Schematic representation of the structure of cen l 
and the effect of clr4, rikl, and swi6 mutations on silencing and 

centromere function. (a) The region occupied by cenl is coated 

with a nonuniform heterochromatin-like structure, different 

forms of which are specific to certain domains within the cen- 

tromere. In wild-type strains, this heterochromatin-like struc- 

ture restricts the accessibility of the centromere to transcrip- 

tion factors (small arrows). The whole centromere may be 

folded into a higher order stucture as in c. (b) In strains carrying 

clr4-$5 or rikl-304 mutations, transcription in the central do- 
main (cntI) remains limited (as shown by Northern analyses; 

Fig. 5) but the domain encompassing at least a 1.3-kb region 

spanning the otrl and imrl border becomes very accessible to 
transcription factors (large arrows). The clrl, clr2, clr3. clr4, and 

rikl mutations may cause a relaxation in the central domain 

[see Fig. 4), but the sw/6 mutations have no phenotype with 

respect to silencing in this region. All six mutations increase 

accessibility in the imrl /otr l  region tested, but only the ch4 
and rikl mutations abolish this repression. (c)In wild-type cells, 

the product of the swi6 + gene may be required alone or in a 

complex (large shaded oval) to facilitate the formation of a 

higher order structure, such as a hairpin (Takahashi et al. 1992; 

Clarke et al. 1993), by interacting with components of the het- 

erochromatin-like structure. Mutations at the swi6 locus would 
interfere with the formation of this structure, disrupting cen- 

tromere function but not completely abolishing transcriptional 

repression. Mutations such as clr4-$5 and rikI-304, which dis- 

rupt this heterochromatin-like structure, would also interfere 

with the formation of this secondary structure and centromere 
function. 

Transcriptional repression l i n k e d  to cen t romere  

funct ion  in f ission yeast  

We have shown that mutat ions  at clr4 and rik 1 derepress 

the ura4 + gene at certain sites wi th in  fission yeast cen l  

much more than those at clrl ,  ch2, clr3, or swi6.  All of 

these mutat ions  have min imal  effects on the expression 

of the ura4 + gene at telomeres and no effect on expres- 

sion of the ura4 + gene from a random integration site. 

Strains bearing either clr4 or r i k l  mutat ions  also display 

highly elevated rates of chromosome loss. In contrast, 

the clrl,  clr2, and clr3 mutat ions  have a negligible effect 

on chromosome segregation. This strongly suggests that  

the zone of repression formed within  fission yeast cen- 

tromeres has an integral role in the formation of fully 

functional centromeres. In Figure 7a this zone of repres- 

sion is depicted as the centromeric D N A  coated wi th  a 

heterochromatin-l ike structure that  is refractory to tran- 

scription factors. This centromeric zone of repression ap- 

pears to be divided into separate domains. The central 

region remains resistant to transcription in strains bear- 

ing any of the mutat ions  tested. However, in the pres- 

ence of the clr4-$5 or r ik I -304  mutat ion,  the f lanking 

domains are released and become accessible for tran- 

scription (Fig. 7b). It is envisaged that this heterochro- 

matin-l ike structure is required, directly or indirectly, to 

either maintain  the a t tachment  of sister chromatids dur- 

ing mitosis up until  the onset of anaphase or form the 

foundations for the assembly of a functional kinetochore 

and its a t tachment  to the microtubules emanat ing  from 

the spindle pole body. 

Strains bearing mutat ions  at the swi6  locus also ex- 

hibit high rates of chromosome loss even though they 

have weaker effects on repression at the three centro- 

meric sites tested. It is possible that  these swi6  muta-  

tions cause complete derepression at other untested re- 

gions of the centromere, al though complete derepression 

per se is not necessarily a prerequisite for defective cen- 

tromere function. Alternatively, the swi6 protein might  

be involved in facilitating the formation of a higher order 

structure on the underlying heterochromat in  but is not 

directly involved in mediat ing transcriptional repression 

at centromeres (Fig. 7c). To explain the effects of the 

swi6-115 mutat ion  on the directionality of mating-type 

switching, it has been proposed previously that  the swi6 

product promotes in t rachromosomal  folding of the silent 

mating-type loci onto m a t l  (Thon and Klar 1993). In ad- 

dition to clr4 +, r ik l  +, and swi6  +, it is conceivable that  

the products of the clrl +, clr2 +, and clr3 + genes have an 

auxiliary role in the formation of centromeric hetero- 

chromatin, but they are not critical for centromere func- 

tion. 

structs are apparently regulated in an epigenetic manner  

so that a functional centromere is only formed in some 

lineages (Clarke et al. 1993; Steiner and Clarke 1994). 

Such constructs may  have difficulty in folding into the 

correct conformation to form a functional centromere. 

Heterochromat in  and cen tromere  func t ion  in other 

organisms 

In many eukaryotes, the centromeric region is associated 

with arrays of repetitive D N A  such as alphoid satellite in 

humans,  minor  satellite in mouse, and simple and com- 

plex satellite D N A  in Drosophila (Miklos and Cotsell 
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1990; Rattner 1991; Tyler-Smith and Willard 1993}. 

These regions are normal ly  packaged as heterochromatin 

and therefore tend to be late replicating and suppressed 

for recombinat ion and to show frequent associations 

wi th  the nuclear periphery (see introductory section). Al- 

though the exact role of these heterochromatic regions 

in centromere function and kinetochore assembly re- 

mains  to be elucidated, several studies indicate that they 

contribute to centromere function. At human  cen- 

tromeres, although CENP-B is associated wi th  both ac- 

tive and inactive centromeres, alphoid repeats associated 

wi th  CENP-B underlie the kinetochore (Cooke et al. 

1990} and injection of dividing cells wi th  predominant ly  

anti-CENP-B antibodies leads to some disruption of ki- 

netochore structure, which  may be the result of alter- 

ation in the compaction of the underlying chromatin 

(Bernat et al. 1991). Alphoid repeats inserted at noncen- 

tromeric sites may  display some aspects of centromere 

function (Haaf et al. 1992; Larin et al. 1994). In Droso- 

phila it is known that certain alleles of Suvar(3)6 (en- 

coding protein phosphatase 1), which suppresses varie- 

gation of whi t e  adjacent to heterochromatin,  can result 

in abnormal  chromosome segregation (Baska et al. 1993). 

Again in Drosophila, a marker  chromosome responds to 

suppressors of variegating position effects, so that in ge- 

netic backgrounds where there is less repression of re- 

porter genes, and presumably less heterochromatin,  this 

chromosome is less stable. Analyses of aberrant mitot ic  

configurations in these flies suggested that the nondis- 

junction events resulted from premature sister chroma- 

tid separation (Wines and Henikoff 1992). This implies 

that the amount  of DNA packaged as heterochromatin 

wi th in  a centromeric domain directly influences the 

funct ional i ty of that centromere. 

Of the three genes that we have shown to disrupt cen- 

tromere function (clr4 +, r i k l  +, and sw/6+), only the 

swi6  + gene has been cloned and sequenced. It is intrigu- 

ing that sw/6 + encodes a protein containing a chromo- 

domain and plays a role in transcriptional silencing and 

perhaps in the formation of a folded structure at the m a t  

loci (Thon and Klar 1993; Lorentz et al. 1994). Other 

chromodomain-containing proteins, such as HP1, are 

known to be associated wi th  centromeric heterochroma- 

t in (see introductory section). Mutat ions in the Droso- 

phila chromodomain protein HP1 [Suvar(2)5] alleviate 

repression of variegating genes, whereas increased dos- 

age of the wild-type gene enhances this repression (Eis- 

senberg et al. 1992). Recently, it has been observed that 

aberrant chromosome segregation occurs in Drosophila 

embryos homozygous for HP1 mutations.  These em- 

bryos contain a high frequency of nuclei  wi th  lagging 

chromosomes and anaphase/ telophase bridges (R. Kel- 

l um and B. Alberts, pers. comm.). Clearly, this also im- 

plies that normal  chromosome segregation is dependent 

on the integrity of centromeric heterochromatin. 

Concluding  remarks  

Further analyses of the clr4 +, r ik l  +, and sw/6 + genes 

and their products should lead to a more complete un- 

derstanding of their role in centromere function. At 

present, the product of swi6 + is a good candidate for a 

component  of a heterochromatin-l ike structure at cen- 

tromeres and at other sites in fission yeast. The products 

of clr4 + and r ik l  ÷ could also be components  of hetero- 

chromatin-l ike structures or may play a role in the reg- 

ulat ion of such structures. Our analyses indicate that the 

clr4 +, r ik l  +, and swi6  + genes have important  roles at 

both centromeres and the silent mating-type loci, 

whereas the clrl +, clr2 +, and clr3 + genes have a less 

critical role at the former. Further genetic and molecular  

analyses may reveal other factors that only play a critical 

role in centromeric transcriptional repression and cen- 

tromere function. Such factors might  include DNA- 

binding proteins that interact specifically wi th  certain 

DNA sequences at centromeres. Alternatively, other 

centromere-specific non-DNA-binding factors, required 

for the assembly of a functional kinetochore, may  be 

identified. Such factors might  s imul taneously  associate 

with the products of the clr4 +, r i k l  +, or swi6  + genes to 

form heterochromatin at fission yeast centromeres that 

promotes the assembly of a functional  kinetochore. 

Materials and methods 

Plasmid constructions 

pl3-18dgl/glu 

Oligonucleotides were designed to amplify a region between 
dgl/K" (CCATCCGCAGTTGGGAGTAC), and the 3' end of 
the glu tRNA in imrl/B'.  BamHI sites were added during the 

PCR reaction. A product of -2.3 kb was gel-purified, digested 
with Bam HI, and cloned in puc 13-18. To eliminate certain sites, 
the 2.3-kb insert was recloned in the BamHI site of pucl8-13 to 

give puc 18-13dgl/glu. 

pl3-18dgl/glu(SphI)-ura4 The ura4 + gene on a 1.75-kb SphI 
fragment from pSphura4 was cloned in both orientations into 

the SphI site in the dgl region of pl3-18dgl/glu. 

pl3-18dgl/glu(NcoI)-ura4 The ura4 + gene on a 1.75-kb 

HindlII fragment was treated with Klenow and inserted in both 

orientations into the filled-in NcoI site of pl3-18dgl/glu. 

pGEMimrlLNcoI/SphI(aeHindlII)-ura4 The 1.45-kb NcoI- 
SphI fragment from pCC1R (contains the right-side 6-kb NcoI 
fragment from the middle of cenl) was subcloned into pGEM7 
(Promega). The ura4 + gene on a 1.75-kb HindIII fragment was 

inserted into the HindIII site between the alanine (a) and glu- 

ramie acid (e) tRNA genes. 

pBSimr 1R ClaI/EcoR 1 (iHindlII)-ura4 The 1.81-kb ClaI-EcoRI 
fragment from pCC1R was cloned into pBS/SK. The ura4 + gene 
on a 1.75-kb HindIII fragment was inserted into the HindIII site 

close to the isoleucine (i) tRNA gene. 

pPhe-otrl, pPhe-otrl (XhoI)-ura4 and pPhe-otrl (Hpa/)-ura40li- 
gonucleotides were designed to amplify the region between the 
Phe tRNA CCCAACTACACCATTGCGACTTC (flanking the 

left side of cenl; Takahashi et al. 1992) and the end of otrl 
CAGTTGACTAGGATTTGTTTG (dhla/K'). Terminal BamHI 
sites were added during PCR. The 1.8-kb BamHI PCR product 
was cloned in pucl8/13. XhoI and HpaI cut 0.9 and 1.2 kb from 

the end of otrl, respectively, pPhe-otrl was cleaved with XhoI 
or HpaI and treated with Klenow, and the filled-in 1.75-kb 
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ura4 + HindIII fragment was inserted at both sites generating 

pPhe-otrl(XhoI)-ura4 and pPhe-otrl (Hpall-ura4. 

pPhe-otr l /dhlXhoI/SphI(Bgl l I ) -ura4 Oligonucleotides were 

designed to amplify the region between the Phe tRNA (same 

oligo as above) and part of dhla/K' CCAGCTTTATGC- 

CAAAACATGCATG. The 2.2-kb PCR product was digested 

with XhoI and SphI, and the 1.4-kb fragment was cloned in 

pGEM7. The ura4 + gene on a 1.75-kb BamHI fragment from 

pucl3/18-ura4 was cloned in both orientations (oriI and oriII1 

into the BglII site at the end of dhla/K'. 

puc21otrl-dhNdeI/Bgl l I (HindlII)-ura4 Oligonucleotides were 

designed to generate a 1.15-kb PCR product spanning the NdeI -  

BglII region of dhla/K'  of cenl (GAACATTTCTCAGAT- 

TAAAAAGTC and GCCATGTAATCTAAAACTTTACCG). 

The product was digested with NdeI and BglII, and the 1.08-kb 

fragment was inserted into puc21. The ura4 + gene on a 1.75-kb 

HindIII fragment was cloned in both orientations (oriI and orilI) 

into the HindIII site located in the insert. 

potr l -dgla /K"(Hindl I I ) -ura4 A 2.22-kb PCR product gener- 

ated with oligonucleotides CAGGGCATGCTTAGCAAGTAC 

and GGCATAGCGATGATAGTTCTA spanning the Asp718 

and SphI sites within dgla/K" of cenl  was cut with these en- 

zymes and cloned in puc21. The ura4 + gene on a 1.75-kb 

HindIII fragment was cloned in the HindlII site located in the 

insert. 

S. pombe media  

Media were essentially as described by Moreno at al. {1991) and 

in Allshire et al. (1994). For chromosome loss tests, YE plates 

were supplemented with 0.15 the normal amount of adenine 

(YE + O.15A, 12 mg/liter}. Comparative plating and serial di- 

lution experiments were performed as described previously 

{Allshire et al. 1994; Nimmo et al. 1994). 

Strain construction 

For transformation, a simplified version of the lithium acetate 

pH 4.9 procedure was used (Moreno et al. 1991 ). The genotype of 

all strains used is presented in Table 2. FY489 contains a 280-bp 

deletion in the ura4 + gene at the ura4 locus and was derived by 

crossing FY290 with FY200 {Allshire et al. 1994). 

To insert the ura4 + gene at sites within cenl,  the same gen- 

eral procedure was followed in each case. A linear DNA frag- 

ment with the region of interest disrupted by the ura4 + gene 

was released from various plasmids, gel-purified, and used to 

transform the strain SP813. 

Ura + transformants (200--2000) were then subjected to a sim- 

ple stability test by streaking for single colonies on FOA plates. 

Single colonies were picked from each original colony that grew 

in the presence of FOA and again restreaked on FOA plates. 

These two rounds of streaking for FOA R colonies ensured the 

loss of episomal forms. Colonies that grew were then streaked 

onto URA- plates to identify cells retaining the ura4 + gene. 

DNA analyses confirmed the presence of the ura4 + gene at the 

desired site within the centromere. 

Within the imr l  and cnt l  regions, digestion with ClaI al- 

lowed insertions into the left and right sides of the inverted 

structure to be distinguished. Digestion with HpaI allowed in- 

sertion within the left and right Phe-dhla/K' regions to be dis- 

tinguished. The starting strain, SP813, carries a complete dele- 

tion of the ura4 + gene (ura4-D18). After confirming that trans- 

formants had an insertion at the correct site on the left or right 

side of cenl ,  all were crossed with FY489 to introduce the trun- 

cated allele of ura4 (ura4-DS/E), allowing quantification of 

ura4 ÷ RNA levels produced from each site. Pulse-field gel elec- 

trophoresis after Sail digestion of large DNA prepared in agarose 

plugs from strains with ura4 + insertions within cen l demon- 

strated that no gross structural alterations had occurred. After 

hybridization with a ura4 + probe, the expected SalI fragment of 

-65  kb containing the whole cenl  region could be detected in 

each strain (data not shown). Other digests also indicated that 

the normal structure of cenl was maintained. 

FY336 and FY340 were described by Allshire et al. {1994). 

FY520 and FY521 were described by Nimmo et al. {1994). FY597 

was derived from a cross between PG9 {Thon and Klar 19921 and 

FY489. FY1028, the swi6 + gene, was replaced with his l  + (lain 

Hagan, University of Manchester, UK), resulting in swi6A: :hisl +, 

similar to that described previously {Lorentz et al. 1994). 

The chl-5,  clr2-E22, clr3-E36, clr4-$5, rikl-304, and swi6-115 

mutations were followed in crosses by iodine staining and vi- 

sual examination of cells by phase-contrast microscopy for 

those undergoing haploid meiosis (Thon and Klar 1992; Ekwall 

and Ruusala 1994; Lorentz et al. 1994). After crossing with 

FY489, the strains FY530, FY602, FY637, FY514, FY512, FY528, 

and FY1028 were generated, and these strains that bear the 

clrl-5, clr2-E22, clr3-E36, clr4-$5, nk l -304 ,  swi6-115, or 

swi6A::hisl  + mutations and the ura4-DS/E allele were crossed 

with FY336, FY498, FY648, FY527, FY520 , FY597, FY340, 

FY521, and FY757, generating a series of isogenic strains (see 

Table 2). 

Mitotic chromosome stabi l i ty  assays 

Cells (500-1000} from Ade + colonies were plated on YE + 0.15 

adenine plates and incubated at 32°C for 3-5 days followed by 

2-3 days at 4°C to allow the red color to deepen. The number of 

colonies with a red sector covering at least half of the colony 

was counted. The number of chromosome loss events per divi- 

sion is the number of these half-sectored colonies divided by the 

total number of white colonies plus half-sectored colonies. The 

rate of loss of the circular minichromosome, CM3112, was too 

high to use the above method. Another method was employed 

(Kipling and Kearsey 1990}. Briefly, an Ade + colony was picked, 

resuspended in a small volume of medium, and the cell density 

was measured. Cells (500-1000) were plated on Ade- plates to 

estimate the proportion of cells in the colony containing the 

minichromosome. Cells (lxl04) from the same colony were 

grown in the absence of selection (Ade + plates} for 15-20 gen- 

erations, after which time the proportion of ceils retaining the 

minichromosome was again estimated by plating on Ade- 

plates at 32°C. The rate of chromosome loss per division was 

estimated using the formula: loss rate = 1 -(F/I} 1iN, where F is 

the final percentage of cells bearing the minichromosome, I is 

the initial percentage of ceils carrying the minichromosome, 

and N is the number of generations between I and F (Kipling and 

Kearsey 1990}. 

DN A preparation, digestion, and analyses 

DNA was extracted essentially as described in Moreno et al. 

11991J. High-molecular-weight DNA in agarose blocks for anal- 

ysis by PFGE was prepared as described in Allshire {1992}. DNA 

was digested according to the manufacturer's recommended 

conditions and analyzed by electrophoresis on 0.7-1.5% agarose 

gels in 0.5x TAE buffer. For PFGE analyses, samples were 

loaded on a 1% agarose gel in 0.5x TAE buffer. To separate all 

three centromeric Sali fragments, the gel was run on a Biorad 

CheflI system for 22 hr at 200 V with a pulse time starting at 2 

sec and ending at 20 sec. DNA was transferred and hybridiza- 
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Table 2. S. pombe strains used in this s tudy  

Strain Position and ura4 gene Genotype 

972 wild-type h - 

SP813 deleted h + leul-32 

FY489 ura4-DS/E h -  leul-32, 

FY340 TMl(NcoI)-ura4 Random int. h + leul-32, 

FY496 imrlL(NcoI}::ura4 oriI h* leul-32, 

FYS01 imrlL(NcoI)::ura4 oriII h* leuI-32, 

FY502 imrlR(NcoI)::ura4 oriII h* leul-32, 

FY524 imr t  R(aeHindIIIl::ura4 h * Ieul-32, 

FY525 imrlL(aeHindIII)::ura4 h + leul-32, 

FY527 imrlR(iHindIII)::ura4 h * leul-32, 

FY534 imrlL(iHindIII)::ura4 h * leul-32, 

FY941 Phe-otrlL(HpaI): :ura4 h ÷ leuI-32, 

FY937 Phe-otrlL(XhoI)::ura4 h* leuI-32, 

FY939 otrlL(dh/BglII)::ura4 oriII h* leul-32, 

FY988 otrlL(dh/BglII)::ura4 oriI h ÷ leul-32, 

FY965 otrlL(dh/HindIII)::ura4 oriI h + leuI-32, 

FY967 otrlL(dh/HindIII)::ura4 oriII h * leul-32, 

FY986 otrlL(dgla/HindIIIl::ura4 oriII h* leuI-32, 

FY336 cnt l /TMl(NcoI): :ura4 h * leuI-32, 

FY576 cnt l /TMl(NcoI): :ura4 h A leuI-32. 

FY645 cnt l /TMl(NcoI): :ura4 h a leul-32, 

FY555 cnt l /TMl(NcoI): :ura4 h A leul-32, 

FY639 cnt l /TMl(NcoI): :ura4 h A leul-32, 

FY586 cnt l /TMl(NcoI): :ura4 h A leul-32, 

FYl158 cnt l /TMl(NcoI): :ura4 h A leul-32, 

FY1062 cnt l /TMl(NcoI): :ura4 h A leul-32, 

FY498 imrlR(NcoI)::ura4 oriI h + leul-32, 

FY689 imrlR(NcoI)::ura4 oriI h A leul-32 

FY691 imrlR(NcoI)::ura4 oriI h a leul-32 

FY693 imrlR(NcoI)::ura4 oriI h A leul-32 

FY695 imrlR(NcoI)::ura4 oriI h A leul-32 

FY697 imrlR(NcoI)::ura4 oriI h A leul-32 

FY699 imrlR(NcoI)::ura4 oriI h A leul-32 

FY1032 imrlR(NcoI)::ura4 oriI h A leul-32 

FY648 otrlR(SphI)::ura4 h ÷ leul-32 

FYT01 otrlR(SphI)::ura4 h A leuI-32 

FY703 otrlR(SphI)::ura4 h A leuI-32, 

FY705 otrlR(SphI)::ura4 h A leul-32, 

F¥707 otrlR{SphI)::ura4 h A leuI-32, 

FY709 otrlR(SphI)::ura4 h A leul-32, 

FY711 otrlR(SphI)::ura4 h a leuI-32, 

FY1034 otrlR(SphI)::ura4 h A leul-32, 

FY597 mat3-M(EcoRV)::ura4 h ~° leul-32, 

FY624 mat3-M(EcoRV)::ura4 h A leul-32, 

FY633 mat3-M(EcoRV)::ura4 h A leul-32, 

FY627 mat3-M(EcoRV)::ura4 h A leul-32, 

FY629 mat3-M(EcoRV}::ura4 h a leul-32. 

FY631 mat3-M{EcoRV)::ura4 h A leul-32, 

FY622 mat3-M(EcoRV}::ura4 h A Ieul-32, 

FY520 Ch l6  m23::ura4-TEL[72] h ÷ leul-32, 

FY612 Ch l6  m23::ura4--TEL[72] h A leul-32 

FY736 Ch l6  m23::ura4-TEL[72] h A leuI-32 

FY613 Ch l6  m23::ura4--TEL[72] h A leul-32 

FY738 C h l 6  m23::ura4-TEL[72] h A leul-32 

FY898 Ch l6  m23::ura4--TEL[72] h A leul-32 

FY611 Ch l6  m23::ura4--TEL[72] h A leul-32 

FY521 Ch l6  m23::ura4 h-  leul-32 

FY721 Ch l6  m23::ura4 h -  leul-32 

FY723 Ch l6  m23::ura4 h a leul-32 

FY725 Ch l6  m23::ura4 h A leul-32 

FY727 Ch l6  m23::ura4 h A leul-32 

ade6-210, 

ade6-210, 

ade6-210, 

ade6-210, 

ade6-210, 

ade6-210, 

ade6-21 O, 

ade6-210 

ade6-210 

ade6-210 

ade6-210 

ade6-210 

ade6-210 

ade6-210 

ade6-210 

ade6-210 

ade6-210 

ade6-210 

ade6-210 

ade6-210 

ade6-210 

ade6-210 

ade6-210 

ade6-210 

ade6-210 

ade6-210 

ade6-210 

ade6-21 

ade6-216 

ade6-216 

ade6-216 

ade6-21G 

ade6-21G 

ade6-216 

ade6-21G 

ade6-21G 

ade6-21G 

ade6-21 O, 

ade6-210, 

ade6-210, 

ade6-210, 

ade6-210, 

ade6-210, 

ade6-210, 

ade6-210, 

ade6-21 O, 

ade6-210, 

ade6-210, 

ade6-210, 

ade6-210, 

ade6-210, 

ade6-210, 

ade6-21 O, 

ade6-210, 

ade6-210, 

ade6-210, 

ade6-210, 

ade6-21 O, 

ade6-210, 

ade6-210, 

ura4-D18 

ura4-DS/E 

leu4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

ura4-DS/E 

clr1-5 

clr2-E22 

clr3-E36 

clr4-$5 

ri k 1-304 

swi6-115 

hisI-102 swi6A::hisl  + 

clrl-5 

clr2-E22 

clr3-E36 

clr4-$5 

rik1-304 

swi6-115 

his l -102 swi6A::hisl  + 

his l -102 swi6A::hisl  + 

clr1-5 

clr2-E22 

clr3-E36 

clr4-$5 

r ikl-304 

swi6-115 

his l -102 swi6A::hisl  + 

clr1-5 

clr2-E22 

clr3-E36 

clr4-$5 

rik1-304 

swi6-I15 

Chl6  ade6-216 

Chl6  ade6-216 

Chl6  ade6-216 

Chl6  ade6-216 

Chl6  ade6-216 

Chl6  ade6-216 

C h l 6  ade6-216 

Chl6  ade6-216 

Chl6  ade6-216 

Chl6  ade6-216 

Chl6  ade6-216 

Chl6  ade6-216 

clr1-5 

clr2-E22 

clr3-E36 

clr4-$5 

rik1-304 

swi6-115 

ctrI-5 

clr2-E22 

clr3-E36 
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Table 2. (Continued) 

Strain Position and ura4 gene Genotype 

FY729 Chl6 m23::ura4 h A leul-32, 

FY731 Chl6 m23::ura4 h A leul-32, 

FY733 Chl6 m23::ura4 h A leul-32, 

FY1036 Chl6 m23::ura4 h A leul-32, 

FY757 h ÷ ade6- 704, 

FY759 h - ade6-704 

FY853 h a ade6-704 

FY787 h A ade6-704 

FY790 h A ade6-704 

FY856 h A ade6-704 

FY859 h A ade6-704 

FY862 h A ade6-704 

FY1038 h A ade6-704 

ade6-2IO, 

ade6-21 O, 

ade6-21 O, 

ade6-210, 

CM3112 

CM3112 

CM3112 

CM3112 

CM3112 

CM3112 

CM3112 

CM3112 

CM3112 

ura4-DS/E (Chl6 ade6-216) clr4-$5 

ura4-DS/E /Chl6 ade6-2161 r ik l -304 

ura4-DS/E (Chl6 ade6-216} swi6-115 

ura4-DS/E (Chl6 hisl-102) swi6A::hisl + 

sup3-51 

sup3-S) 

sup3-5) clrl-5 

sup3-5) clr2-E22 

sup3-51 clr3-E36 

sup3-5) clr4-$5 

sup3-5) r ikl-304 

sup3-5) swi6-115 

sup3-5) h is l -102 swi6A::hisl  + 

(h A ) Mating type is ambiguous because the silent mating-type loci are deregulated in this background. 

tions were performed as in Allshire et al. (1994). Probes were 

gel-purified using Geneclean (BiolOll or Wizard DNA Clean-up 

(Promega). A 1.4-kb HindIII fragment containing the deleted 

(ura4-DS/E) version of the ura4 + gene was used to hybridize 

DNA and RNA filters. A 300-bp HpaI-XhoI fragment from the 

Phe-otrl region of cenl  was used to distinguish left and right 

side ura4 + insertions in the Phe-otr /dh/k '  region of cenl.  A 

PCR product, 208, from the middle of imr l  was used to distin- 

guish left and right side insertions in the i m r l / c n t l  {B'/CC1) 

region. 

R N A  preparation and analyses 

RNA was prepared and analyzed as described previously 

(Allshire et al. 1994). Quantitation of ura4 + and ura4-DS/E 

mRNA levels was performed using a Molecular Dynamics 

PhosphorImager and Image Quantification software. The auto- 

matic background measuring device was turned off, and the 

background signal in each track was determined by volume in- 

tegration of a region, equal in size to that used to measure the 

volume of the ura4 + and ura4-DS/E signals in each track. Sub- 

sequently, this background reading was manually deducted 

from the other measurements in that track. 
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