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ABSTRCT

CP1 is a sequence specific DNA-binding protein of the yeast Saccharomyces

cerevisiae which recognizes the highly conserved fentromere A glement I

(CDEI) of yeast c2ntromeres. The gene encoding CP1, which was designated

CEPI for centromere I!rotein 1, was cloned and sequenced. CEPl encodes a

highly acidic protzin of molecular weight 39,400. CEPl was mapped to a

position 4.6 centiMorgans centromere distal to SUP4 on the right arm of

chromosome X. Phenotypic analysis of cepl mutants demonstrated that yeast

strains lacking CP1 are viable but have a 35% increase in cell doubling time, a

ninefold increase in the rate of mitotic chromosome loss, and are methionine

auxotrophs. Detailed analysis of the mitotic chromosome-loss phenotye

showed that the loss is primarily due to chromosome nondisjuncton (2:0

segregation). During meiosis cepl null mutants exhibited aberrant segregation of

centromere containing plasmids, chromosome fragments, and chromosomes.

The predominant missegregation event observed was precocious sister

segregation. The mutants also displayed a nonrandom 20% decrease in spore

viabilty. Missegregation of chromosomes accounted for some but not all of this

decreased spore viabilty, the remainder of which is presumed to be related to

the pleiotropic consequences of the cepl mutation. Together with the observed

mitotic missegregation phenotype the results are interpreted as suggesting that

CP1 promotes sister chromatid-kinetochore adhesion. The following conclusions

are based on my mutational analysis of CP1: (1) CP1 is normally present in

functonal excess , (2) the C-terminal143 amino acids are sufficient for full CP1

function in chromosome segregation and methionine metabolism, and (3) while

DNA binding is apparently necessary for function, DNA binding per se is not



sufficient. All of the mutations which caused an observable phenotype affected

both centromere functon and methionine metabolism. In addition, a direct

correlation was observed in the degree to which both phenotypes were affected

by different mutations. None of the mutant proteins displayed trans-dominant

effects in a wild ty background; however, two nonfunctonal DNA binding-

competent mutants exerted a dominant negative effect on the abilty of PH04 to

suppress cepl methionine auxotrophy. The data are consistent with a model in

which CP1 perform a similar function at centromeres and promoters.
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CHATER I

INTRODUCTION



Mitosis and meiosis are processes by which replicated genomes, caried

on a number of separate chromosomes, are properly distributed upon cell di-

vision. Mitosis can be divided into five cytologically defined phases which

are briefly summarized here. During prophase the replicated chromosomes,

which exist as pairs of identical sister chromatids that remain attached at their

centromeres, condense, and a microtubule-based spindle forms between poles

at opposite sides of the nucleus. At prometaphase kinetochore structures as-

semble at the centromeres and mediate the attachment of each chromosome

to spindle microtubules originating from both poles. The chromosomes os-

cillate along the microtubules until they congress at a central plane in the

midzone (the metaphase plate). During metaphase chromosomes become

held in tension at the metaphase plate with the kinetochores of the two sister

chromatids facing opposite poles. Abruptly, the sister chromatids of each

chromosome, which remain attached to this point, separate and segregate to

opposite sides of the cell by moving poleward along the microtubules to

which they are attached (anaphase A) and by separation of the spindle poles

(anaphase B). At telophase, each group of segregated chromosomes becomes

enclosed in a separate nuclear membrane and the cell soon divides resulting

in two genetically identical daughter cells.

In meiosis the genome of a diploid cell is replicated and then under-

goes two successive divisions resulting in the production of four haploid ga-

metes. Although the mechanisms involved in chromosome segregation in

meiosis are similar to those in mitosis, there is a fundamental difference in

that the separation of sister chromatids is delayed until the second meiotic

division. During the first meiotic division (MI) homologous chromosomes
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become paired with each other and the kinetochores of each homolog attach

to spindle microtubules originating from a single pole rather than from both

poles. At anaphase, homologous chromosomes segregate to opposite poles

while the sister chromatids of each homolog remain attached at the cen-

tromere and segregate together. During the subsequent division (MIl) the sis-

ter chromatids separate and segregate in a manner resembling mitosis.

In order for chromosomes to be segregated accurately during these pro-

cesses, mechanisms must exist which ensure that sister chromatids remain at-

tached until anaphase, that the chromosomes associate with the spindle mi-

crotubules in a manner which results in their proper alignment prior to

anaphase, and which provide a force for poleward movement of the chromo-

somes during anaphase. The functional importance of the kinetochore in

each of these mechanisms has become evident (103). Although historically

the terms kinetochore and centromere have been used interchangeably to

define the site on the chromosome where the spindle micro tubules attach, a

distinction between these two elements has come to be generally accepted.

The centromere consists of the DNA sequence on the chromosome upon

which the kinetochore assembles and which serves as the site where the

adhesion of the sister chromatids is maintained until they are due to be sepa-

rated. The kinetochore is a proteinacious cellular organelle that acts as an

interface between the centromeric DNA and the spindle microtubules (13).

Kinetochores have been shown to be capable of capturing and stabilz-

ing microtubules which originate from the spindle poles (42,66) and have

been suggested as being responsible directing the oscillatory motions of chro-

mosomes during prometaphase (6, 86). More recently, evidence has been
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obtained which suggests that kinetochores possess motors for both poleward

chromosome movement (74, 84, 105) and movement of chromosomes away

from the pole (49). Furthermore, specHic kinetochore proteins have been

implicated in generating the forces which drive chromosome movement

during anaphase A (48,49, 106). Together these results suggest that the kine-

tochore is primarily responsible for the proper alignment and movement of

chromosomes in mitosis. It has also been suggested that kinetochore proteins

playa role in the mechanism for maintaining sister chromatid attachment

''-

(81, 83). Although one view for this mechanism is that the replication of cen-

tromere DNA is delayed until anaphase (2), in Saccharomyces cerevisiae this

possibilty has ben ruled out by experiments which demonstrated that cen-

tromere DNA is replicated prior to the onset of mitosis (62).

The study of centromeres of human chromosomes revealed that they

consist of tandem arrays of repeated sequence elements, dominated by 170 bp

units known as a-satellte DNA, that range in length from 300- 5000 kb

(reviewed in (104)). The centromeric regions of human metaphase chromo-

somes have atypical chromatin structures due to the preclusion of the final

stages of chromatin condensation (82). The resulting chromatin, which has a

reduced diameter and is more extended in comparison with the chromosome

arms, is defined cytologically by a large narrowly constricted area known as

the primary constriction (82). The kinetochores assemble on the lateral edges

of this primary constriction forming trilaminar structures to which a dozen

or so spindle microtubules attach (103).

The discovery of autoantibodies directed against centromere proteins

in CREST scleroderma patients (67) has facilitated the study of human kineto-



chore proteins. Although several proteins associated with human cen-

tromeres (termed CENPs for centromere 12roteins) have been identified, the

specific roles that these proteins play in kinetochore function have yet to be

determined. Among the partially characterized CENPs are CENP-A, a cen-

tromere specific histone-like protein (76), and CENP-B, a highly acidic b-HLH

DNA-binding protein which binds to sites contained within the a-satellte

DNA repeats (93). One or both of these proteins may contribute to the atypical

chromatin structure of the centromere. A third human kinetochore protein,

CENP- , has been cloned, sequenced, and shown to be highly homologous to

the kinesin family of microtubule motor proteins (106). Immunocytological

assays show that this protein accumulates just before mitosis, associates with

kinetochores during chromosome congression, relocates to the spindle mid-

zone at anaphase, and is rapidly degraded at the end of cell division.

Although functional assays of CENP-E have yet to be done, the circumstantial

evidence suggests that CENP-E is responsible for chromosome movement

during anaphase A and/or spindle elongation during anaphase B (106).

The centromeres of the three chromosomes of the fission yeast

Schizosaccharomyces pombe are structurally similar to mammalian cen-

tromeres in that they also contain regions of repetitive DNA sequences.

However, the overall length of these centromeres and the number of repeats

are smaller. The length of the centromere from chromosome 1, the simplest

S. pombe centromere, spans about 40 kb and contains a central core of 4-5 kb

flanked by a 34 kb repeat (39). These flanking repeats both contain three re-

peated elements. The other two S. pombe centromeres are slightly more

complex in that they contain additional copies of these same repeats, or in ad-
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dition contain copies of different repeated sequences that are specific to the

particular centromere (20). Although the central cores of the three cen-

tromeres do not cross hybridize (21), it is possible that small conserved se-

quence elements exist within these regions. Deletion analysis of the repeated

elements of these centromeres revealed that certain of the conserved repeats

are important for maintaining sister chromatid attachment during MI while

showing little functional importance during either MIl or mitosis (21).

Although no S pombe kinetochore proteins have been identified to date, and

it has yet to be addressed directly, it is likely that sites for centromere-specific

DNA binding proteins are contained within these repeats.

As a model system Saccharomyces cerevisiae (hereafter referred to as

yeast) provides several advantages for studying centromere function. The

centromeres of S. cerevisiae chromosomes are simpler stil and span only

about 125 nucleotides. Mitotic chromosome segregation in yeast occurs with

very high fidelity; the loss rate for a given chromosome is only one to two

events in every 105 cell divisions (41). When in the diploid state and under

appropriate environmental conditions, yeast cells are capable of undergoing

meiosis and sporulation which results in the formation of four haploid

derivatives from a single diploid cell. Chromosome segregation during

meiosis also occurs with high fidelity; aberrant segregation of a given chro-

mosome occurs only once in 104 meioses (91). Well developed genetic meth-

ods exist for monitoring chromosome segregation in yeast during both mito-

sis and meiosis (55, 90). Additionally, a relatively high level of aneuploidy

can be tolerated in this organism without a loss of viabilty or a significant

change in growth rate (79).

'.'i 
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Although, like those of S. pombe, S. cerevisiae centromeres do not

cross hybridize, eleven of this organisms sixteen centromeres have been se-

quenced and they show a high degree of conservation (reviewed in (32)). The

centromere is made up of three distinct and highly conserved sequence ele-

ments termed CDEI, CDEII, and CDEIII (33, 44). Together, these elements

comprise the functional centromere and when used to replace the resident

centromere of a yeast chromosome are sufficient to provide full mitotic and

meiotic centromere function (22 72). CDEI is the degenerate octanucleotide

RTCACRTG (R=purine), CDEIII is a partially palindromic sequence 25 bp in

length, and CDEII is a 78-86 bp region of highly A+ T-rich (::90%) DNA which

seems to provide a spacer function (32). Mutational analyses have revealed

that CDEIII is absolutely essential for mitotic centromere function (43,63, 77),

while mutations of CDEI and CDEII impair but do not abolish function (23, 35,

43, 77.

The structure of the yeast kinetochore also appears to be relatively sim-

ple. Electron micrographs of mitotic yeast nuclei fail to reveal an obvious

kinetochore structure: spindle microtubules seem to attach directly to the

chromatin fibers, at a ratio of one microtubule per centromere (80). However

nuclease sensitivity studies of native yeast chromatin show that the cen-

tromeric DNA is highly resistant to digestion and is flanked on both sides by

nuclease hypersensitive sites associated with highly phased nucleosome ar-

rays. These observations have led to speculation that the nuclease resistant

core represents a structurally primitive kinetochore (8). Two centromere-spe-

cific DNA binding proteins have been identified, one which binds to CDEI

and one which binds to CDEIII. The CDEIII binding factor, CBF3, is actually a



complex of three different proteins, at least one of which is phosphorylated

(58). Hyman et al. recently demonstrated that CBF3 possesses minus-end di-

rected microtubule-motor activity (48). This study led to the suggestions that

the motor activity of CBF3 is responsible for the anaphase A movement of

yeast chromosomes along microtubules and that microtubule-based motors

are an essential part of the DNA-microtubule linkage.

CP1 is a relatively abundant yeast protein that binds to CDEI (3, 11, 16,

52). Hegemann et al. tested the effect of several point mutations of CDEI on

the mitotic stabilty of 150 kb chromosome fragments and found 2- to 10-fold

elevated loss rates depending on the mutation (43). Deletion of CDEI results

in a 10- to 60- fold increase in the rate of mitotic chromosome loss (23, 36, 77)

and in an increase in the rate of missegregation of a centromere-containing

plasmid during meiosis (23,36). A correlation has been made between the

avidity of the DNA binding by CP1 at centromeric CDEI sites and mitotic

chromosome stabilty (3), implicating CP1 as a functional component of the S.

cerevisiae kinetochore.

CEPl (also known as CBFl and CPF1), the gene encoding CP1 , has been

cloned and sequenced (5, 17, 64). CEPI encodes a 351 amino acid polypeptide

with a deduced molecular weight of 39,400 that is a member of the basic-helix-

loop-helix (b- HLH) family of DNA binding proteins (5, 17). The molecular

weight of CP1 determined by SDS gel electrophoresis is 58,000 (3), significantly

larger than its predicted molecular weight. However, when expressed in E.

coli, CEPl directs the synthesis of a CDEI sequence-specific DNA binding pro-

tein with an SDS gel mobilty similar to that of CPl purified from yeast, indi-

cating that CP1 migrates abnormally in SDS gels (5). A sporulated diploid



strain carrying a null mutation in CEPl ((cepl::URA3J- ll) gives rise to asci

containing four viable spores which segregated the 
URA3 marker 2+ :2-, indi-

cating that CEPl is not an essential gene and also that it is present in single

copy in the yeast genome (5). The (cepl::URA3)-11 segregants do not possess

CDEI specific DNA binding activity, indicating that the disruption results in

the loss of functional CP1 protein from the cell (5).

Not surprisingly, yeast strains lacking CPl exhibit increased rates of

chromosome loss. The (cepl::URA3)-11 disruption causes a ninefold increase

in the rate of the mitotic loss of chromosome III from 1-2xl0-5 to 2- 3xl0-

events per cell per division (5), quantitatively similar to that observed for a

chromosome with a CDEI deletion in a wild type strain (36). Additionally,

measurements of the mitotic loss rates of plasmids containing intact and

CDEI deleted centromeres for wild type and cepl strains show that the cis ef-

fect of deleting CDEI from the centromere and the trans effect of removing

CPl from the cell are equivalent and non-additive. Taken together, these re-

suits demonstrate that the involvement of CDEI in mitotic centromere func-

tion is mediated through an interaction with CP1 (5).

Interestingly, mutant strains which lack functional CPl display two ad-

ditional phenotypes. First, it is immediately obvious that cepl strains grow

more slowly than their isogenic CEPI counterparts. When quantitated, both

cepl haploids and homozygous cepl diploids are shown to have a 35% in-

crease in generation time compared with wild type strains (5). Second, strains

lacking CP1 are unable to grow in media lacking methionine. Ths phenotype

is genetically linked to the (cepl::URA3)-11 disruption indicating that CPl is

required for methionine prototrophy (5). Finally, all of the observed pheno-



typs associated with the (cepl::URA3)-11 disruption are recessive in that

cepl CEPI diploids and cepl strains carrying CEPl on a single copy plasmid

are phenotyically indistinguishable from wild typ strains (5).

The overall goal of the research described by this thesis was to obtain a

better understanding of the molecular mechanisms involved in chromosome

segregation. The research focused specifically on the Saccharomyces cere-

visiae centromere-binding protein CPl. The first step I took in the genetic

analysis of CPl was to isolate the gene encoding CPl which we designate CEPl

(for centromere rotein 1). This allowed the construction and phenotypic

analysis of yeast strains in which CEPI was disrupted. The results of that

analysis, which are reviewed above, were reported in a publication entitled

Isolation of the Gene Encoding the Saccharomyces cerevisiae Centromere-

Binding Protein CPl" (5). Since that work was carried out by several members

of the Baker laboratory, it is not included in the main body of this thesis.

However, since it provides important background information, the

manuscript is included in its entirety as an appendix. My contributions in-

cluded cloning CEPl sequencing the gene, mapping the CEPl genomic locus,

surveying for growth requirements of the cepl null mutant, and demonstrat-

ing the genetic linkage between the null mutation and the methionine aux-

otrophy. In addition to the cloning of the gene, preliminary experiments that

were not included in the manuscript are described in Chapter III.

Despite the lack of CP1cepl strains maintain a relatively high fidelity

of mitotic chromosome transmission. However, we observed that the overall

viabilty of spores derived from homozygous cepl diploids was significantly

reduced. This led to the question of whether CPl has a different or more im-
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portant role in yeast meiosis. A comprehensive analysis of meiosis in cepl

strains was undertaken to address this question. The results of that analysis,

which led to a proposed role for CPl at the centromere, are presented in

Chapter IV. In order to provide additional insight into how CP1 functions in

this role, a mutational analysis of CPl was undertaken. This analysis, de-

scribed in Chapter V, led to a proposed model for CP1 function in both chro-

mosome segregation and in methionine metabolism.



CHAPTER II

MATERIALS AND METHODS



Cloning of CEP1.Purified CP1 protein (3) was subjected to trypsin diges-

tion, and the partial amino acid sequence of two peptides (NCT14, NCTll)

was determined. This analysis was performed at the Harvard Microchemistry

Facility using the method described by Aebersold et al. (1). The peptide se-

quences were used to design two nondegenerate oligonucleotide probes,

shown below:

NCT14

AspGlnGI y LeuLeuSerGlnGluSer AsnAspGI y AsnIleAspSer AlaLeuLeuSer

GA TCAAGGTTTGTTGTCTCAAGAA TCT AACGA TGGT AACA TT-

GA TTCTGC-

NCT11 AlaIleThrProSer AsnGluGlyV alL ysProAsnThr(Gly /Ser )Leu

GCT A TT ACTCCA TCT AACGAAGGTGTT AAGCCAAACAC-

In all but one case (AAG for Lys), we chose codons predicted from yeast codon

usage frequencies supplied with the DNASTAR computer software package

(DNASTAR, Inc., Madison, WI). The NCT14 and NCTll oligonucleotides

were synthesized, labeled with (a-32P)ATP using T4 polynucleotide kinase,

and used to screen a commercially available (Clontech, Palo Alto, CA) yeast

genomic Agtll library (Saccharomyces cerevisiae strain X2180, ATCC #26109)

by hybridization (50).

The phage library of which 23% of the phage were recombinant, con-

tained 2 milion independent clones with insert fragments ranging in size

from 1.5-6 kb. 15,000 phage mixed with YI090 host cells were plated on each

'1"',,\:-
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of four 150 mm plates. After growing at 42. for 6 hours, duplicate nitrocellu-

lose fiters were overlayed for 60 s on each plate. Filters were processed as de-

scribed by Maniatis (60), blotted dry and then baked for 2 hours at 80. under

vacuum. Filters were then hybridized overnight at 37. with the NCT14

oligonucleotide probe, washed first at room temperature for 30 min and then

at 40. for 60 min, dried, and exposed to fim. Two positive signals were ob-

tained. A similar additional screen was done using 6 plates with 45,000 pfu

per plat-e and positive signals were obtained at a frequency of 1 per 3,500 re-

combinant plaques. After secondary and tertiary screening, two positively hy-

bridizing phage, ACP1- 1.3 and ACP1- , were selected for further use. As a

final check before subcloning the insert fragments from these phages, the

NCT11 oligonucleotide was tested to see if it could detect the ACP1- 4 phage.

This phage was mixed at a ratio of 1:1 with phage from the Agt11library and

roughly 100 pfu were plated on two 90 mm plates. One of a pair of duplicate

fiters from each plate was probed using the NCT11 oligonucleotide while the

corresponding fiters were probed using the NCT14 oligonucleotide. Both

plates gave rise to 45 plaques which hybridized to both probes. Restriction

endonuclease analysis indicated that the clones contained overlapping in-

serts. The ACP1- 1.3 isolate was selected as the source of the CPl gene.

Yeast strains and media. Yeast strains used are described in Table 1. All

except the chromosome I-marked strains (D77- , D92, and D93), and the R31

strains are congenic to strain 381G (40). Strain construction was carried out

using standard methods (89) and in all cases involved multiple backcrosses.

The cepl::URA3 and cepl::TRPl alleles have been described (5, 75) (see also

Figure 3). The cepl::URA3 alleles replace deleted CEPI coding and 3' flanking



Strain

381G

D1-1 C

D1-11 D

D1-11D.

RlO-

DJ115-

R26-

D32-

D28-

D36- R3

D30-18B

D41.3

DJ1149

D64.

DJ1136

D24

D25

TABLE 1

Yeast strains

Genotypea

MATa cryl ade2-1 trpl his4- S80 tyrl lys2 SUP4-

(381G) MATa leu2 ura3 ' ade3 TYRl (cepl::URA3)-

(381G) MA Ta leu2 ura3 ade3

(381G) MATa leu2 ura3 ade3 TRPl
revertant of DI-11D)

(Spontaneous TRPl

(381G) MATa leu2 ura3 TYRl (cepl::URA3)-

(381G) MATa leu2 TYRl HIS4 cyh2 ste2-

(381G) MATa leu2 TYRl HIS4 cyh2 ste2- canl
(Spontaneous canl mutation in DJ115- 12)

(381G) MATa leu2 ura3 ade3 TYRl trpl::LEU2 (cepl::URA3)-

(381G)MATa leu2 ura3 TYRl trpl (cepl::URA3)-

(381G) MATa leu2 ura3 TYRl trpl cepl::ura3
ura3 mutation in strain D28-6D)

(Spontaneous

(381G) MATa leu2 ura3 ade3 TYRl TRPl

(381G) MATa leu2 ura3 ade3 TYRl TRPl (CFIII(D8B. D30-18B))

(381G) MATa leul ADE2 ade3 adeS ade6 TRPl HIS4 cyh2

(381G) MATa leu2 ura3 ade3 TYRl TRPl cepl::ura3 cyh2

(CFIII(D8B.d.D30-18B.LEU2))

(381G) MATa ADE2 ade6 his3 HIS4 leu2 TYRl cyh2 

(381G) MA TajMA Ta leu2jleu2 ura3jura3 ade3jade3 TYRljtyrl
trpljTRPl (pDK243 (CEN3 LEU2 ade3-2p))

(381G) MA TajMA Ta leu2jleu2 ura3jura3 ade3jade3 TYRljtyrl
frpljTRPl (cepl::URA3)- 11j(cepl::URA3)-11 (pDK243 (CEN3
LEU2 ade3-2p))



TABLE 1 cont'

D30

038

(381G) MA Ta/MA Ta leu2/leu2 ura3/ura3 ade3/ade3 TYR1/tyrl

trpl/TRPI (cepI::11RA3)- 11/CEPl (pDK243 (CEN3 LEU2 ade3-
2p))

(381G) MA Ta/MA Ta leu2/leu2 ura3/ura3 ade3/ade3
TYRI/TYRI trpl::LE1l2/TRPI HIS4/his4 canI/CANI
cyh2/CYH2

040

(381G) MA Ta/MA Ta leu2/leu2 ura3/ura3 ade3/ade3
TYRI/TYRI trpl::LEU2/TRPI cepI::ura3/CEPl HIS4/his4

canl/CANI cyh2/CYH2

(381G) MA Ta/MA Ta leu2/leu2 ura3/ura3 ade3/ade3
TYR1/TYRI trpl::LE1l2/TRPI cepl::ura3/cepl::ura3 HIS4/his4

canl/CANI cyh2/CYH2

039

047 (381G) MA Ta/MA Ta leu2/leu2 ura3/ura3 ade3/ade3
TYR1/TYRI TRPI/trpl::LE1l2 HIS4/his4 canl/CANI
cyh2/CYH2 

(CFII(08B. 030-18B))

(381G) MA Ta/MA Ta leu2/leu2 ura3/ura3 ade3/ade3
TYR1/TYRI TRPljtrpl::LEU2 cepI::ura3/cepI::ura3 HIS4/his4

canl/CANI cyh2/CYH2 (CFIII(08B. 030-18B))

045

063

(381G) MA Ta/MA Ta LEUI/leuI leu2/leu2 ura3/ura3 ade3/ade3
TYR1/TYRI TRPI/trpl::LE1l2 CEPI/cepI::ura3 HIS4/his4
canl/CANI cyh2/CYH2 (CFIII(08B. 030-18B))

(381G) MA Ta/MA Ta leul/LEUl leu2/leu2 ura3/ura3 ade3/ade3
TYRI/TYRI TRPI/trpI::LEU2 HIS4/his4 cani/CANI

cyh2/CYH2 
(CFII(08B.d.030-18B))

062

064 (381G) MA Ta/MA Ta leuI/LEUI leu2/leu2 ura3/ura3 ade3/ade3
TYRI/TYRI TRPl/trpl::LEU2 cepl::ura3/cepl::ura3 canl/CANI
cyh2/CYH2 (CFIII(08B. 030-18B))

(381G) MA Ta/MA Ta LEUI/ieui leu2/leu2 ura3/ura3 ade3/ade3
TYRI/TYRI TRPIjtrpl cani/CANI cyh2/CYH2
(CFII(08B.d.D30-18B) / CFII(08B.d.030-18B.LEU2))

068



D69

D77 - R 

092

TABLE 1 cont'

(381G)MA Ta/MA Ta leul/LEUl leu2/1eu2 ura3/ura3 ade3/ade3
TYR1/TYRl TRP1/trpl cepl::ura3/cepl::ura3 canl/CANl
cyh2/CYH2 (CFII(D8B. D30-18B) / CFIII(D8B.d.D30-18B.LEU2))

MATa leu2 his3 arg4 petX (cepl::URA3)-1O adel::HIS3/adel::LEU2
(chr. I disome)

093

MA Ta/ MA T leu2/1eu2 his3/his3 TRP1/trpl ADE6/ade6
ARG4/arg4 PETX/petX CEP1/(cepl::URA3)-
ADE1/adel ::HIS3/adel ::LEU2

MATa/MATa leu2/1eu2 his3/his3 TRP1/trpl ADE6/ade6
ARG4/arg4 PETX/petX (cepl::URA3)-1O f(cepl::URA3)-

ADE1/adel ::HIS3/adel::LEU2

R31 MA Ta/MA Ta ura3/ura3 lys2/1ys2 leu2/1eu2 ade2-o/ade2-o

HIS3/his3 trpl/trpl CEP1/cepl::TRPl CFVII(RAD2. URA3
SUP11)

R31-1 A MATa ura3 lys2 leu2 ade2-o trpl CEPl CFVII(RAD2. d URA3
SUP11)

R31-3 B MA Ta ura3 lys2 leu2 ade2-o his3 trpl cepl::TRPl CFVII(RAD2.
URA3 SUPll)

aAll except the last 6 strains listed are congenic to 381G (Hartwell 1980), and the
genotypes given are in addition to the 381G markers.



sequences with URA3; their cepl phenotypes (see Chapter III) are indistin-

guishable. A Ura- derivative of (cepl::URA3)-11 designated cepl::ura3, was ob-

tained by selecting for 5- fluoroorotic acid resistance. The cepl::TRPl allele re-

places internal CEPl coding sequences with TRPl; its phenotype (see Chapter

il) is indistinguishable from cepl::URA3. R31 was constructed by CEPl gene

transplacement in strain YPH98 using plasmid pRB101 (cepl::TRP1) as de-

scribed (75). The trpl::LEU2 allele was obtained by gene trans placement using

plasmid pEL11 as described (59). Chromosome trisomy was introduced via

strain VG31-11C of (38). First, CEPI was disrupted to obtain strain D77-

(Table 1), then D77-Rl was mated with two different 381G-derived parents to

obtain trisomic strains D92 and D93. D92 and D93 are thus congenic with each

other, but not with the other 381G strains.

All media were as described (5) except for color indicator plates which

were synthetic complete medium containing only 6 Ilg/ml adenine (1/3

normal concentration). Selection for ura3 mutants was carried out with

uracil dropout plates supplemented with 50 Ilg/ml of uracil and 1.0 mg/ml of

fluoroorotic acid (PCR, Inc. , Gainesvile, Florida) (9). Sporulation medium

was 1 % potassium acetate supplemented with adenine, histidine, lysine, tryp-

tophan, tyrosine, leucine, uracil, and methionine at one half their normal

concentrations. All strains were routinely grown at . Sporulation was car-

ried out at 2r and assays for temperature sensitive growth at 34 o. Yeast

transformations were performed by the lithium acetate procedure (51), as

modified by Schiestl and Gietz (88).

Plasmids used for se ation analsis. Plasmid pDK243 (56) was ob-

tained from D. Koshland, plasmid pJS2 (90) from P. Hieter, plasmid pEL11 (59)



from E. Louis, and plasmid pRIPl (78) from R. Parker. Plasmid pDM8 was

constructed by inserting (after Klenow fil-in) the 5. 4-kbp SalI-SmaI ade3-

fragment from pDK243 into the SmaI site of pJS2, inactivating the SUPll

gene. Plasmid pDM2 was derived from pRIl by inserting a Klenow-blunted

kbp LEU2 fragment into the EcoRV site in URA3.

Plasmids used for CPl exression in east and E. coli. Figure 1 shows

the two basic vectors used for expressing CPl. Plasmid pDR28ARS contains,

in addition to ARS1, CEN3, and the selectable marker LEU2, an epitope-tagged

CEPl gene (CEPl FLAG). CEPl FLAG differs from wild-
tye 

CEPI in that codons

9 were changed to encode MDYKDDDDK which specifies the FLAG epi-

tope developed by Immunex Corporation (Seattle) (47). (The wild-type CPl N-

terminus is MNSLANNNK.) The HindIII site encoded at codons 9/10 of

wild-type CEPl is retained in the same reading frame in CEPl FLAG

The E. coli T7 expression vector pJH7 was derived from pET-3d (92) by

destroying the XbaI and Hindil sites, ligating an XbaI nonsense linker

(encoding translation stops in all three reading frames) to the BamHI site, and

inserting CEPl FLAG in two steps. First, a O.4-kbp segment of CEPI FLAG was

amplified by the polymerase chain reaction using an upstream primer to cre-

ate an NcoI site at the initiator ATG, and subcloned into the pJH7 vector back-

bone. Then , all CEPl sequences except the FLAG codons were removed and

replaced with the HindIII- BglII fragment of wild-
type CEPl using Xba! linkers

at the BglII end.

Plasmids used for ex ression of mutant CPl alleles. Unless stated oth-

erwise, all of the CEPI mutant alleles were constructed from pDR28ARS, and

then moved (as HindIII-BglII fragments) into pJH7 for expression in E. coli.



BamHI

Sspl

HindlJ

Figure 1. Plasmids used for expression of CEP1 alleles in yeast (pDR28ARS)

and- E. coli (pJH7).



Yeast multicopy (YEp) constructs were obtained by subcloning CEPl BamHI-

BglII fragments into the BamHI site of YEp351 (45); all YEp plasmids have the

CEPl segments in the same relative orientation. Table 2 cross-references the

CEPI expression plasmids used for the mutational analysis described in

Chapter V.

Linker insertion (LI-) alleles contain in-frame insertions at naturally

occuring restriction endonuclease sites. The LI-301 allele was constructed by

limited Pst! digestion of pDR28ARS, removal of the 3' overhanging ends by

using Klenow enzyme in the absence of dNTP's, and religation in the pres-

ence of ID-bp synthetic XhoI linkers (5' CCCTCGAGGG- ). Alleles LI- 381PG

and LI-381SR were constructed by digesting pDR28ARS with MluI, filing in

the staggered ends with Klenow polymerase, and ligating in the presence of

either 8 bp SmaI linkers (5' GCCCGGGC- ) or 8 bp XhoI linkers (5'

CCTCGAGG- ), respectively. The LI-259 allele was derived from the primary

CEPl clone pDR4-2 (5) by partial SspI digestion and ligation in the presence of

12-bp SacII linkers (5'- TCCCCGCGGGGA- ). One of the ligation products

contained a single linker inserted at codon 259. The HindIII-BglII fragment of

this plasmid was then used to replace that of pDR28ARS. DNA sequencing

was performed on all of the mutant constructs to verify that the linkers had

inserted as expected and the CEPl reading frame was preserved.

The R235H point mutant was obtained by hydroxylamine mutagenesis

in vitro and plasmid shufflng (87). Mutagenized pDR28ARS DNA was used

to transform an ade2 ade3 cepl leu2 strain (Dl- l C) which contained a second

plasmid (pDR33) carrying wild-type ADE3 and CEPl genes. Transformants

were selected on plates lacking leucine and methionine, and red,



TABLE 2

Plasmids used for mutational analysis

cepl Allele Vector Backbone

DR28ARS 351

Wild-type pDR28ARS pJH7

NL\33 pRB95-H23

NL\86 pRB95-HI0

NL\137 pRB95-H24

NL\162 P RB95- L2

NL\08 pKOI- pJH9-4 pDM30

N L\32 pRB95-L15

CL302 pJHll pJH8-2 pDM25

301 pDM16 pDM19- pDM26

318PG pRBI03 pK023 pDM23

318SR pRBI04 pK024 pDM24

259 pDM13 pK021 pDM31

R235H pDM17 pDM2Q-l pDM32

TFEB pRBI09 pRBI08 pDM29



non-sectoring colonies were picked, e., transformants requiring pDR33

(CEPl+) for a Met+ phenotye. Plasmids were recovered and sequenced. One,

pHA4, contained two point mutations: a G to A transition at nucleotide posi-

tion 959, and a G to T transversion at position 1175 (nucleotide coordinates of

(5)). The mutations were separated by subcloning the HindIII-PstI and PstI-

BglII fragments of pHA4 separately into pDR28ARS. The mutation at posi-

tion 1175 had no observable phenotype, but the mutation at position 959

(R235H) resulted in loss of CPl function.

The 5' deletions were made by exonuclease III digestion of HindIII-cut

pDR4-2 using Erase-a- Base kit components (Promega) according to the manu-

facturers instructions. After ligation with HindIII linkers (GAAGCTTC), the

DNA was cleaved with BglII and fragments were gel-purified and ligated to

HindIH-BglII digested pDR28ARS. Deletion endpoints were determined by

DNA sequencing. The 3' deletion allele, C.6302, was obtained in a similar

fashion except exonuclease digestion was initiated at the BglII site, 14 bp XbaI

linkers (CTAGTCTAGACTAG) were added, and the resulting Hindil-XbaI

fragment was ligated to HindIII-XbaI-cut pJH7 to produce pJH8. For expres-

sion in yeast, the C.602 segment was removed from pJH8 as a Hindil-BamHI

fragment and ligated to HindIII-BglII cut pDR28ARS (pJHI0). This plasmid

transformed yeast poorly, presumably due to transcription through the adja-

cent ARSI element. The problem was alleviated when 0.6 kbp of CEPI down-

stream sequences were reintroduced. This was accomplished by replacing the

XbaI-EcoRI segment of pJHI0 with the HindIII-EcoRI segment of the 5' dele-

tionmutant N.6333 using an XbaI nonsense linker to adapt the HindIII end.



The resultant plasmid (pJH11) thus contains CEPI co dons 333-351 immedi-

ately downtream of the XbaI nonsense linker which terminates translation.

TFB expression plasmids all contain nuc1eotides 871 (RsaI) to 1523

(SmaI) of the TFB cDNA isolated by Carr and Sharp (18). Using standard

procedures, an 8-bp HindIII linker (GAAGCTC) was added at the 5'-end and

a 14-bp XbaI linker (CTAGTCTAGACTAG) added at the 3' -end. This segment

was then inserted into pJH7 for E. coli expression and into the pJHll vector

backbone for expression in yeast.

Generation of chromosome framents. Chromosome fragment

CFII(D8B. D30-18B) was generated by transforming strain D30-18B with

NotI-cut pDM8 and selecting for uracil prototrophy (37). Several of the tran-

formants had the expected phenotype. They formed pink colonies with rare

white sectors, the result of mitotic loss of the chromosome fragment. The

Ura and color phenotypes cosegregated. The expected structure of

CFIII(D8B. D30-18B) is a long arm consisting of the left arm of chromosome

III distal to the D8B sequence, the centromere region from chromosome 

and a short arm consisting of vector sequences, URA3, and ade3-2p (90). Its

size is about 150 kbp and for convenience we have designated it CF(URA3). 

LEU2 derivative of CF(URA3) was obtained by marker change generating

CFIII(D8B. D30-18B.LEU2). The marker change was accomplished by one-

step gene disruption using the ura3::LEU2 disruption allele of plasmid pDM2.

Strain D64-61A was transformed with NsiI-NdeI-cut pDM2 DNA selecting for

leucine prototrophy. Among the transformants were several that were phe-

notypically Leu+ and Ura- and formed pink colonies with rare white sectors;

the Leu and color phenotypes cosegregated. For convenience,



CFIII(D8B. D30-18B.LEU2) is referred to as CF(LEU2). The structres of

CFIII(URA3) and CF(LEU2) were verified by pulsed field gel electrophoresis

and Southern blottng (data not shown).

Measurement of mitotic loss rates.Mitotic plasmid loss and nondis-

juncton rates were measured by the half-sectored colony assay described by

Koshland and Hieter (55).

Mitotic CF loss and nondisjunction rates were determined by fluctua-

tion analysis as described (43) except only two 150-mm indicator plates spread

with approximately 1500 cells were used for each resuspended colony. The to-

tal CF loss rate was calculated based on the number of white colonies arising

in the population. The CF nondisjunction rate (2:0 segregation) was deter-

mined based on the appearance of red colonies (90). The rate of simple loss

(1:0 segregation) is the total loss rate minus the rate of nondisjunction. For

assays where pDR28ARS and YEp351 derived plasmids were used to express

CPl in trans, leucine was omitted from all media to maintain selection for the

plasmid. In these cases, the tester strain, R31-3B (ade2-o ADE3 leu2 ura3), car-

ried a nonessential chromosome fragment CFVII(RAD2. URA3 SUPll), re-

ferred to as CFVII, whose ploidy could be determined by colony color pheno-

type based on the suppression of the ade2-o allele by SUPll (55).

Anal sis of meiotic se ation of lasmids and CFs. Diploids contain-

ing plasmids or chromosome III derived CFs were grown selectively, other-

wise they were grown in YEPD. Cells from fresh overnight cultures were

washed with 1 % potassium acetate, resuspended in sporulation medium at a

density of 1 x 107 cells/ml, and incubated at 2r for 4- 5 days. Sporulation effi-

ciency of both wild-type and 
cepl strains was 15-45%. Tetrads were dissected



JJI

onto YEPD agar slabs and incubated for 4-5 days at which time the colony

color phenotyp could be scored. Cells from each colony were then trans-

ferred to a YEPD master plate. After 24 hours of growth the patch cultures

were transferred to nutritionally defined media and drug-containing media to

score the various phenotypes. Mating of the segregants was determined by

using replicaplate transfer of the master plates to lawn of mating tye tester

strains (MATa hom3 or MATa hom3); after overnight growth diploid forma-

tion was detected by replicaplate transfer and scoring complementation of the

hom3 marker.

The ade2/ade3-2p system described by Koshland et al. (56) was used to

monitor the copy number of plasmids and CFs. Cells lacking plasmid or CF

form white colonies. Cells containing one copy of the plasmid/CF form pre-

dominantly pink colonies with occasional white and red sectors resulting

from mitotic loss/nondisjunction of the plasmid/CF. Cells with two or more

copies of the plasmid/CF form predominantly red colonies with occasional

pink and white sectors. Color phenotype was most easily scored on defined

media containing one third the normal amount of adenine, although scoring

on standard YEPD (no added adenine) was also possible. Also, red colonies

tend to grow more slowly than pink ones due to the increased accumulation

of the red pigment which is somewhat toxic. In all cases where red spore

colonies were identified, the presence of more than one plasmid/CF was veri-

fied genetically by crossing cells of the red colony to testers containing no

plasmid/CF. The resulting diploids were induced to sporulate, asci were dis-

sected, and haploid segregants were scored for segregation of the plasmid/CF.



When the original parent contains two copies of the plasmid/CF, it segregates

predominantly 4:0 in the test cross.

Sister spores were identified by scoring trpl which is located 0.4 cM

from cen4 (70). In experiments involving CFs, the cenl-linked marker leul

was (llso present. Segregation of the CF was scored first against trpl and then

verified against leul. To be counted as a CF nonsister segregation event, the

CF must have displayed second division segregation with respect to both cen-

troIJ€re-linked markers. Tetrads in which sister segregation of the CF was

ambiguous were eliminated from the analysis. Since the second division seg-

regation frequencies of trpl and leul are 0.94% and 4.9%, respectively (70), the

expected frequency of simultaneous second division segregation of both

markers is less than 0.05%. The observed frequency of tetratypes for trpl and

leul in our wild-type strains was 5.0% (ditype:tetratye, 151:8), very close to

the value which would be predicted for these two markers based on their re-

ported second division segregation frequencies. In the cepl mutants, the

tetratype frequency for trpl and leul is increased to 9.6% (ditype:tetratype,

189:20). This difference is not statistically significant by Chi-square test

(P;:0.05), and it is not nearly sufficient to account for the increased nonsister

segregation of CFs observed in cepl strains.

Screen for chromosome disomamon meiotic se ants. The proce-

dures of Louis and Haber (59) were used to screen for disomy of chromosomes

III, IV, V and VII. Haploid spores disomic for one of the marked chromo-

somes are recognized by the following phenotypes: Chromosome III disomes

(MATa/MATa) are non-mating and non-sporulating. Chromosome IV dis-

omes (TRPl/trpl::LEU2) are both Trp+ and Leu+ Chromosome disomes



(CANI/can1) form colonies which when replicated to canavanine plates are

drug-sensitive but which give rise to canavanine-resistant papilae resulting

from mitotic loss of the CANI homolog or from canl/canl mitotic recombi-

nants. Likewise, chromosome VII disomes (CYH2/cyh2) give rise to papilat-

ing colonies on cycloheximide plates. The latter two phenotypes are easily de-

tected in a cepl background where mitotic chromosome loss is increased. In

all cases, the screens detect only disomes carrying heterozygous markers;

therefore, some missegregation events are missed due to recombination be-

tween the marker and its centromere which produce a homozygous disome.

For details on these screening procedures, see Louis and Haber (59).

Chromosome disomy in segregants of strains D92 and D93 was identi-

fied by scoring the cenl-linked markers ADEl , adel::HIS3, and adel::LEU2.

Haploid spores contain only one of the three markers, while disomes contain

two. (For the D92 segregants, ADEl was scored by complementation using

adel testers.) 2:2 segregation of all three markers was observed in 98% of the

tetrads; concomitant 3:1/1:3 segregation for two of the markers was observed

in the remainder. Since four CEN-linked markers were segregating (three

ADEI alleles in addition to trpl), sister spores could be determined unam-

biguously. Recombination in the CENI-ADEl interval was observed at a fre-

quency of about 10% (21/201), and in the CEN4-TRPl interval at 0.5% (1/201).

No significant difference was observed in recombination frequency between

the wild-
type and 

cepl strain.

Electro horetic kar of meiotic se ants. DNA was prepared

for CHEF gel analysis as described by Mortimer (69). 2xl08 cells from

overnight cultures grown in YEPD were pelleted, washed in 0.125M EDTA



(pH 8), and suspended in 0.5 ml of SCE (1M sorbitol, O. lM Na-Citrate, 10mM

EDTA(pH 7.5)) containing Img/ml of zymolyase (Seikagaku Kogyo Co., LTD.

Cells were incubated at 30for 30 minutes without shaking, pelleted and sus-

pended 0.2 ml of 1M sorbitol, O. IM EDTA (pH 8). To each sample, 0.2 ml of

1.5% molten (45j LMP agarose (in 0.125M EDTA) was added by gently pump-

ing up and down using a pipetteman fitted with a sawed-off tip, and 50 J.1

aliquots were transferred onto Para fim. Solidified "plugs" were transferred

to 3 ml capped polypropylene tubes to which 1.5 ml of 1 % sarkosyl, O.5M

EDTA (pH9.5), containing 1 mg/ml proteinase K was added. Tubes were

rocked gently overnight and plugs were then rinsed three times in 10mM

Tris, 50mM EDT A (TE50) and then dialyzed 4-5 times for 45-60 minutes (- 4

hours total) in 2 ml of TE50. Plugs were stored at 4in TE50 until use.

For CHEF analysis, plugs were melted at 65and loaded into wells of a

1 % agarose gel (in tank buffer) which was run at 200V (-100mA) in a Hex-

Field CHEF gel apparatus (GIBCO BRL) for 24 hours at 15 in 1/2X TBE buffer.

The switch time was 60 s for the first 14 hours and 90 s for the remaining 

hours. Gels were stained with ethidium bromide and photographed. The

amounts of DNA in the chromosome bands were quantitated by densitomet-

ric scanning of photographic negatives of the gels. The relative DNA quanti-

ties were determined by first normalizing the values obtained for the differ-

ent chromosomes within a given lane to a reference chromosome within that

lane, and then correcting these values for the molecular weights of the chro-

mosomes.

Assa s for methionine-inde endent owth. A semi- quantitative assay

was devised to score methionine- independent growth. Several independent



transform ant colonies of each strain were grown as patches of cells at 30

plates lacking leucine, then replica plated in triplicate onto -Leu dropout and

onto -Leu -Met double dropout plates. The plates were incubated at 2r, 30

and 34 
0 and scored after 24, 48, and 72 hours. On each day, the patches were

assigned a score of 2 (confuent growth), 1 (less than confluent growth) or 0

(no detectable growth), and the individual scores added after 3 days. Thus, the

maximum score is 6 and the minimum O. Wild-type cells routinely gave a

score of 6 and cepl mutants a score of 

Pre aration of east and E. coli extracts. Sources for the yeast extract

were strains (R31-3B) carrying CP1 expression plasmids which had been

grown at 30 in 100 ml of selective (-Leu) medium to mid log phase. All sub-

sequent manipulations were carried out on ice or at 4 o. The cells were

washed once with water, resuspended in two pellet volumes of 200mM Tris

(pH8.1)-10mM MgC12-10mM -mercaptoethanol-l0% glycerol-lmM PMSF

transferred to 2-ml screw cap microfuge tubes containing 1 ml of 0.5-mm glass

beads, and broken by two-20 s bursts in a Biospec Products Mini- Bead Beater.

Tubes were cooled for 20 s in an ice-ethanol bath between agitations. Lysates

were transferred to 1.6-ml tubes and spun in a microcentrifuge for 10 min to

remove cellular debris. Supernatants were frozen in aliquots on dry ice and

thawed only once before use. Protein concentrations were determined by the

method of Bradford (10) using bovine serum albumin as standard.

Soluble E. coli extracts were prepared essentially as described by Studier

et. al. (92). The host strain for T7-induced expression was BL21(DE3) carrying

the plasmid pLysS. BL21(DE3) transformants carrying pJH7-derived CP1 ex-

pression plasmids were grown overnight at 37in LB broth containing ampi-



cilin and chloramphenicol. The overnight cultures were diluted 1:100 into

fresh medium and grown at 37to an OD60 of 0. 6 at which time isopropy-

lthiogalactoside (IPTG) was added to a final concentration of 0.4mM.

Incubation was continued for an additional 90 min. Cells were pelleted, re-

suspended in extract buffer (200mM Tris (pH8. 1), 10mM MgC12, 10mM -mer-

captoethanol, 10% glycerol, 0. 5mM PMSF, O.5mM DTT, 0.2% NP40) to a final

concentration of 4 OD600 units per ml, and chiled on ice. Cell breakage was

accomplished by sonication using a Branson J-17 A sonicator at full power for

two 30 s bursts with a 30 s rest on ice between disruptions. After pelleting cel-

lular debris by centrifugation for 10 min at 4in a microcentrifuge, the super-

natants were transferred to clean tubes and frozen on dry ice.

uantitation of CP1 in E. coli extracts. Equal volumes of CP1-express-

ing E. coli extracts were run on 12% SDS polyacrylamide (Laemmli) gels and

the gels stained with Coomassie blue. The CPl bands were clearly detectable

above the background of E. coli proteins. After destaining, the gels were

sandwiched between two sheets of 3M transparency fim and scanned using a

Hoeffer Scientific GS-300 Densitometer. Peak integration was accomplished

using GS- 365 PS Electrophoresis Data System software (Hoeffer). Gel lanes of

extracts of E. coli not carrying CP1 expression plasmids were scanned to de-

termine background staining in the regions of the gels containing CPl prod-

ucts. This background accounted for less than 10% of the integrated CP1 sig-

nal in all cases except for LI-318SR which was poorly expressed. Background-

subtracted CP1 integration values were corrected for differing polypeptide

molecular weight and then normalized to the CPl signal obtained from a sin-

gle extract of the N208 mutant, an aliquot of which was included on all gels



for standardization. Four separate scans of samples from at least two inde-

pendent extracts were done for each CPl protein. Results from duplicate

scan differed by less than 10%.

The absolute concentration of CPl in the extracts was estimated by

running the "standard" N 208 extract on a gel along with known amounts of

homogeneously pure human serum albumin (a gift of R. Feldhoff

University of Louisvile School of Medicine). After densitometric analysis as

described above, the concentration of NL\08 polypeptide was determined

from a standard curve. The "standard" extract contained 0.47 mg/ml of

NL\08 polypeptide (29 JlM).

Gel shift DNA bindin assas. Probe for DNA binding assays was pre-

pared from plasmid pDRI-7 which contains a single copy of the CDEI

oligonucleotide 5' GATCCAAATAAGTCACATGATGATA(GATC)-3' cloned

into the BamHI site of pUCI8. After EcoRi/HindIII digestion and Klenow fil-

in with (a-32P)dATP, the 72- bp probe was separated by polyacrylamide gel elec-

trophoresis and isolated by electro-elution. Probe DNA concentration was de-

termined using a Hoeffer Scientific model TKO 100 DNA fluorimeter.

Alternatively or in addition, samples of probe DNA were run on a 6% poly-

acrylamide gel along with known amounts of EcoRI-HindIII digested pDRI-

plasmid DNA and DNA concentration determined after ethidium bromide

staining (4).

Gel shift DNA binding assays were performed as described (3). Binding

reactions contained (in 15 Jll) 20mM Hepes, 150mM KCI, 5mM MgCIz, 2.5%

glycerol, 0.25 mg/ml bovine serum albumin, 0. 05% Nonidet P- 40, 20, 000 cpm

of 32P- Iabeled probe DNA (200-500pg), unlabeled competitor DNA, and either



yeast or E. coli extract. Assays using E. coli extract contained 1 J.1 of a 1:10D-di-

luted extract (30- 60 ng total protein) and 2 Jlg of poly d(I-C) as unlabeled com-

petitor. Assays using yeast extract contained 20 Jlg total yeast protein (2-5 Jl

extract) and either 2.5 J.g pDRl-12 plasmid DNA (specific competitor) or 2.5 J.g

pDR2-14 plasmid DNA (nonspecific competitor). After incubation for 15 min

at room temperature, binding reactons were electophoresed on 4% polyacry-

lamide gels which were subsequently dried and exposed to X-ray film. The

specific competitor DNA was plasmid pDRl-12 which contains a pentamer of

the CDEI oligo described above in the BamBI site of pUC18. Nonspecific

competitor was plasmid pDR2-14 which is identical except that it contains a

pentamer of an unrelated oligonucleotide (5' GATCCGTTCCGAAGATGT-

Determination of relative apparent binding constants.Dried binding

assay gels were analyzed on a Betagen Betascope 603 blot analyzer to quanti-

tate the amount of bound and free probe in each binding reaction. Relative

apparent CPl binding constants (Krel ) were calculated using the following

equation:

test
rel = K ref 

test

ref

(CP1) ref

(CP1) test

Ktest and Kref are the apparent binding constants of, respectively, the

test and reference proteins; Rtest and Rref are the ratios of bound to free probe

for the respective binding reactions; (CPltestJ and (CPl f) are the total concen-

tration of test and reference proteins in the reactions, respectively. The stan-

dard NL\08 extract was used as the "reference" in all cases. The above equa-
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tion assumes that the concentration of unbound CP1 protein in each binding

reaction is approximately equal to the input concentration of CPl condi-

tions of protein excess. This condition was met in our reactions where the to-

tal CP1 concentration was 10-20nM and the concentration of bound probe was

01- 15nM.

Figure 2 shows the results of a typical DNA binding assay. The fastest

migrating bands are free probe and the slowest migrating bands are CP1-DNA

complex. The band of intermediate mobilty is specific and probably due to a

CPl degradation product. The intermediate-mobilty bands were ignored

when estimating Krel; however, since these bands accounted for at most 20%

of the total bound DNA, their omission made no significant difference in the

calculations. Each of the entries in Table 10 are the mean determination for

two or three independent extracts of each protein. The average deviation

from the mean was 20%.

Immunodetection of FLAG ed CPl roteins. Crude yeast proteins (up

to 30 g of total protein) were resolved on 12% polyacrylamide SDS

(Laemmli) minigels (O. 75mm). Proteins were transferred to Immobilon

PVDF membranes (Milipore) in lX CAPS buffer containing 10% methanol

(61). Detection of FLAGged proteins was carried out using the Amersham

ECL detection system following the manufacturers guidelines; The primary

antibody used was monoclonal anti-FLAG-M5 mouse IgGl diluted to g/ml
in 0. 1%TTBS,pH7.5 (0.1 %Tween-20, 20mM Tris-HCI, O.5M NaCl). The sec-

ondary antibody was peroxidase-conjugated goat anti-mouse Ig
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Figure 2. Representative DNA binding assay of E. coli-expressed CP1 proteins.

Assays were carried out using 1 l of E. coli extract as described in Materials

and Methods. The C6302 and LI-301 extracts were diluted 1/25 and the others

1/100. The three N6208 reactions utilized independent extracts.



(Boehringer Mannheim Biochemicals) diluted 1:3,000 in 0.1 %TTBS contain-

ing 2.5% dry milk. After reaction with antiboy, membranes were washed

three times in 0.1 % TTBS-O.l % dry milk. For maximum sensitivity, a single

overnight exposure of the blot was made.



CHATER III

CLONING, GENE DISRUPTION, AND MAPPING OF CEPl

(Baker, R. B., and D. C. Masison. 1990. Isolation of the gene encoding the

Saccharomyces cerevisiae centromere-binding protein CPl. Mol. Cell. Bioi.

10: 2458-2467.
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Clonin of CEPI. The gene encoding CPl was isolated by using DNA

hybridization to screen a Agt11 yeast genomic library. The oligonucleotide

probes were designed based on peptide sequence information that was de-

rived from purified CPl (3,57). Details of the isolation and cloning of CEPI

are contained in Chapter II. The DNA sequence of the CEPl gene along with

the deduced amino acid sequence is shown in Figure 1 of the appendix. CEPl

encodes a 351 amino acid polypeptide of molecular weight 39,400 which is

highly acidic, having a predicted net charge of -20 at pH 7. The gene sequence

reveals a conspicuous absence of cysteine residues which is consistent with

the observation that a low content of cysteine residues (oeO. 3%) is a general

feature of proteins implicated in the regulation of sulfur amino acid

metabolism (96).

Verification of null mutant henot es. Strains harboring null

mutations of CEPl display three major phenotypes: a 35% increase in cell

doubling time, a ninefold increase in mitotic chromosome loss rate, and me-

thionine auxotrophy (5). Our published results describing these phenotypes

were obtained using strains carrying a cepl disruption allele ((cepl::URA3)-

Figure 3) in which several hundred base pairs of 3' flanking DNA were

deleted. Since yeast genes are often in close proximity, a question arose as to

whether any of the phenotypes observed for strains carrying this allele were

caused by mutation of a neighboring gene.

Two approaches were used to verify that the phenotypes we observed

for the strains carrying the (cepl::URA3)-11 allele were not due to the deletion

of the 3' flanking DNA. First, a disruption allele which removes CEPI coding

region and only 90 bp of 3' flanking DNA ((cepl::URA3)-10, Figue 3) was used
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Figue 3. Wild typ and disruption alleles of CEPI (Not to scale). The coding

region of CEPI is diagrammed as an open box with the relevant restriction

endonuclease sites indicated (B, BamH; Bg, BglII; H, HindIII; S, S', 5", SspI).

The BamHI, HindIII, and SspI sites correspond to those in the CEPI DNA

sequence shown in Figue 1 of the Appendix, and the BglII site is located about

600 bp from the end of the coding region. The three disruption alleles contain

replacements of the CEPl sequences deleted between the indicated restriction

sites with the selectable marker genes (shaded) shown. The insert fragment of

plasmid pX1420 (BamHI-XbaI) was derived from pDR28ARS (Figure 1) and

contains the CEPIFLAG gene with 255 bp of 5' , and 110 bp of 3' flanking DNA.



to create a new null mutation in the diploid strain RIO (RIO is isogenic with

Rll (5) except for the cepl disruption allele). Haploid derivatives of RIO carry-

ing this allele were shown to have phenotypes indistinguishable from hap-

loid strains carrying the cepl::URA3-11 allele (not shown). Second, a plasmid-

born CEPl allele containing only 110 bases of 3' flanking DNA (pX1420, Figure

3) was shown to be able to complement all of the phenotyps of the

cepl::URA3-11 null mutant strains (not shown).

The cepl::TRPl allele (Figure 3) provided further evidence that the

mutant phenotypes were due to the lack of CPl. Tetrad analysis of strain R31

(cepl::TRPl / +) is shown in Figure 4. Reduced growth rate, indicated dia-

grammatically by the smaller size of the dissected spore colonies (top panel of

Figure 4) segregated with the TRPI disruption of CEPI. In addition, all segre-

gants inheriting the cepl::TRPl allele were unable to grow in the absence of

methionine. Compared with the wild type colonies, the cepl::TRPl colonies

also display an increased frequency of mitotic loss of the chromosome frag-

ment CFVII which is observed visually as increased sectoring of the colonies

from white to red (see Chapter II). Based on these results, we conclude that

the three phenotypes we describe for cepl null mutant strains, regardless of

the disruption allele used to create the null mutation, are attributed solely to

the loss of functional CPl.

Three int ma of the CEPl enomic locus. Tetrad analysis indi-

cated that CEPl was located very close to SUP4 on chromosome X (5). In order

to more precisely localiz CEP1 I constructed strain D21. D21 carries the
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Figure 4. Phenotypes of cepl null mutants. The relevant genotype of diploid

strain R31 is shown at the top of the figure. A master plate (YEPD) of haploid

segregants was replica-plated onto Trp., Met-, and Ura- dropout plates. Photo-

graphs were taken after 24 hours incubation at 30. . The top panel diagram-

matically represents a slab of dissected spore colonies from which cells were

transferred in a similar pattern to the master plate. Each column represents

the colonies arising from the four spores of a different tetrad. The smaller

(slower growing) colonies are all cepl::TRP1. Segregants inheriting CFVII

(Ura+) are white while the others are red. The increased mitotic loss of the CF

for the cepl strains, resulting in red sectoring within the colony, is indicated by

lines within the representitive colonies.
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cepl::URA3-11 and SUP4 alleles, in which the STEIB gene, which resides 32

centiMorgans distal to SUP4 (71), was disrupted by the selectable marker

LEU2. Tetrad analysis of strain D21 , shown in Table 3 and included in the

eleventh edition of the yeast genome map (68), localized CEPI to a position

6 centiMorgans distal to SUP4 on the tight ar of chromosome X.

Mitotic stabilt of a CEN lasmid and a CF in strains. The in-

creased mitotic chromosome loss seen for cepI strains could represent either

the loss of a chromosome from the nucleus, or the failure of replicated chro-

mosomes to segregate from each other. In order to examine this phenotype

in more detail, the rate and type of missegregation of CEN plasmid pDK243

and chromosome fragment CF(UR3) were determined for wild type and

cepl strains. The plasmid carries the selectable marker LEU2 the CF carries

the selectable marker URA3, and both elements carry the ade3-2p allele to as-

say copy number. The results are shown in Table 4. The plasmid is signifi-

cantly less stable than the chromosome fragment, but relative to wild-type

cells the cepI mutants displayed increased mitotic loss rates of both, 3. 2- and

25-fold, respectively. The abilty to monitor copy number allowed distinction

between simple loss (1:0 segregation) and nondisjunction (2:0 segregation)

events. In cepI mutants, both 1:0 and 2:0 components of mitotic loss were in-

creased, but in all cases, even in wild-type cells, the majority of loss events re-

sulted from 2:0 rather than 1:0 segregation.



TABLE 3

Tetrad analysis

No. of asci Map Distancea

Diploid Interval NPD (centimorgans)

021 cepl ::URA3-ste18::LEU2

021 cepl::URA3-SUP4

021 ste18::LEU2-SUP4

aMap distance = UT+6(NPD))/(2(PD+NPD+T)) x 100

TABLE 4

Mitotic loss rates of pDK243 and CF(URA3)

ation

Strain Element Loss Ratea 1:0 2:0

024 (CEP1/CEP1) pDK243 0xlO- c:5.9xl0- 0xlO-

D25 (cepl/cepl) pDK243 6.5xl0- 1.6xl0- 9xl0-

D47 (CEP1/CEP1) CF(URA3) 0xlO- 6xlO-4 2.4xl0-4

045 (cepl/cepl) CF(URA3) 7.5xl0- 6xl0- 9xlO-

aEventsl celli division



CHR 
MEIOSIS IN SACCHAROMYCES CEREVISIAE MUTANTS LACKIG THE

CENTROMERE-BINDING PROTEIN CPl

(Masison, D. C. and R. E. Baker. 1992. Meiosis in Saccharomyces cerevisiae

mutants lacking the centromere-binding protein CPl. Genetics 131: 43-53.



Despite the lack of CP1, cepl strains maintain a relatively high fidelity

of mitotic chromosome transmission. However, preliminary observations

indicated that the overall viabilty of spores derived from homozygous cepI

diploids was significantly reduced, suggesting that meiosis in yeast may be

more sensitive to a deficiency of CPl. In support of this idea, both

Cumberledge and Carbon (23) and Gaudet and Fitzgerald-Hayes (36) observed

that plasmids containing CDEI-deleted centromeres displayed significantly in-

creased rates of meiotic missegregation, more than would have been expected

given the mitotic effects of the same mutations. The segregational defect ob-

served was precocious sister segregation at the first meiotic division, suggest-

ing that CDEI, and by inference CP1, were somehow involved in the mainte-

nance sister chromatid cohesion during meiosis I (23, 36). The cepI null

strains provided the opportunity to study the meiotic role of CP1 directly.

Meiotic se ation of DK243 and CFs. Normally, an unpaired plas-

mid or CF segregates 2+:2- at meiosis (Figure SA). The replicated sister plas-

mids or CFs remain together through meiosis I and then segregate to sister

spores at meiosis II. Precocious sister segregation at meiosis I results in

segregation to nonsister spores, while meiosis II nondisjunction results in

1 +:3- segregation with one spore receiving two copies of the plasmid/CF.

Plasmid/CF loss at either meiosis I or meiosis II also results in 1+:3- seg-

regation, but in this case the plasmid/CF-containing spore retains only a

single copy of the plasmid/CF.

Table 5 shows the meiotic segregation analysis for plasmid pDK243.

Assuming that tetrads segregating plasmid 4:0 and 3:1, 2:2 and 1:3, and 0:4

(plasmid+:plasmid-) arose from cells containing, respectively, two or more,



46A

Pr- MQ'ogllo: Prlo. 

...... 

-8g:!I I. CI !I I. 

- 0

Lou:
!I I. 

-. 

nolejnc: !I I. 

Figure SA. Meiotic segregation of CEN plasmids. The chromosome represents

chromosome IV which is used to mark sisters 
(trp1/TRP1). The circles repre-

sent plasmids (maintained at single copy) which carr the color marker ade3-

2p and the selectable marker 
LEU2. Proper segregatioresults in 2+ :2- segre-

gation of the plasmids to sister spores. Precocious sister segregatio results in

:2- gregati of the plasmids to nonsister spores. Meiosis II nondisjunc-

tion results in 1+ :3- plasmid segregation where the plasmid carrying spore is

red, while simple loss results in 1 +:3- plasmid segregatio where the plasmid

carrng spore is pink. Segregation patterns of other unpaired elements (CFs,

chromosome I of strains D29 and 093) are identical to those of the plasmid.
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Figure SB. Meiotic segregation of paired CF's. The smaller chromosome rep-

resents chromosome IV which is used to mark sisters (trpl/TRP1). The larger
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chromosome represents a nonessential CF which carries the color marker 
ade3-

2p and either URA3 (U) or LEU2 (L) on its short arm. Recombination between
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the the centromere and the short arm marker results in 4+ :0- segregation of the

CF with both URA3 and LEU2 markers segregating to nonsister spores. (In the

+ . 
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absence of recombination both markers segregate to sister spores). Precocious

sister segregation results in 3+:1- segregation with one CF disome (red) and one

nullosome (white) occuing as nonsister spores. Meiosis II nondisjunction

also results in 3+ :1- CF segregation, but in this case the disome and nullosome

are sisters. Meiosis I nondisjunction results in 2+ :2- segregation with the

production of two sister spore disomes (red) and two sister spore nullosomes

(white). The Ura and Leu phenotypes indicated for the spores resulting from

aberrant events assume no recombination along the short arm.



TABLE 5

Meiotic segregation of unpaired chomosomal elements

Ditribution in tetrads ation

Strain Element 4:0 3:1 2:2 1:3 0:4 Total %NS

, i
024 (CEP1/CEP1) pDK243 137 1.2

D25 (cepl/cep1) pDK243 163 12.

D30 (CEP1/cep1) pDK243

063 (CEP1/CEP1) CF(URA3) 110 110 109

D64 (cepl/cepl) CF(URA3) 104 141 20.

062 (CEP1/cepl) CF(URA3)

092 (CEP1/cepl) Chrom. 109 109 109

093 (cepl/cep1) Chrom. 

aTetrads with 4 viable spores.

bSister spores were identified by segregation of trpl (D24, D25, D30), trpl and leul
(062, D63, D64), or trpl and adel (092, 093). One D25 and three D64 tetrads were
eliminated from consideration because sister spores could not be determined
unambiguously. S = Sister, NS = Non-Sister.



one, or no copies of the plasmid before entering meiosis, the relative distribu-

tion of tetrads within each class closely reflected the distribution of plasmid 

the premeiotic population (not shown). Only tetrads of the 2:2 and 1:3 classes

were informative with respect to precocious sister segregation, meiosis II

nondisjunction, or loss. Of 137 wild-typ tetrads (strain D24 CEPI/CEP1), 

cases of 1:3 segregation were observed and in tetrads segregating the plasmid

2:2, normal segregation of the plasmid was observed in 86 out of 87 cases. It is

probable that the one case of nonsister segregation (0.9%) observed was not

the result of plasmid missegregation but was due to a second division segrega-

tion of the centromere-linked trpl marker used to identify sister spores. (The

reported second division segregation frequency of trpl is 0. 9% (70). ) For the

cepI diploid (strain D25, cepI/cepI), there was a significant decrease in the

number of tetrads segregating plasmid 2:2 and increases in the 3:1 , 1:3, and 0:4

classes. The most significant difference was in the frequency of nonsister

plasmid segregation. Nine of 74 tetrads (12%) segregated the plasmid to non-

sisters. In addition, 6 loss events and one meiosis II nondisjuncton were ob-

served among the 163 meioses analyzed.

The segregation pattern of CF(URA3) is also shown in Table 5. The fi-

delity of CF(URA3) segregation in the wild-type strain is extremely high. One

hundred percent of tetrads segregated the fragment 2:2 and only one case

(0.9%) of segregation to nonsister spores was observed. This one case of non-

sister CF(URA3) segregation was probably real, because two independent cen-

tromere-linked markers (trpI and leu1)were used to identify sister spores and

the probabilty of both segregating to nonsisters is -:0. 05%. In the cepI mutant

(strain D64, cepl/cep1), aberrant meiotic events involving CF(URA3) oc-
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curred at about the same frequencies as observed for pDK243. Five (3.5%) and

7 (5.0%) loss and meiosis II nondisjunction events were observed, respec-

tively, among the 141 tetrads analyzed, but the most dramatic effect was the

increase in the frequency of nonsister segregation (21 %). This segregation pat-

tern results from the precocious segregation of the CF sister chromatids at

meiosis I.

A fundamental difference exists between the segregation of an un-

paired CF' and the segregation of an endogenous chromosome. The CF has no

homolog, and homolog pairing is known to be important for proper segrega-

tion of chromosomes in meiosis (29,46, 85). To determine whether the ab-

sence of a homolog contributed to the high frequency of CF(URA3) missegre-

gation in cepI/cepI diploids, I analyzed meiotic segregation in strains contain-

ing paired CFs. The URA3 marker on CF(URA3) was changed to LEU2 

gene transplacement (see Materials and Methods) to produce CF(LEU2).

CF(URA3) and CF(LEU2) differed only by the insertion of the 2.kb LEU2

segment on the short arm. CF(LEU2) displays the same mitotic stabilty as

CF(URA3) (data not shown). Strains 068 and D69 each contain a single copy

of both CF(URA3) and CF(LEU2). In a normal meiosis, the CFs should pair

and segregate away from each other at meiosis I, resulting in a tetrad with two

Ura+ sister spores and two Leu + sister spores. The ade3-2p marker wil segre-

gate 4+ :0-. Figure 5B ilustrates the outcomes of aberrant CF segregation in

meiosis. Since the fragments are nonessential, nullosomes for the fragments

are viable. Fragment disomes can be detected by color phenotype (red) and, if

heterozygous, by nutritional phenotype (Leu+ Ura+). Figure 5B also depict
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the outcome of reciprocal recombination occurring between the centromere

and the URA3/ura3::LEU2 loci on the CF short arm.

Table 6 shows the observed CF meiotic segregation patterns for the

wild-typ and cepl diploids. In the wild-type strain (D68), 2:2 segregation of

both CFs was observed 97% of the time and only 5 of 52 tetrads contained

spores disomic for one CF. By contrast, numerous cases of CF disomy were

observed among the meiotic products of the cepl/cepl strain (D69), only some

of which could be explained by cells entering meiosis with multiple CF copies.

Table 7 catalogs the types of meiotic events observed for tetrads segregating a

single copy of each CF homolog. For the wild-type strain, meiosis I and meio-

sis II nondisjunction events were observed at a frequency of around 5%. The

cepl mutant displayed no increase in the frequency of meiosis I nondisjunc-

tion, but moderate increases in meiosis II nondisjunction (14.5% vs. 3.9%)

and loss (1.8% vs 0%) and a large increase in precocious sister segregation at

meiosis I (23.6% vs 0%) were observed. In addition, 10.9% of the cepI tetrads

had undergone multiple missegregation events, the nature of which could

not be unambiguously determined. Segregation errors were observed with

equal frequency for each CF, and comparing the results for strains D63

(CF(URA3)) and D68 (CF(URA3)/CF(LEU2)), there was no significant differ-

ence in the frequency or type of missegregation events observed. (The appar-

ent reducton in precocious sister segregation of CF(URA3), 10.9% vs. 20.8%, is

not statistically significant by chi-square test (P10).) The presence or absence

of a homolog appeared to have little influence on the meiotic segregation of

the CFs in cepl mutants.



TABLE 6

Meiotic segregation of paid CFs

A. Strain D68 (CEP1/CEP1)

CF(URA3)

4:0 3:1 2:2 1:3 0:4 Total

4:0

3:1

CF(LEU2) 2:2 49 (3) 2 (2)

1:3

0:4

Total 52 (5)

B. Strain D69 (cepl/cepl)

CF(URA3)

4:0 3:1 2:2 1:3 0:4 Total

4:0 1 (1)

3:1 4 (1) 1 (1)

CF(LEU2) 2:2 1 (1) 38(15) 6 (3)

1:3 1 (1) 2 (1) 5 (1) 2 (1)

0:4 4 (2)

Total 72 (28)

aData are for four viable spore tetrads. For each class, the number
of tetrads containing one or more CF disome is given in parentheses
(includes disomes ariing through premeiotic events).



TABLE 7

Types of aberrant CF segregationa

No. of tetrads (%)

Event CEPl

Proper segregation (4:0)

Non-recombinant 41 (80.4)

5 (9.

20 (36.4)

7 (12.Recombinantb

Aberrant segregation

Meiosis I nondisjunction

Meiosis II nondisjunction

3 (5. (7.

CF(LEU2)

CF(URA3) 2 (3.

(7.

(7.

Precocious sister segregation(PSS)

CF(LEU2)

CF(URA3)

(12.

(10.

1 d (1.8)

(10.

Loss

Other

Total tetrads scored

aData are for tetrads containing 4 viable spores and segregating
one copy of each CF.

blnferred (see text). Scored only in CEN-LEU2 and CEN-URA3
intervals.

Cln four tetrads, both precocious sister segregation and meiosis
II nondisjunction occurred. In the table, these events are
recorded separately and are thus counted twice.

dCF(URA3)

eMultiple missegregations for which events could not be
unambiguously determined.



Reciprocal recombination is often used as an indicator of functional

homolog pairing at the first meiotic division (101). CF(URA3) and CF(LEU2)

differ by only one genetic marker; therefore, it is not possible to definitively

monitor recombination between them; however, about 10% of the tetrads

from both wild-
tye and 

cepI diploids yielded what appeared to be the prod-

uct of reciprocal recombination between these markers and their respective

centromeres. As shown in Figure 5, reciprocal recombination between the

centromere and the markers on the short arm followed by meiosis I disjunc-

tion yields a tetrad in which both markers segregate at the second division.

The identical segregation pattern would result from simultaneous precocious

sister segregation of both CFs, but this event would be extremely rare in the

wild-type strain where precocious sister segregation of a single CF occurs less

than 1 % of the time and still relatively infrequent (about 1 %) in cepl mu-

tant where the precocious segregation frequency is about 10% per CF. We

conclude that despite the short physical distance separating the CF centromere

and the LEU2/URA3 loci (about 2 kbp), reciprocal recombination is occurring

in this interval and therefore that at least a fraction of the CFs are functionally

paired at meiosis I.

ation of an unaired chromosome 1. The fact that cepI gene dis-

ruption affected the meiotic segregation of CF(URA3), unpaired or paired,

suggested that CPl was required for the accurate segregation of chromosomes

in general. In order to verify this finding for a bona fide yeast chromosome,

we analyzed the segregation of chromosome I. Since pairing did not to appear

to significantly influence results for CF(URA3), chromosome segregation

was tested in a 2N+l aneuploid. Segregation of the odd chromosome in a



2N+l diploid is analogous to the segregation of an unpaired CF; the extra

chromosome segregates to sister spores at meiosis II. The result is a tetrad

with two sister haploid spores and two sister disomic spores. Precocious seg-

regation at meiosis I results in nonsister-spored disomes. Chromosome 

the smallest yeast chromosome (220 kbp), similar in size to the CFs.

Strains D92 and 093 are congenic diploids trisomic for chromosome 

(Table 1). Each chromosome homolog is marked

(adel::LEU2/adel::HIS3/ADE1), so the disomic products of meiosis can be

identified easily by nutritional phenotype (Leu+His, Leu+ Ade+, His Ade+).

The results of segregation analysis are given in Table 5. In neither case, was

spore viabilty significantly different than the wild-type or cepI average. No

aberrant segregation of chromosome was detected for the wild-type strain;

disomes were always found in sister spores. In the case of the cepl/cepl

diploid (D93), 7 of 92 (7.6%) four-viable spore tetrads contained disomes in

nonsister spores. This increase in nonsister segregation was statistically sig-

nificant (chi-square test, P.:0.05). Qualitatively, cepI gene disruption had the

same effect on the unpaired chromosome as it did on the unpaired CF, and

quantitatively, the effect was almost as great.

ore viabil . In carrying out the meiotic analyses described above, a

significant difference was observed between the spore viabilty of wild-type

and cepl tetrads. Table 8 shows the spore viabilties of various diploids used

in this study (Strains D92 and D93 are not included, because they are not iso-

genic with the others. However, their viabilties were not statistically differ-

ent from the wild type and cepI averages.) Overall , wild-type spores were

95.0% viable and cepl spores 73.4% viable. The difference was quite



TABLE 8

Spore viability

Diploid Tetrad Classes (Viable:Inviable) Total %Viable
4:0 3:1 2:2 1:3 0:4

D24 (CEP1/CEP1) Obs. 142 161

Exp. 141

D30 (CEP1/cep1) Obs. 96.

Exp.

D25 (cepl/cep1) Cbs. 123 279 74.

Exp. 118

D38 (CEP1/CEP1) Obs. 96.

Exp.

040 (cepl/cep1) Obs. 163 379 73.

Exp. 111 160

063 (CEP1/CEP1) Obs. 110 136 92.

Exp. 100

062 (CEP1/cep1) Obs. 98.

Exp.

D6 (cepl/cep1) Obs. 142 343 71.4

Exp. 143

068 (CEP1/CEP1) Obs. 95.

Exp.

D69(cepl/cep1) Obs. 163 74.

Exp.

Totals
CEP1/CEPl 336 394 95.

85. 10.4

cepl/cepl 500 273 248 104 1164 73.4

43. 23.5 21.3 3.4

aThe expected number of tetrads in each class (Ni) is obtained by expanding the
polynomial

N=T(v+(1-V))4
where T is the total number of tetrads and v is the average viabilty.



consistent day to day and between strains, indicating that the reduced viabilty

was due to the cepI mutation and not to a second unrelated lesion arising by

chance in the original cepl null mutant or to some nonsystematic variation

in sporulation, dissection, or germination conditions. The spore viabilty of a

cepI homozygote was rescued to near wild-typ levels (90. 1 %) by a CEN plas-

mid carrying the CEPI gene (data not shown), and spores obtained from cepI

heterozygotes (D30, D62) displayed wild-typ viabilty (Table 8), indicatig that

the cepI mutation was recessive with respect to spore viabilty. Mkroscopic

examination of the germinated dissection slabs of both wild type and cepI

strains revealed that of the spores which failed to grow most did not germi-

, '

nate and those that did germinate (approximately 15%) stopped dividing after

4 generations.

The pattern of cepl spore inviabilty was not random. Table 8 shows

the viabilty patterns we observed as well as the patterns to be expected if

spore death were random. As for overall-viabilty, the distribution of tetrads

within the various viapilty classes (i. 4 viable:O inviable, 3 viable:l invi-

able, etc. was quite consistent day to day and strain to strain. Spore death in

the wild.;type tetrads appeared to be random; however, for all cepI strains the

. i

' -

observed distribution was different from that which would have been pre-

dicted for random spore death. The differences were statistically significant in

all cases (chi-square test, Pc(0.001). (Only tetrads containing four-viable spores

were scored so the nonrandomness worked to our benefit since there were

many more cepI tetrads with 4 viable spores than would be predicted given

the overall cepI spore viabilty of 73. 4%.



An average meiotic missegregation frequency of about 3% per chromo-

some pair (not greatly different from that observed for an unpaired chromo-

some would account for the general viabilty pattern observed, i.e. 57% of

cepI tetrads contain at least one dead spore. More precisely, viabilty would

depend on the frequency and typ of missegregation event occurring. For ex-

ample, meiosis I nondisjunction of a single chromosome would result in two

dead spores per tetrad. Precocious sister segregation or meiosis II nondisjunc-

tion would produce tetrads with one inviable spore. In all thr-ee cases, one or

two disomic spores per tetrad would also be produced. If multiple missegre-

gation events were to occur, complex segregation patterns and greater spore

lethality would result, but the probabilty of aneuploidy in the few surviving

spores would be increased.

To survey for the generation of aneuploidy, diploid strains were con-

structed which would allow ready detection of disomes among the dissected

meiotic products. Four chromosomes were marked, chromosomes III, IV, V,

and VII (see Materials and Methods). In 885 cepl tetrads (strains D40, D69,

D64), no disomic spore colonies were observed for chromosomes IV, V, or VII.

Eight tetrads were found containing one or two chromosome III disomes;

however, these were all obtained from CF-containing strains and are most

likely due to meiosis I nondisjunction events caused by the CF (see

Discussion). No chromosome III disomes were found among the 379 D40

tetrads. If the decreased cepI spore viabilty were due solely to random chro-

mosome missegregation, we should have detected many disomes. Consider

strain D40. Of the 379 tetrads dissected, 216 tetrads having one or more invi-

able spores were obtained. Assuming the wild-type (D38) spore viabilty

- .- - - - - -- --'. ~~~
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(96.5%), only 50 of the 379 should have contained one or more inviable spores

((1-(0.965)4) x 379); therefore, 166 would have contained a dead spore becaus

of chromosome missegregation and therefore should also have contained a

disome. Since we monitored 4 of the 16 chromosomes, about 40 disomes

should have been obtained assuming that the missegregation event(s) in-

volved all chromosomes at equal frequency.

Disome detection belectro horetic kar . Considering the fre-

quencies at which the CFs and chromosome missegregated, it was surprising

that no disomic strains were detected in the genetic screen. As an additional

screen for monitoring all of the chromosomes simultaneously, the elec-

trophoretic karyotypes of cepI segregants from tetrads containing inviable

spores was analyzed. It was expected that for chromosomes separated in

agarose gels, those which were carried in greater than single copy would be

visually identifiable in that they would stain more intensely than single copy

chromosomes. A total of 50 strains representing 26 tetrads that had at least

one inviable spore were analyzed. Of these 26 tetrads 8 contained three viable

spores, 8 contained 2 viable spores, and 10 contained a single viable spore. For

all of these strains 11 chromosomes were well resolved in the gels. Figure 6

shows a representative ethidium bromide stained gel which contains DNA

samples from strains suspected of carrying an extra chromosome. Among

the 50 strains analyzed, six appeared to be disomic for a single chromosome.

In order to determine if the suspected chromosomes actually contained twice

as much DNA as monosomic chromosomes, the amount of DNA in the

chromosome bands was quantitated by densitometric analysis of photographic

negatives of the gels. The results, shown in Table 9, indicated that all of the



Figure 6. Electrophoretic karyotype of D64 segregants from tetrads with

inviable spores. The I, II, and III in the strain numbers indicate tetrads

contained 1, 2, or 3 viable spores, respectively. Yeast chromosomal DNA was

prepared as described in Materials and Methods and chromosomes were

separated in 1 % agarose gels by CHEF electrophoresis. Chromosomes

suspected as as being disomic by virtue of their particularly high staining

intensities are indicated by arrowheads.
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TABLE 9

Relative staining intensities of electrophoretically separated chromosomesa

Strain b

Chromosome III- 20A III- 26B II- 74B 1-42

220 1.2 1.2

280- 1.2 1.1

III 360 0.5 1.1 1.0

445 1.0 1.0 1.0 1.0 1.0

VIII 555 2.1

690 1.0

760

XIV 800

aFor each strain, densitometry scan values for chromosome band staining
intensities were normalized to chromosome IX and corrected for
chromosome size. Chromosomes suspected of being disomic by visual
inspection are highlighted in bold.

bAll are D64 segregants; I, II, and III indicate strains were from tetrads with
, 2, and 3 viable spores, respectively.



visually identified disomes had a staining intensity that was roughly twice

that of neighboring chromosomes. As additional verification, all of the

strains identified as carrying a disomic chromosome were analyzed geneti-

cally in crosses to tester strains which carry markers on all sixteen chromo-

, -

somes. In all six cases, trisomic segregation of the suspected chromosomes

was observed which is indicative of disomy in the parent strain (not shown).

These results indicate that the sensitivity of endogenous chromosomes to CPl

deficiency is not limited to chromosome I:' In addition, for the two tetrads

with three viable spores, the disomic strains (chromosomes VIII and IX) were

nonsisters to the inviable spores which is consistent with their having arisen

due to precocious sister segregation events.

..,
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CPl plays an important role in two apparently unrelated cellular pro-

cesses, chromosome segregation and methionine metabolism. At cen-

tromeres, CDEI-bound CP1 facilitates kinetochore assembly and/or function

((5), Chapter IV). The specific requirement of CPl in methionine biosynthesis

is not clearly understood, but all sequenced methionine biosynthetic (met)

genes contain CDEI sites in their promoter regions, and CP1 appears to be in-

volved in the regulation of expression of at least two of these genes (97,98).

In undertaking a mutational analysis of CP1 , I addressed three major ques-

tions concerning CPl function: Is DNA binding essential? Is DNA binding

sufficient? Can the chromosome segregation and gene expression functions

of CPl be separated by mutation?

Site-directed CEPl mutant alleles. The site-directed cepl mutants con-

structed for this study are shown in Figure 7. From preliminary work and

published results (64), it was known that N-terminal truncations of CPl re-

moving up to 210 co dons retained full function in vivo; therefore, mutations

were targeted to the b-HLH and C-terminal domains of the protein. The LI-

alleles contain in-frame linker insertions at naturally occurring SspI (LI-259),

Pst! (LI-301), and MluI (LI-318PG, LI-318SR) restrictions sites. CL\02, actually

an internal deletion of 31 codons, is effectively a C-terminal truncation allele,

because translation is terminated by multiple nonsense codons at the codon

301 deletion endpoint. R235H is a point mutant obtained by hydroxylamine

mutagenesis; it results in amino acid 235 being changed from arginine to his-

tidine.

TFEB is a mammalian b-HLH factor that has a binding specificity simi-

lar to CP1 (18). A segment of TFEB cDNA encoding the DNA-binding
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Figue 7. CEPI mutant alleles. Alleles were constrcted as described in

Material and Methods. Numbers below the diagrams indicate codon

positions. The b-HL domain of CPl extends from codon 220 to codon 272.

LI-301 is a linker inserton at the Pst! site which replaces codons 302 and 303

(LQ) with those -indicated. The remaining linker insertions contain in-frame

insrtions of four codons immediately 3' to the codon positions indicated. The

mammalian TFEB allele contains a porton of a TFB cDNA (18) linked by an

Xba! nonsense linker to CEPI -sequences (codon 333). The approximate

positions of the heterologous b-HLH domain and the leucine zipper (ZIP) 

TFB are indicated.



domain was cloned into CP1 expression vectors to determine if a heterolo-

gous CDEI-binding protein could confer CPl function. All of the alleles, in-

cluding the wild-typ, encode an epitope tag (FLAG) at the protein N-termini

but retain native CEPI promoter and translation initiation sequences.

Substituting the eight amino acid FLAG for the natual N-terminus leads 

no measurable alteration in CPl function (data not shown). The results of

CP1 functional assays are given in Table 10. N 208 was included as an exam-

ple of a functional N-terminal truncation. This allele lacks amino acids 1-208.

333 was included as a negative control; it retains only codons 333-351 (see

Figure 10).

The R235H and LI-259 alleles which affect the basic and HLH regions,

respectively, yeilded no detectable DNA binding activity when expressed in E.

coli and displayed no cepl-complementing activity when expressed in yeast.

These results are completely consistent with numerous findings demonstrat-

ing that for this class of proteins the b-HLH domains are essential for DNA

binding (25, 94, 102). The TFEB allele was also incapable of conferring de-

tectable CP1 function in yeast; however, in this case the protein was fully ca-

pable of binding DNA. In vitro, the apparent CDEI-binding affinity of TFEB

was equal to that of the fully functional N208 protein , and only 2-fold lower

than that of wild-type CP1. Apparently, CDEI-binding activity alone is insuffi-

cient to confer CPl function in vivo. (Evidence that TFB is expressed and

binds DNA in-vivo is presented below.

Among the C-terminal mutations, LI-301 and CL\02 affect a region

amino acids 292-320, which has been shown to be essential for dimerization

and DNA binding (27). Neither mutant protein was able to rescue cepI



TABLE 10

Phenotypes Conferrd by CEPI Alleles

Methionine CFVn
Prototrophy Loss Ra tea1J--

Allele YCp YEp Absolute Relative CDEI Bindin

0xlO-4 1.0 1.0

N&333 (30 1.2xlO-
..0.002

N&333 (22") 1. 1 xlO-

N&208 1.4xlO-4 0.5

C&32 1.1xlO- 016

LI-301 9.3xlO- 024

LI- 318PG (30 0xlO-

LI- 318PG (22 2xlO-

LI- 318SR 2xlO- 1.1

LI-259 1.0xlO- ..0.002

R235H 9.3xl0- ..0.002

TFEB 0xlO- 0.5

aDetermined by fluctuation analysis using XCp plasmid transformants.

bLoss events/ celli division.

cRelative to WT.

dRelative apparent binding affnities determined using E. coli extracts.



phenotyes, even when expressed from multicopy vectors. Although dimer-

ization of CP1 was demonstrated to be required for DNA binding (64), both

gene products retained some CDEI-binding activity. Since Ci\302 lacks virtu-

ally all of the dimerization domain identified by Dowell et al. (27), the HLH

domain itself probably mediates the CP1 dimerization required for CDEI site

recognition. While the 50-fold or so reduced CDEI-binding affinity of the LI-

301 and Ci\302 gene products emphasizes the importance of this protein do-

ma'1.n for DNA binding, it is possible that the reduced CDEI binding affinity

alone may not account for the observed lack of function, at least with respect

to chromosome segregation. It has been shown that a centromere CDEI muta-

tion which reduces CPl binding affinity 35-fold does not affect mitotic chro-

mosome loss rate (3, 36).

Mutations LI-318SR and LI-318PG resulted in either no or partial loss of

function in vivo, although both mutations reduced CDEI-binding actvity. A

single copy of the LI-318SR allele completely rescued CP1 functions to wild-

type levels despite a 9-fold-reduced apparent binding affinity. LI-318PG has a

similarly reduced DNA binding activity. This mutation, however, was less

capable of conferring CPl function. When carried on a single-copy (YCp) vec-

tor, LI-318PG conferred a temperature-sensitive Met phenotype and a partially

defective chromosome loss (ChI) phenotype. Expressed from a multicopy

(YEp) vector, LI-318PG gave complete rescue of the Met phenotype and nearly

complete rescue of the Chi phenotype (loss rate of 8.3 x 10-4 loss

events/division). One explanation for this result was that the LI-318PG gene

product was functional but that intracellular levels were low, possibly due to
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Figure 8. DNA binding activity of mutant CEPI alleles in yeast. Gel shift DNA

binding assays were carried out as described in Materials and Methods. The

assay shown utilized extracts (20 J.g of total protein prepared from cep1

transformants carrying the mutant alleles on multi copy (YEp) plasmids.

Competitor DNA was 2.5 J.g of specific (+) or non-specific (-) plasmid DNA per

reaction.



decreased protein stabilty. Together, these results suggest that normal levels

of CPl in the cell are in functional excess.

DNA binding activity of the mutant CPl gene products in yeast was an-

alyzed by DNA binding assays of crude extracts (Figure 8). Since equal

amounts of crude protein were used for the binding assays, the amount of

specifically bound probe in each reaction should have reflected both CDEI-

, .;

binding affinity and the relative concentration of the mutant protein in the

extract. For the most part, the observed binding activity corresponded to what

was expected given the estimated binding affinities of the E. coli- produced

proteins: wild-type activity was observed for NLU08 and TFEB; reduced bind-

ing was observed for LI-318SR and LI-318PG; and no binding was detected for

R235H and LI-259. In all cases where binding was observed, the actvity was

specific, as it was inhibited in the presence of excess unlabeled CDEI site-con-

taining DNA. The results for two of the mutant gene products, LI-301 and

CL\02, did not correspond to expectations. Given the 40- and 60-fold-reduced

DNA binding affinities of these proteins, respectively, low binding activity in

yeast extracts had been predicted. Instead, no detectable binding was observed

for C 302, but nearly wild- type activity was observed for LI-301. In addition,

the LI- 301 extract produced a significant amount of bound probe in the pres-

ence of the CDEI competitor. The source of extracts for the experiment shown

in Figure 8 was cepI transformants expressing the various alleles on multi-

copy plasmids, but the same relative results were obtained when extracts were

prepared from transformants carrying single-copy plasmids (not shown).
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Figure 9. Immunodetection of epitope-tagged proteins. A western blot (see

Materials and Methods) was carried out using the same crude yeast extracts

that were used in the binding assay shown in Figure 6. Thirty Jlg of total

protein were were loaded except for extracts of strains carrying LI-259 and

R235H where only 5 Jlg were loaded and strain R19-4 where 80 Jlg was used.

R19-4 carries a chromosomal copy of CEPIFLAG . The first two lanes contain

approximately 0.1 ng of E. coli-produced CPl (pJH7) loaded alone (lane 2) or

mixed with control cepl yeast extract (lane 1).



A direct measure of the amounts of mutant gene products in yeast was

obtained by immunoblot analysis using a monoclonal antibody directed

against the epitope tag. Figure 9 shows an immunoblot of the extracts used

for the binding assays of Figure 8. The N.1208, TFB, and LI-318SR gene

products were detected at levels similar to wild-type CPl. The non-binding

mutant proteins R235H and LI-259 were expressed at very high levels as was

LI-3Dl. The high relative concentration of LI-301 gene product probably ex-

plains why appreciable CDEI-binding activity was detected in the yeast extracts

despite a significantly reduced DNA binding affinity. In contrast, LI-318PG

and C.102 proteins were undetectable by western blotting, even though bind-

ing activity was detected for LI-318PG in this same extract. Evidently, the

DNA binding assays are more sensitive than immunoblotting. In any event,

this result indicates that LI-318PG is present at a significantly lower level than

LI- 318SR or wild-type CPl. C.1302 must be present in even lower amounts, if

at all.

CEPl frame-shift mutants. The LI-318PG results suggested that a very

low level of CPl gene product could support significant CPl function.

Analysis of several cepl frame-shift alleles provided additional support for

this conclusion. In constructing N-terminal truncation mutants (e.g. N.1208),

a number of alleles were generated in which the 5' deleted CEPl coding re-

gion was out-of-frame relative to the initiator A TG and FLAG element (see

Chapter II). Surprisingly, the frame-shifted constructs were able to rescue cepl

phenotypes to varying degrees (Figure 10). Evidently these alleles were being

expressed at some functional level, presumably by downstream translational

initiation or re- initiation.



bp to nearst Methionine CFVI Lolls Rate
frme A TG pheno\) Absolute Relave

GAT GAT AAG er TC ACf (0)

boHL 0xtO

GAT GAT aag ct tG A GGA (+1)

N633 boHL 359 txl0

GAT GAT aag ct c GA TGC (-

N686 boHL 199 4xl0

GAT GAT aag ct cA C CAT (+1)

N6137 b- 0xtO -

GAT GAT aag ct tG T CfA (+1)

N6162 boHL 6xl0 -

GAT GAT aag ct cAA s; ACT (0)

N6208 -II boHL 4xtO

GAT GAT aag ct cA A CAA (+1)

N6332 2xl0

Figure 10. Amino terminal CEP1 truncation alleles and their abilty to

complement cepI phenotyps. The fusion joint at the deletion endpoint is

shown above each diagram, HindIII linker sequences in lower case, FLAG and

CEPI sequences in upper cas. For the wild typ allele (WT), the naturally

occung HindlII site spanning codons 9/10 is underlined. Nucleotides are

grouped as trplets to indicate the reading frame established by the native ATG

initiator coon. Underlined triplets indicate the native CP1 reading frame

with the numbers in parentheses indicating the net shift in reading frame

relative to the initiating A TG and FLAG. The alleles are named to indicate the

native CEPI codon at the fusion site. Methionine phenotye and CFVII loss

rates were determned as described in Chapter II. Absolute loss rates are loss

events/ cellI division.



In all cass, there was a direct and quantitative correlation between the

abilty of an allele to promote methionine-independent growth and its abilty

to rescue the cepI mitotic chromosome loss defect (Figure 10). The difference

in complementation abilty may reflect the level at which the frame-shift alle-

les would be expected to be expressed. With the exception of N86, the

shorter the distance between the deletion endpoint and the nearest in-frame

ATG (codon 153 for N33, N 86, and N 137; codon 168 for N162), the better

the allele at complementing cepl defects. This was interpreted as suggesting

that the further downstream the nearest in-frame A TG was to the frame shift

(fusion) site, the less efficiently translational reinitiation occurred. 86 dif-

fers in that it is a -1 frame shift, while the others are +1 frameshifts. There are

three tandem A TG's in the -1 reading frame located in the FLAG codons im-

mediately upstream of the fusion site. Presumably translation of N 86 is ini-

tiated relatively efficiently at one of these sites, while translation of the 

frameshift alleles is initiated less efficiently from a downstream ATG.

Figure 11 shows results of in vitro DNA binding assays of extracts from

yeast expressing the N-terminal truncation alleles. The only extracts in which

specific CDEI binding activity was detected were those of strains carrying the

wild-type, N 208, and N86 alleles. These three alleles were also the best at

complementing cepl phenotyps. The 208 extract had wild-type binding

activity, while an equal amount of N86 extract protein bound markedly less

probe, consistent with a reduced expression of this allele due to the frameshift

mutation. The N 86 complex was of a size consistent with it being initiated

from an ATG very near the fusion site (i. within FLAG). No CDEI-specific

binding activity was detected in extracts made from transformants carrying
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Figure 11 CDEI binding activity of strains expressing N-terminal trucation

alleles of CEP1. Binding assays were carried out as described in Materials and

Methods. Each reaction contained 20 Ilg of total protein from extracts made

from RB31- 3B transformants carrying the CEPI alleles on single-copy (YCp)

plasmids. Specific (+) or non-specific (-) plasmid competitor DNA was

included in each reaction.



the other out-of- frame alleles, suggesting that these alleles were expressed at

levels lower than NA86. The overall phenotype of strains carrying the frame-

shift alleles was the same as that of the LI-318PG transformant, weakly

Met+ and intermediate between cepI and wild-typ with respect to chromo-

some loss.

Dominant neative effects. Several of the mutants might be expected

to exhibit dominant negative phenotypes. They fall into two classes: those

that retain CDEI binding activity but, lacking some other CPl domain or func-

tion, fail to complement cepI defects (TFB, LI-301); and those that are unable

to bind DNA, but retain the abilty to dimerize and/or interact with other pro-

tein cofactors (R235H, LI-259). The first class could interfere with wild-type

CPl by competing for CDEI binding sites. The second class might interfere by

forming non- DNA binding heterodimers with the wild-type CPl or by titrat-

ing other required components. Somewhat surprisingly, none of the mutant

alleles expressed on either single- or multicopy plasmids in a wild-type strain

caused any detectable defect in methionine biosynthesis (Figure 12) or in mi-

totic chromosome segregation (assayed by colony sectoring; not shown).

Dominant negative effects were also tested for in a cepl pho80 back-

ground. O' Connell and Baker (75) previously showed that pho80 mutations

suppress cepl methionine auxotrophy. Suppression appears to be due directly

to the action of the positive transcription regulator PH04. CPl and PH04

share DNA binding specificity (24, 31), and the earlier results suggested that

PH04 can bind to CDEI sites in met gene promoters and actvate transcription

(75). This activation pathway is not available under normal growth
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Figure 12. Dominant negative effects of cepl mutant alleles on the growth of

strains on medium lacking methionine. Cells were grown to mid log phase in

medium lacking leucine, centrifuged, and then diluted in medium lacking

both leucine and methionine to a final concentration of 2 x 106 cells per ml.

For each strain, a series of five, 5-fold serial dilutions were made in the double

dropout medium and 5 JlI aliquots were spotted onto plates lacking leucine,

and onto plates lacking both leucine and methionine. Plates were incubated at

. and were photographed after 48 (CEP1) or 72 hours (cep1 smaI).



conditions, because PH04 is kept inactive by its negative regulator PH080

(100, 107). Mutations in phoBO free PH04 to act constitutively. Other muta-

tions which lead to constitutive activation of PH04 (e.g., PH04 , phoB4) also

suppress cepl methionine auxotrophy (75).

Results of an assay testing CPl mutants for a dominant negative Met

phenotype in a cepI pho80 (smaI) double mutant strain are shown in Figure

12. (The smal uppressor of cepI thionine uxotrophy) complementation

group is allelic to phoBO. When carried on either single- or multicopy vec-

tors, LI-301 and TFEB caused a dramatic reduction in the abilty of the respec-

tive strains to grow in the absence of methionine. Both of these proteins fall

into the first class of mutants mentioned above--they bind DNA but are oth-

erwise nonfunctional. This result suggests that LI-301, despite its 4D-fold re-

duced CDEI binding affinity, occupies CDEI sites in vivo. Neither of the non-

DNA binding mutants R235H or LI-259 showed an inhibitory effect on the

growth of the 
cepI smal strain in the absence of methionine.

To rule out direct inactivation of PH04 by TFB and LI-301 PR05 ex-

pression in the transformants was assayed. PH05 is a downtream target of

PH04, and its gene product, the repressible acid phosphatase (rAPase) is read-

ily assayed. In contrast to the abilty of TFEB and LI-301 to interfere with

PH04-mediated MET gene expression, these mutants were little affected in

their expression of PH05 (Table 11). In fact, modest increases in rAPase activ-

ity were observed, similar to the increase observed for the strain expressing

the wild-type CEPI allele. All other strains had rAPase activities similar to

that measured for the control (YEp351) transformant.



TABLE 11

PROS Activity of smal Transformants

Allele YCp YEp

135 (:t 5) 120 (:t 0)

YEp31 NDb 87 (:t 2)

LI- 301 ISO (:t SO) 105 (:t 15)

LI-259 NDb 91 (:t 7)

R235H NDb 83 (:t 13)

TFEB 180 (:t 20) 205 (:t 15)

amiliunits of rAPase, 1 unit = IJlmol PNPP Imin.
average of two independent transformants, (:t total
deviation).

bND, not determined.



CHATER VI

DISCUSSION



The primary goals of this research were to determine the role that CPl

plays in centromere function and to learn how CPl functions in that role.

. \

I -

The mitotic chromosome-loss phenotype of cepI null mutants was shown to

be due to nondisjunction of sister chromatids during chromosome segrega-

1 '

tion. In meiosis, cep1 strains exhibited increased aberrant chromosome segre-

gation; the predominant event being precocious segregation of sister chro-

matids during the first meiotic division. Both of these missegregation pheno-

types can be explained by the failure of sister chromatids to remain attached

- ,

until they are due to be segregated, indicating that the role that CPl plays in

centromere function is to aid in the maintenance of sister chromatid cohe-

sion. A mutational analysis of CPl was undertaken to begin to learn how it

functions in this role. Results of that analysis led to the hypothesis that CPl

acts by configuring chromatin in the vicinity of its binding sites into a con-

formation facilitating the interaction of other DNA-binding proteins.

The genetic analysis of CPl function was initiated by the isolation of

CEP1 the gene encoding CPl (5). The cloning of the gene allowed the con-

struction of strains in which it was disrupted. Haploid cells containing a

disrupted CEPl gene are viable, indicating that CEPl is nonessential.

However cepl strains grow more slowly than their isogenic CEPl counter-

parts, exhibit increased rates of mitotic chromosome, CF, and CEN plasmid

loss, and are methionine auxotrophs. To construct the cepl::URA3-11 disrup-

tion allele 900 bp of coding region and about 600 bp of 3' fIanldng DN were

deleted. A possible explanation for the pleiotropic effects of this mutation

would be that the deletion of downstream sequences disrupts a neighboring

gene. The experiments described in Chapter III demonstrate that the observed



phenotyps are due solely to the lack of functional CPl. Haploid derivatives

of strain R31, which carry the CEPl gene disruption that removes only CEPl

coding sequences, have phenotypes indistinguishable from those of the strain

carrying the cepI::URA3-II allele--i.e. slow growth, increased CF loss, and

methionine auxotrophy. The detailed analysis of the mitotic chromosome

loss phenotype indicated that the predominant event which results in cells

having lost a chromosomal element is nondisjunction (2:0 segregation). This

typ of missegregation can be explained either by premature separation of

sister chromatids followed by random segregation of the sisters or, as the term

connotes, by a failure of the sister chromatids to disjoin and segregate from

each other during mitosis.

In order to further examine the role of CPl in centromere function, the

genetic analysis of chromosome segregation during meiosis in cepl null mu-

tant strains was undertaken. Previous work indicated that CDEI is required

for proper centromere/kinetochore function during meiosis (23, 36). In par-

ticular, CEN plasmids containing CDEI-deleted centromeres were found to

exhibit high frequencies of precocious sister segregation at meiosis I. The ef-

fect was also observed for chromosome III containing a CDEI-deleted cen-

tromere (23), although the latter result was not confirmed in a subsequent

study (36), suggesting that chromosomes are less sensitive to a deficiency of

CPl. The results presented in Chapter IV are consistent with these findings.

Homozygous cepl diploids display significantly increased meiotic missegrega-

tion of a CEN plasmid, nonessential chromosome fragments, and native yeast

chromosomes. The predominant aberrant event observed in all cases is pre-

cocious sister segregation at meiosis I. To be segregated properly during meio-



sis, separation of replicated sister chromatids must be delayed until anaphas

of the second division. Precocious sister segregation results when sisters sep-

arate prematurely and segregate at the first division. Two possible scenarios

are considered: (1) the kinetochore complex "splits" at anaphase I as it nor-

mally would at anaphase n or (2) one or both sister chromatids detach from

the kinetochore complex and segregate randomly. The latter mechanism is

preferable for explaining the precocious sister segregation observed in

cepl/cepl diploids because a general defect in chromatid-kinetochore adhe-

sion would also explain the increased mitotic and meiosis II nondisjunction

observed with cepI mutants. In addition, since CPl specifically binds cen-

tromere DNA, it is not hard to imagine that as part of the kinetochore com-

plex CPl would promote chromatid-kinetochore interaction.

The increased chromosome missegregation in the 2N+l cepI strain

and the detection of strains carrying disomic chromosomes by electophoretic

karyotyping demonstrated that the cepl defect extends to native chromo-

somes as well as plasmids and recombinant CFs. In addition, chromosome 

also missegregates frequently in a normal cepl/cepl diploid. The analysis 

125 tetrads from a diploid strain derived from D93 (cepl/cep1) but containing

only two chromosome homologs (adeI::HIS3/adeI::LEU2) identified two

His+Leu+ segregants (bth in tetrads segregating the extra chromosome 2:2)

which were subsequently confirmed as chromosome disomes by pulsed field

gel electrophoresis. The disomes were found in separate tetrads, so the mis-

segregation frequency was 1.6%. Disomes were also detected among D64 seg-

regants by CHEF gel analysis for chromosomes , III , VIII , IX and XI. Among

these six , two were for chromosome III and probably resulted from an inap-



propriate pairing event between the CF and chromosome III (see below).

Since we have no simple genetic method for assaying for disomy of chromo-

somes VIII, IX, and the actual frequencies at which these chromosomes

missegregate were not determined. Although the overall frequency of dis-

omes detected by this method seems relatively high, taking the 26 tetrads ana-

lyzed to be an accurate representation of the 625 tetrads with inviable spores,

only 12% of tetrads with dead spores can be definitively concluded to have

arisen directly from missegregation of chromosomes.

Both Surosky and Tye (95) and Shero et al. (90) have observed increased

meiosis I nondisjunction in strains containing chromosome fragments. The

nondisjunction occurs when the CF recombines with an endogenous chro-

mosome. In doing so the segregation of the natural homologs is disrupted

such that they nondisjoin at meiosis I, resulting in a tetrad with two inviable

sister spores lacking the chromosome and two viable disomic sister spores.

This type of nondisjunction is specific for the chromosome homologous to

the CF and occurs at a frequency of 4-7% depending on the CF (90, 95). I also

observe what appears to be CF-dependent meiosis I nondisjunction. In my

case, the nondisjunction events involve chromosome III and occur at a lower

frequency, about 1 %. This low level of chromosome nondisjunction does not

interfere in the analyses of CF segregation, because only tetrads containing

four viable spores were scored.

The viabilty of cepl spores is significantly reduced, and the pattern of

inviabilty is nonrandom. While on the average, 1 in 4 spores is inviable,

almost half of the cepI tetrads contain 4 viable spores, far more than would be

expected (see Table 8). Although the possibilty that the inviabilty is directly



attibutable to chromosome missegregation was not ruled out, the results

suggest that it is not. If it was, I should have detected many aneuploids

amo g the viable spores from cepl meioses in the genetic screen (see p. 57).

In addition, although the CHEF gel analysis indicated the some of the invia-

bilty was the direct result of chromosome missegregation, the frequency at

which it was detected was insufficient to result in the overall reduction in

spore viabilty. The viabilty defect may be unrelated to the kinetochore func-

tion of CPl. Disrupting CEPI has pleiotropic effects: generation time is in-

creased by 35% and the strains are methionine auxotrophs (5). The reduced

cepI spore viabilty could be due to the loss of some general CPl function.

It was surprising that chromosome missegregation was not detected in

the genetic screen. No aneuploidy was observed for chromosomes IV, V

VII and the few chromosome III disomes which were observed could be at-

tributed to CF-induced meiosis I nondisjunction. Several explanations are

possible for the apparent lack of aneuploids: some disomic chromosomes

could be extremely unstable in the cepl background and be lost very early dur-

ing growth of the spore colony; the cepl defect may not affect the chromo-

somes we monitored; missegregation events may not be randomly distributed

among all tetrads. While none of these possibilties can be ruled out, a more

favorable direct interpretation of the results would be that for these chromo-

somes the level of missegregation is below detection by tetrad analysis.

Mitotically, cepI mutants show about a 10-fold increase in the loss rate
':1

of chromosome III , 17) and a 25- fold increase in the loss rate of CF(URA3)

(Table 4). It is difficult to quantitate the meiotic effect of cepI, but taking the

case of the unpaired CF(URA3), the increase in precocious sister segregation is



20-fold (basd on observing one event with the wild-type strain). Assuming a

10- to 25-fold increase over the wild-type meiotic chromosome nondisjunc-

tion frequency of 1 x 10-4 (measured for chromosome V) (91), the estimated

cepI meiotic chromosome missegregation frequency would be "1 to 3 events

per chromosome per thousand meioses. this an accurate estimate, it is not

so surprising that disomes were not detected in the genetic screen.

The high relative abundance of CPl in the cell (3, 11) and the

pleiotropic effect of CEPl gene disruption suggests that CP1 has' a more gen-

eral function in addition to its specific role at the centromere. In the case of

the methionine auxotrophy phenotyp, CPl appears to playa role in the regu-

lation of expression of genes involved in methionine metabolism. All met

genes sequenced to date contain CDEI sites in their promoter regions. These

sites have been shown to be required for full expression of MET25, the gene

encoding O-acetylserine sulfhydrolase (97). Additionally, expression of

MET16, the gene encoding phosphoadenylylsulfate (PAPS) reductase, was

shown to require both CDEI sites in cis and CPl in trans (98). The mutational

analysis of CP1 described in Chapter V was undertaken to learn more about

how CP1 functions in its dual roles in aiding sister chromatid attachment and

in regulating met gene expression, and to see if these functions could be sepa-

rated. This analysis also addressed the questions of whether or not DNA

binding by CP1 is essential or sufficient for CPl function.

CPl belongs to the family of b-HLH DNA binding proteins (17) which

recognize the core consensus E-box element CANNTG (73). Specific DNA

recognition by b-HLH proteins is mediated by the basic region of the b-HLH

domain, while the HLH subdomain directs protein dimerization which is re-
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quired to bring basic region residues into the proper configuration for DNA

contact (53). Two of the CPl mutations are located in the b-HLH domain and

reduce specific CDEI-binding actvity by at least SOD-fold. The R235H point

mutation changes a conserved arginine residue in the basic region which has

been shown to be responsible for specific recognition of the inner dinu-

cleotide of the consensus CANNTG binding site motif (CACRTG in the case

of CPl) (24, 99). The LI-259 mutation disrupts the second helix of the HLH

domain and would be expected to affect dimerization. Neither of these non-

DNA binding mutants retains any measurable function in vivo, although

both are present at greater than wild-type levels.

Dowell et ai. (27) have reported that the C-terminal region of CPl

(spanning codons 292- 320) comprises a primary and essential determinant for

CPl dimerization and that this domain is essential for all CPl functions. My

results support the conclusion that this region is critical for overall CPl func-

tion; however, the CA302 allele lacks two thirds of these amino acids but stil

binds DNA specifically indicating that the HLH domain of CPl is itself suffi-

cient to mediate dimerization. Nonetheless, the significantly decreased DNA

binding affinities of the CA302, LI-301, LI-318PG, and LI-318SR proteins con-

firm the overall importance of this domain for DNA binding. The experi-

ments using these proteins do not address dimerization directly, but it is

likely, based on the results of Dowell et aI., that these mutations impair DNA

binding by reducing dimer stabilty. In addition to affecting DNA binding,

mutations in the C-terminal domain also appear to influence protein stabil-

ity. The cellular concentrations of LI-318SR and LI-318PG in yeast are signifi-



cantly lower than that of wild-type CP1, while the C 02 mutant protein is

undetectable.

Estimates of the cellular concentration of CPl indicate that it is a rela-

tively abundant protein (3, 11). My results demonstrate that the nuclear con-

centration of CPl is, in fact, well in excess of the minimum required to main-

tain a wild-typ phenotype (at least with respect to the two phenotypes ana-

lyzed). First, the LI-318SR allele in single copy is wild-type in function even

though its apparent CDEI binding affinity is reduced 9-fold. Second, the 

terminal truncation/frame shift alleles, which appear to be maintained at

levels lower than wild-type, stil provide significarit CPl function. In some

cases 162 137 and N 3), expression levels are so low that no CDEI-

binding activity is detectable in cell extracts. In making this argument, an as-

sumption is made that the translation products of the frame-shift alleles have

essentially wild-type binding affinity and are stable in the crude extracts (and

would have been detected). This is believed to be the case, because in-frame

truncation alleles, NA208 and N 80, N 182, and N 192 (not shown) all con-

fer full , wild-type Met prototrophy and bind CDEI with approximately wild-

tye affinity.

While certain mutants (N-terminal truncation/frame-shifts, LI-318PG)

restored methionine prototrophy without rescuing the chromosome loss de-

fect (Met+Chl- ), no mutations causing the reverse phenotype (Met-Chl+) were

obtained. Nevertheless, none of the mutations analyzed completely sepa-

rated the segregational and transcriptional functions of CPl.. All mutations

having- a measurable phenotypic effect invariably affected both' functions. For

the N-terminal truncation/ frameshift series, a direct and quantitative correla-
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tion was observed in the degree to which Chi and Met phenotypes were com-

plemented. These data are consistent with CPl performing a similar function

at met gene promoters and centromeres.

Mellor et al. (65) have proposed that CPI-CDEI-binding is required for

the centromere activity of CPl but not for support of methionine prototrophy.

This would imply that CPl acts via different mechanisms to carry out its mul-

tiple functions. Their conclusion is based on the analysis of a site-directed ba-

sic region cepHcpfl) mutant, YAG214, which was found to possess no de-

tectable CDEI-binding activity in vitro, but which conferred methionine pro-

totrophy and partially rescued centromere function when expressed in yeast.

This same phenotye was observed with the Nl\162, Nl\137 and Nl\33 frame-

shift alleles: strains grow in the absence of methionine, show intermediate

chromosome loss rates, and yield crude extracts devoid of detectable CDEI-

binding activity. Since there is no reason a priori to predict that these gene

products would lack DNA binding activity, the results can be simply inter-

preted as indicating that less CPl is required to maintain methionine pro-

totrophy than to maintain optimal centromere function. The Met+Chl- phe-

notype of the YAG214 mutant could be explained similarly. The YAG214

gene product might have a very low but nonzero DNA binding affinity, un-

detectable by in vitro assay but sufficient for partial function in vivo.

Convincing evidence exists indicating that CPl function requires spe-

cific DNA binding. The equivalent and nonadditive effect of cis and trans

CDEI/ cepl mutations on mitotic centromere function indicates that CPl acts

through centromeric CDEI sites (5). Domain swap experiments indicate that

CDEI-binding specificity is also essential for CPl to function in activating met



gene transcription. Dang et ai. (24) engineered a hybrid CPl protein in which

the CPl DNA recogntion domain (basic region) was replaced by that of the

malian b-HLH protein AP4. The resulting mutant, CPI-AP4 had the

DNA binding specificity of AP4 AGCTG), was unable to bind CDEI sites

(CACGTG), and did not confer methionine prototrophy when expressed in

yeast. When Met+ revertants of CPI-AP4 were selected, all contained an

amino add change in the basic region (amino acid 235) that also reverted the

binding specificity to CACGT

Although CDEI binding actvity appears to be necessary for CPl func-

tion, DNA binding per se is not sufficient. The TFEB protein has an apparent

CDEI binding affinity close to that of wild-tye CPl and higher than the fully

functional LI-318SR protein but is phenotyically inactive. Also, the inactv-

ity of LI-301 is unlikely to be explained solely by its 4D-fold-reduced CDEI bind-

ing affinity. It has been shown that a centromeric CDEI mutation which re-

duces CPl binding affinity 35-fold has no measurable effect on CEN plasmiq

or chromosome stabilty (3, 36). Furthermore, strains expressing LI-301 from a

multicopy vector are phenotypically cepI- but contain wild-type levels of

CDEI-binding activity. Both TFEB and LI-301 apparently enter the nucleus

and occupy CDEI sites, because both gene products exert a strong dominant

negative effect on the abilty of PH04 to activate met genes.

Surprisingly, no trans-dominant effects were observed when the cepI

mutants were overexpressed in a CEPI genetic background. There are several

examples of dominant negative interactions among b-HLH proteins. The

mammalian protein Id is a naturally-occurring inhibitor of the myogenic fac-

tor MyoD (7). Id contains an HLH domain capable of interactng with the
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MyoD HLH domain but lacks an associated basic region for DNA interaction.

MyoD-Id heterodimers are unable to bind MyoD sites (7). In Drosophila, the

extramacrochaetae gene product antagonizes transactivation of proneural

genes in an analogous manner by inactivating b-HLH transactivators encoded

by the achaete-scute complex (28, 34). By the same mechanism, a basic region

mutation in the b-HL factor E- 47 has been shown to cause a trans-dominant

effect on the' DN A binding of both wild-ty E-47 and the heterologous pro-

tein E-12 (102). CPl R235H is analogous to the E-47 mutant, but in the case of

R235H no dominant negative phenotype is observed. This is consistent with

the conclusion that CPl levels are in excess. If this is the case, it would re-

quire extreme overexpression of R235H to reduce the pool of wild-type CPl

homodimers below the critical level. Also, it is possible (even probable) that

an equilbrium situation does not exist. As a result of stable DNA binding,

CPl homodimers could be "trapped" in the nucleus, effectively removing

them from the soluble pool. Of course, the data do not rule out the possibilty

that the R235H mutation inhibits dimerization and/or nuclear localization

or that CPI-R235H heterodimers are much less stable than CPl homodimers.

CPl has been grouped with RAPl, REB1 , and ABF1, proteins which

comprise a family of S. cerevisiae factors known as general regulatory factors

(GRFs) (14, 15, 19,26, 54). All of these factors are relatively abundant, se-

quence-specific DNA binding proteins that have many genomic sites of inter-

action and are involved in diverse chromosomal functions. In addition to

having both positive and negative effects on gene transcription, GRFs have

been shown to be associated with chromosomal origins of replication (ABFl),



telomeres (RAPl, REBl), and centromeres (CP1, REBl). REBI (also known as

factor Y or GRF2) is a strong positioner of nucleosomes (30).

I propose that the primary function of CDEI-bound CP1 is to configure

chromatin into a conformation that faciltates the assembly of both functional

kinetochores and active transcription complexes. This model is essentially

that proposed for other general regulatory factors like RAPl and REB1 (14, 19,

26). CP1 is known to infuence chromatin structure at gene promoter regions

(64). It is not yet known if the CPl-associated chromatin structres are estab-

lished independently by CPl or require the participation of cofactors, which

could differ in each case. However, CDEI site occupancy alone appears to be

insufficient to mediate CPl function, suggesting that CP1 contains an addi-

tional functional domain which interacts with chromatin components. This

domain, which apparently lies in the C-terminal third of the protein, may di-

rectly interact with his tones or may otherwise contribute to the alteration of

chromatin structure (e.g. a DNA bend) to inhibit (or enhance) nuc1eosome

assembly.

In the context of conservation of structure and function, inferences

gained by the study of centromere function in yeast are expected to be applica-

ble toward the understanding of centromere function in higher organisms.

Based on comparisons of the complexity of centromeric DNA, it has been

proposed that simple analogies, such as microtubule number per unit cen-

tromere-DNA, can be used as an index of evolutionary divergence (13).

Additionally, the centromeres of one higher eukaryotic organism have been

suggested to have arisen by the fusion of centromeres from different chromo-

somes, resulting in the increased repetitive nature of the centromeres as well



as an increased chromosome size (12). Furthermore, the observation that

large repetitive centromeres can be disrupted into smaller functional ele-

ments has led. to a model suggesting that these centromeres consist of re-

peated functional subunits (108). The simple S. cerevisiae centromere may

represent an evolutionarily basic centromeric unit. Consistent with this

view, an analysis of the organization of centromeric chromatin in vivo has

led to the speculation that the proteins which assemble at the S. cerevisiae

centromere comprise a fundamentally basic kinetochore (8).

CP1 is a 40 kDal yeast centromere-binding protein which is highly

acidic at neutral pH and belongs to the family of basic-helix-loop-helix (b-

HLH) sequence specific DNA binding proteins (5, 17). It appears to aid in cen-

tromere function by establishing a distinctive chromatin organization in the

vicinity of its binding site. The 80 kDal human centromere-binding protein

CENP-B is also a highly acidic protein having b-HLH homology (93). Based

on the structural similarities between these two proteins, it is tempting to

speculate that CENP-B may have a similar function at the human cen-

tromere, e., binding of CENP-B to human centromeres results in the forma-

tion (or preclusion) of a chromatin structure that either facilitates the assem-

bly of other kinetochore proteins or otherwise aids in the maintenance of sis-

ter chromatid attachment. Centromere-binding proteins of

Schizosaccharomyces pombe have not yet been identified, but centromere

mutations causing missegregation phenotypes similar to those seen for a

CDEI deletion of S. cerevisiae centromeres have been described (21). It wil be

interesting if a similar protein also exists in this organism.
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ABSTRACT

CPl is a sequence-specific DNA binding protein of yeast (Saccharomyces

cerevisiae) which recognizes the highly fonserved A glement I (CDEI) of

yeast centromeres. We cloned and sequenced the gene encoding CPl. The

gene codes for a protein of molecular weight 39,400. When expressed in E.

, i

coli, the CPl gene directed the synthesis of a CDEI-binding protein having the

same SDS gel mobilty as purified yeast CPl. We have given the CPl gene the

genetic designation CEPl centromere !!rotein 1). CEPI was mapped and found

to reside on chromosome X, 2. 0 centimorgans from SUP4. Strains were con-

structed in which most of CEPl was deleted. Such strains lacked detectable

CPl activity and were viable; however CEPl gene disruption resulted in a

35% increase in cell doubling time and a 9-fold increase in the rate of mitotic

chromosome loss. An unexpected consequence of CPl gene disruption was

methionine auxotrophy genetically linked to cepl. This result and the recent

finding that CDEI sites in the MET25 promoter are required to activate tran-

scription (Thomas, D., Cherest, H., and Y. Surdin-Kerjan, J. Mol. BioI. 9: 3292

1989) suggest that CPl is both a kinetochore protein and a transcription factor.

INTODUCI0N

\ \\\! !:'"

CPl is a sequence-specific DNA binding protein of yeast (Saccharomyces

cerevisiae) which binds to both gene promoter regions and centromeres (6).

The DNA recognition sequence for CPl is the octanucleotide RTCACRTG

(R=purine) which is found in all yeast centromeres and is named CDEI

(fentromere lement I) (23). The conservation of CDEI strongly implies
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a role for CPl in the function of the centromere or kinetochore; however,

CDEI sites are also found at many noncentromeric locations in the yeast

genome (5, 6, 16). The existence of noncentromeric CDEI sites together with

the fact that CPl is relatively abundant (greater than 500 molecules per cell

suggests that CPl may play some general role in chromatin structue or in

mediating DNA-protein interactions (5, 6).

Purified CPl consists of a single polypeptide which appears to have a

molecular weight of about 60,000 based on SDS gel analysis (5, 25a). The

quatemar strctre of the native protein is not known. CPl is unusually sta-

ble; it retains its specific DNA binding activity upon boilng and after elution

and renaturation from SDS gels (5, 6). In its stabilty and DNA binding proper-

ties, CPl is similar to a protein in HeLa extracts which appears to be the aden-

ovirus major late transcription factor (named ML TF or USF) (6, 12, 13, 39). Cai

and Davis have purified a CDEI binding protein from yeast which they call

CBP-I (9). CBP-I has a molecular weight of 16,000, but shares identical DNA

binding properties with CPl. These authors detect no CDEI-binding protein

having a higher molecular weight, and they surmise that CBP-I could be de-

rived from CP1, either through a specific post-translational processing event

or as a result of nonspecific protein degradation in their nuclear extracts (9).

CDEI is not essential for centromere function, but centromeres lacking

an intact CDEI are impaired. Mitotically, chromosomes carrying CDEI muta-

tions are lost at rates 2- to 60- fold higher than the corresponding chromo-

somes having wild type centromeres (11, 15, 19, 22). Meiotically, chromoso-

mal CDEI mutation or deletion has no detectable effect (19); however, cen-

tromere containing plasmids (CEN plasmids) lacking CDEI exhibit random
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segregation at meiosis I (15, 19). The effects of CDEI mutations on CPl binding

and chromosome or CEN plasmid loss rates are quantitatively correlated (5,

9), directly implicating CPl in mitotic centromere function; however, the ex-

act action of CPl remains obscure. At least one other protein is known to bind

to centromeric DNA (21, 35). It binds to another conserved sequence, CDEIII

locted approximately 100 bp away from CDEI. CDEIII is essential for proper

centromere function (21, 22, 33, 35). Whether or not CPl and the CDEIII-bind-

ing protein interact or influence each others DNA binding is unknown.

This paper describes the isolation of the gene encoding CPl and the

analysis of yeast strains lacking CPl. We show that the CPl gene is not

essential for growth, but that gene disruption leads to increased rates of

chromosome and CEN plasmid loss. Furthermore, CPl gene disruption has

pleiotropic effects on cell metabolism seemingly unrelated to centromere

function, and we wil present evidence suggesting that CPl is also a

transcription factor.

MATERIALS AND METHODS

Strains and media. Strains used in this study are given in Table 1. JH15 was

obtained from Jodi Hirschman of our department; all other strains were con-

structed by us using standard genetic methods (34). All media were as de-

scribed by Sherman et al. (40) except supplemented minimal medium which

was 0. 17% yeast nitrogen base (without amino acids), 0.1 % ammonium sul-

fate, 2% glucose, with amino acids (40 J.g/ml), adenine (20 J.g/ml), and uracil
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(20 Ilg/ml) added as needed. Yeast transformations were performed by the

lithium acetate procedure (25).

Plasmids. Plasmid pDR4-2 contains the 3. kilobase pair (kbp) Eco RI

fragment of the A. phage CPl- 1.3 (see below) inserted into the Eco RI siteof

pGEM4 (Promega Corporation, Madison, WT). Plasmid pRB85a-l was derived

from pDR4-2 by limited Ssp I digestion and religation in the presence of syn-

thetic Xho I linkers. pRB85a-llacks the region of DNA between the Ssp I sites

located at positions 409 and 1398 in the CPl DNA sequence (Figure 1). Plasmid

pDR8 was obtained by digesting pRB85a-1 with Xho I and Bgi II, fillng in the

staggered ends using Klenow polymerase, and rligating. This results in the

removal of an additional 0.6 kbp of CPl 3' flanking DNA and regenerates

both Xho I and Bgi II sites. Plasmid pDR12 was derived from pDR8 by insert-

ing a 1. kbp Sal I fragment containing the yeast URA3 gene (37) into the

unique pDR8 Xho I site. Plasmids pDR20 and pDR21 were derived from

pUC(TR /CEN3) and pUC(TRCDEI), respectvely (5), by inserting a 2.kbp

DNA fragment containing the yeast LEU2 gene (3) into the Bam HI site of

their polylinkers.

The plasmids used for the expression of CPl in E. coli were derived

from pTP201 (supplied by Anthony Poteete of our department), which in turn

was derived from ptac12 (2) by inserting an Nco I linker at the Pvu II cloning

site. pTP201 was cleaved with Nco I, the overhanging ends were filed using

Klenow polymerase, and the plasmid was religated in the presence of 8-

Pvu II linkers. A 1.75-kbp Hind III/Dra I fragment containing the CP1 gene

from pDR4-2 was then ligated into the new Pvu II site after Klenow fill-in of

the Hind III staggered end. Plasmids pRB89-1 and pRB89-3 resulted from this
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ligation. pRB89-1 contains the CPl open reading frame fused in frame at

codon 9 with the ATG originating from the Nco I linker of pTP201. pRB89-

contains the CPl segment in the opposite (antisense) orientation. The se-

quence of the noncoding strand of the fusion segment of pRB89-1 is given be-

low with the CPl nucleotides and amino acids underlined and the linker se-

quences shown in lower case:

---- (Tac promoter) ----- AGGAAACAGcccatg gca gAG CTT TCT-

-----

Met Pro Glu Leu Ser

------

All plasmids containing the Tac promoter were propagated in E. coli strain

W3110 (lacJq) (7). The predicted molecular weight of the E. 
coli expressed CPl

is 38,800.

Ooning the CPt gene. Purified CPl protein (5) was subjected to trypsin

digestion, and the partial amino acid sequence of two peptides (NCT14

NCTl1) was determined. This analysis was performed at the Harvard

Microchemistry Facility using the method described by Aebersold et al. (1).

The peptide sequences were used to design two nondegenerate oligonu-

c1eotide probes, shown below:

NCT14

AspGlnGI y LeuLeuSerGlnGluSer AsnAspGI y AsnIleAspSer AlaLeuLeuSer 5'

GA TCAAGGTTTGTTGTCTCAAGAA TCT AACGA TGGT AACA TTGA TTCTG
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NCTl1 AlalleThrProSer AsnGluGlyV alLysProAsnThr(Gly /Ser )Leu

GCT A TT ACTCCA TCT AACGAAGGTGTT AAGCCAAACAC-

In all but one case (AAG for Lys), we chose codons predicted from yeast codon

usage frequencies supplied with the DNASTAR computer software package

(DNASTAR, Inc., Madison, WI). The NCT14 and NCT11 oligonucleotides

were synthesized, labeled with (a-32P1ATP using T4 polynucleotide kinase,

and used to screen a commercially available (Clontech, Palo Alto, CA) yeast

genornic Agt11 library (Saccharomyces cerevisiae strain X2180, ATCC #26109)

by hybridization (24). Positive signals were obtained at a frequency of about 

per 3,500 recombinant plaques. Two phage which hybridized to both probes

were purified and found to contain overlapping yeast DNA inserts. One of

them, ACPl- 3, contained a 3.kbp Eco RI insert which was subcloned into

both plasmid and M13 vectors.

The DNA sequence of the CPl gene was determined by the dideoxy

chain termination method using modified T7 DNA polymerase (41). The CPl

coding region was located immediately by using the NCT14 and NCT11

oligonucleotides as sequencing primers. Restriction sites discovered in these

initial sequence runs were then used to map the location of the gene within

the 3. kbp Eco RI fragment and to produce additional subclones. The CPl

DNA sequence presented in Figure 1 was determined completely for both

strands. A homology search of the National Biomedical Resource Facility pro-

tein database (release 21) was performed against the deduced CPl amino acid

sequence. The search employed the Lipman-Pearson search algorithm (3 

and was carried out by the PROSCAN computer progam of DNASTAR.
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Southwestern blots. E. coli containing the Tac- CP1 expression plasmids

pRB89-1 (sense) and pRB89-3 (antisense) were grown and induced with iso-

propyl-p-D-thiogalactoside (IPG) as described by Amann et al. (2). After in-

duction for 90 min, the cells from 1-2 ml of culture were sedimented by brief

centrifugation and resuspended in 75-150 JlI of SDS sample buffer (63 mM

Tris-HCI (pH 6.8), 2% SDS, 5% BME, 10% glycerol, 0.002% BPB). The ratio of

cells to buffer was kept constant in order to obtain equivalent protein concen-

trations among samples; 0.6 OD 600 "units" of cells were resuspended per 75 JlI

of sample buffer. The samples were incubated in a boilng water bath for 

min, and then 5 JlI (for Coomassie staining) or 10 JlI (for blotting) of each were

immediately loaded onto a 10% or 12% polyacrylamide (acrylamide:bis, 37.5:

1) SDS gel prepared and run using the discontinuous buffer system of

Laemmli (29). After electrophoresis, proteins were transferred to nitrocellu-

lose membranes (Biorad) following the electroblotting procedure of

Masudaira (32).

After protein transfer, the membranes were blocked for 1 h at room

temperature in 10 mM 4-(2-Hydroxyethyl)- piperazineethanesulfonic acid

(HEPES), pH 7.9, 1 mM DTT, 1% nonfat dry milk and then incubated for 30

min in binding buffer ( 10 mM HEPES (pH 7.9), 50 mM NaCI, 10 mM MgCh,

1 mM EDT A, 1 mM DTT containing 32P-Iabeled CDEI DNA (7 ng/ml, 5 x 1()

cpm/ng) and 5 Jlg/ml salmon sperm DNA. Unbound probe was removed by

two 7 min washes in binding buffer, and the membrane was blotted dry and

used to expose X-ray fim. In order to estimate protein molecular weights,

prestained molecular weight standards (Bethesda Research Laboratories) were

co-electrophoresed on the SDS gels and transferred to the membranes along
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with the sample proteins. Before autoradiogaphy, the positions of the stan-

dards were marked with Glo-juice phosphorescent ink (Intemational

Biotechnologies, Inc.) allowing their direct identification on the autoradio-

grams.

The CDEI probe was a multimer (50-300 bp) of the synthetic double

stranded oligonucleotide shown below (CDEI site underlined):

GA TCCAAA T AAGTCACA TGA TGA 

GTT TAT TCAGTGTACTACTATCTAG-

The oligonucleotide was phosphorylated, self-ligated, and labeled with

(a-32P)dCT (800 Ci/nimol) by nick translation (43). CDEI competitor DNA

was prepared by the same method, but it was of high molecular weight (500

bp) and unlabeled.

Detection of CPl in,yeast extracts. Crude yeast extracts were prepared

and gel shift DNA binding assays were performed as described previously (5).

The CDEI probe consisted of a hexamer of the synthetic CDEI oligonucleotide

shown above which was cloned into the Bam HI site of pUC18, excised as a

205-bp Eco RI/Hind III fragment, and end-labeled with (a-32P)dATP (800

Ci/mmol) using Klenow polymerase. The tDNA probe was a 480-bp Bgi II

fragment containing the yeast tRNASer gene (4) end- labeled with (a-32P)dA 

, ,

(800 Ci/mmol) using Klenow polymerase (in the presence of unlabeled

dGTP). Each binding reaction contained 1() cpm of probe (2-10 ng) and 6 J,g of

unlabeled poly(d(IC)). Where indicated, binding reactions received 5 J,g of un-
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labeled poly(d(IC)) and 1.0 J. of the self-ligated CDEI competitor DNA descrbed

above.

CPt gene disruption. We have designated the genetic locus of the CPl

gene as CEPl for centromere rotein 1. CEPI gene disruption was perfomed

using the plasmid pDR12 in which most of the CPl coding region (codons 53-

351) and 0.6.;kbp of 3' -flanking DNA is replaced by the yeast URA3 gene (see

above). pDR12 was cleaved with Eco RI to excise the disrupted CPl gene

(cepl::URA3) from the vector and then used to transform the diploid strain

JHI5. Homologous recombination stimulated by the free ends of the trans-

forming DNA results in the replacement of the wild type CPl gene with the

cepl::URA3 disruption allele (38). Ura+ transform ants were analyzed by

Southem blotting, and most were found to contain one copy of the disrupted

CPl gene and one copy of the wild type gene. One such transform ant, Rl1,

was sporulated and the tetrads dissected. The URA3 marker segregated 2+:2-

and Southern blotting showed that the ura+ spores gave rise to restriction

fragments diagnostic of the gene disruption and ura- spores to fragments di-

agnostic of the wild type gene, e. the physical and genetic markers cosegre-

gated.

. .

Chomosome and plasmid loss assays. Chromosome III loss rates in the

diploid strains R16, R17, and R18 were determined by quantitative mating

, ,

(36). The haploid tester strain employed was 4795-408 (MA Ta). Colonies of the

diploids were gown on plates lacking leucirie to require maintainance of the

MATa LEU2 chromosome. For ea.ch determination, a single colony was re-

suspended in water, sonicated briefly, and used to inoculate a 100-ml rich

broth (YEPD) culture. An aliquot of the cell suspension was also diluted and
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plated on YEPD plates to determine the starting cell number. The YEPD liquid

cultures were grown at 30to mid log phase (16- 18 h) and the cell density de-

temiined. In duplicate, 2 x 106 of the diploid cells were mixed with 2 x 1() of

the haploid tester cells, also from a mid log phase culture, and fitered onto a

25mm Millpore filter. Filters were incubated cell side up on YEPD plates at

for 4. 5 h to allow mating. The mating mixtures were then resuspended

from the fiters in 5.0 ml of water, diluted, and spread on plates lacking histi-

dine and lysine to select for growth of zygotes. In each experiment, haploid

strain Rl1-4D (MATa) was mated with 4795-408 under the same conditions in

order to establish the mating efficiency. After 48 hours, colonies were counted

and then replicated onto plates lacking leucine to test for the presence of the

LEU2 marker originally present on the MATa chromosome. Leu- colonies

were assumed to have arisen from cells which had become competent to

mate due to loss of the MA TaLEU2 chromosome occurring during the nonse-

lective growth of the culture. The frequency of leu- zygotes (corrected for mat-

ing efficiency) is therefore an indirect measure of chromosome loss frequency.

Chromosome loss rates were calculated from the following formula (17):

loss rate = (0.43)(loss frequency) / (log N - log N

N and N are the number of cells in the population at the end and start

of nonselective (YEPD) growth, respectively. Control experiments showed

that the cepl::URA3 allele does not affect the mating efficiency of haploid

strains of either mating type (data not shown). We do not know if chromo-

some III monosomy in our diploid strains leads to any growth defect. If it
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does, our results would be skewed. Mating competent cells (loss events)

would be underrepresented in the total cell population, leading to an under-

estimation of the loss rate.

Plasmid loss determinations were carried out essentially as described

(5) except the plasmid selectable marker was LEU2. Individual transformant

colonies were grown selectively, either in liquid or on plates, to maintain the

CEN plasmid. AftEr selective growth, cell suspensions were used to inoculate

liquid YEPD cultures and at the same time diluted and spread on YEPD plates

to obtain single colonies (t ). After 18-20 h of gowth at 30, the liquid YEPD

cultures were diluted and plated for single colonies on YEPD plates (t ). After

colonies had formed (2 days), the tand t plates were replicated onto sup-

plemented minimal plates with or without leucine, and after 24 h the per-

centage of leu+ colonies was detemiined. The number of cell doublings was

calculated by detemiining the total cell number at the start and end of nonse-

lective (YEPD) growth. Plasmid loss rates were then calculated from the fol-

lowing equation (27):

/Lo = (l-R)n

Ln and Lo are the percentage of leu+ colonies after nonselective and selective

growth, respectively, n is the number of doublings during nonselective

gowth, and R is the plasmid loss rate (loss events/ celli generation).
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RESULTS

Isolation of the gene encoding CPt. Purified CPl was cleaved with

trypsin, and the partial amino acid sequences of two tryptic peptides, NCT14

and Nc:Tl1 , were determined. The sequences were used to design two

oligonucleotide probes, a 50-mer from NCT14, and a 38-mer from NCTll

which 'II/ere synthesizd, labeled, and used to screen a Agt11 yeast genomic li-

brary b hybridization (details are given in Materials and Methods). Two dif-

ferent phage were obtained which hybridized to both probes, and the 3.6 kbp

Eco RI insert from one of them was subcloned for DNA sequence analysis.

The complete DNA sequence of the CPl gene is given in Figure 1 along with

the deduced CPl amino acid sequence. The gene codes for a protein of molec-

ular weight 39, 400. A homology search of the National Biomedical Resource

Facilty protein sequence database against the predicted CPl amino acid se-

quence revealed no striking similarity to any protein in the database.

The molecular weight of CPl determined by SDS gel electophoresis is

58,300 (5), significantly larger than that of the polypeptide encoded by the pu-

tative CPl gene. Of the several possible explanations for this discrepancy, we

thought it to be most likely that the CPl protein contains post-translational

modifications which affect its mobilty in SDS gels. To test this and at the

same time prove that the open reading frame we identified actually codes for

CPl, we expressed the gene in E. coli. A hybrid transcription unit was con-

structed by fusing the CPl open reading frame at the naturally occurring Hind

III site at CPl codon 9 to the E. coli Tac promoter (2). An initiator ATG was

provided by the Tac promoter fragment, and the molecular weight of the ex-

pected translation product is 38,800.
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Proteins produced by E. coli strains carrying Tac-CPl expression con-

struct were analyzed by " southwestern blotting. Proteins were separated on

SDS gels and transferred to nitrocellulose membranes which were then incu-

bated with a 32P- Iabeled synthetic DNA containing CDEI e. the recognition

site for CP1. Fig. 2A shows the results for bacteria gown in the presence or ab-

sence of IPTG which is required to induce transcription of the Tac promoter.

Upon induction, a protein band is detected which binds the CDEI probe (Fig.

lane 1). The binding activity is not present in protein extracts prepared

from the same E. coli strain gown in the absence of IPG (Fig. 2A, lane 2), nor

is it observed in induced strains carrying a Tac-CPl construct in which the CPl

segment was inserted in the opposite (antisense) orientation (Fig. 2B, lane 2).

Binding is competed by excess unlabeled CDEI-containing DNA (Fig. 2B, lane

3), but not poly(d(IC)) or salmon sperm DNA.

Based on its mobilty relative to prestained electrophoresis standards, the E.

coli-produced CDEI-binding protein has a molecular mass of 55- 60 kDa. Close

examination of Coomassie blue stained gels reveals that a new protein band is

present in this region of the gel (Fig. 2B and 2C, lanes 5); its apparent molecu-

lar-weight is 58,300 based on the Coomassie blue-stained standards. While not

; ,

prominent, the appearance of this protein band correlates exactly with the

synthesis of the binding activity, Le. it is present only after IPTG induction

and in strains carrying the sense Tac-CPl construct. The E. coli-synthesized

protein, then, has the same mobilty on SDS gels as purified yeast CP1. We

conclude that the gene we have isolated does indeed code for the CDEI bind-

ing protein CPl. Since we are unaware of any posttranslational modifications

common to yeast and E. coli which would explain such a large discrepancy be-
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tween the predicted molecular weight and that which is observed, we also

conclude that the CPl polypeptide migrates aberrantly in SDS gels.

Constrction of a yeast strain with a disrupted CPt gene. As a fist step

towards elucidating the function of CP1 in the cell, we constructed yeast

strains in which the gene encoding CP1 was disrupted. Starting with a plas-

mid containing the cloned CPl gene, most of the coding region (codons 53-

1) along with 3' flanking DNA was excised and replaced with a DNA frag-

ment carrying the yeast URA3 gene. The disrupted gene along with its re-

maining flanking regions was then excised from the plasmid and used to

tansform a diploid homozygous ura3 strain. Ura+ transformants were ob-

tained in which the disrupted gene construct had replaced the resident CPl

gene on one of the two chromosomes. One such strain, Rl1 , was analyzed by

Southern blotting and found to have the expected CPl gene configuration, Le.

restriction digests yielded one fragment derived from the parental gene and a

second fragment derived from the disrupted gene (data not shown). When

Rl1 was sporulated and the asci dissected, most asci gave rise to three or four

viable spores, indicating that the CP1 gene is not essential. The URA3 marker

physically linked to the disrupted CPl gene, segregated 2+:2-. We designated

the genetic locus of the CPl gene CEPl for centromere I2rotein 1.

The CEPI locus was mapped, first by chromosome blotting and subse-

quently by genetic linkage analysis. Hybridizing a Southern blot of elec-

trophoretically separated yeast chromosomes with a CEPI probe allowed us to

assign CEPI to chromosome X (data not shown). When genetic linkage to

other chromosome X markers was tested, we found that 
CEPI mapped very
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close to SUP4. Table 2 gives the results of tetrad analysis. The genetic distance

between CEPI and SUP4 is 2. 0 centimorgans.

CDEI binding activity in CEP1+ and 
cel::URA strains. Extracts were

prepared from haploid segregants of Rl1 and assayed for CDEI binding activity

by gel shift assay. When a CEPI+ extract (Rl1-4C) is incubated with a CDEI

probe, a predominant CPI-DNA complex is formed as well as lesser amounts

of two or more complexes of lower mobilty (lane 3). The lower mobilty

complexes are probably due to oligomers of CP1. All of these complexes are

also formed by purified CPI (lane 2) and are greater than 95% competed by ex-

cess unlabeled CDEI- containing DNA (lanes 5 and 6; quantitation by densit-

ometry). (The complexes observed in lane 2 migrating beneath the major CP1-

DNA complex are due to partial degradation of CPl which occurs during its

purification; they are competed by excess CDEI DNA.) An extract prepared

from a cepI::URA3 strain (Rl1-4B) fails to form any of the CP1-DNA com-

plexes lane 4), although a faint, smeared signal can be detected in the region of

the gel at the position of the low mobilty complexes. We do not feel that this

weak signal is due to residual CP1, because in dozens of gel shift assays with

partially pure or pure CPl, we have never observed low mobilty CP1 com-

plexes in the absence of a major CPI-DNA band. A distinct band which runs

below the main CPI-DNA complex is observed with both the Rl1-4B and Rll-

4C extracts, but this band is due to a nonspecific binding activity since it is not

competed at all by CDEI DNA.

To insure that our failure to detect CP1 activity in the R11-4B extract

was notsimply due to improper handling of the extract or to some general ef-

fect of the CEPI disruption on DNA binding proteins (e.g. increased levels of



123

protease), we simultaneously assayed for another sequence specific DNA

binding protein, transcription factor t. Factort is an RNA polymerase III tran-

scription factor which binds to the intemal promoter of tRNA genes (10).

Factor t binding actvity is readily detected in both R11-4C and R11-4B crude

extracts using a tDNASex probe (lanes 15 and 16). When both probes are added

together, both CPI and t complexes are observed with the RII-4C extract (lane

9), but only t complexes are observed with the Rl1-4B extract (lane 10). Only

the CPl complexes are competed by CDEI DNA (lanes 11-13). We conclude

that the cep::URA3 disruption results in the loss of functional CPl protein

from the cell.

Phenotyic effects of CEPl gene disruption. Haploid strains carrying the

cepI::URA3 gene disruption are relatively healthy; however, we noticed im-

mediately that cepI::URA3 disruptants grow slower than isogenic

CEPI strains. The doubling times for several strains, both haploid and

diploid, growing in rich medium at 30. are given in Table 3. The cepI::URA3

gene disruption leads to a 35% lengthening in the population doubling time,

from about 95 to about 130 minutes. The growth defect is recessive;

cepl::URA3/+ heterozygous diploids grow at the same rate as CEPI+ haploids

or homozygous CEPl + diploids.

Since CP1 binding seems to be required for optimal mitotic function of

the centromere (5), a yeast strain lacking CPl should exhibit increasd rates of

chromosome loss. Chromosome III loss rates in cepl::URA3 strains were de-

termined using a quantitative mating assay (14). The assay is based on the fact

that a MA Ta/MA Ta diploid cell, a nonmater, can become competent to mate

if it loses one of its chromosome III homologs. (The mating typ locus , MAT
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is located on the right arm of chromosome IlL) Chromosome III loss results in

a cell becoming phenotypically a or ex, depending on which homolog is lost,

and able to mate with a haploid cell of the opposite mating type. An a/ex

diploid can also become competent to mate through mitotic recombination or

gene conversion at the MAT locus; however, these events can be distin-

guished from chromosome loss experimentally by scoring for the concomi-

tant loss of a genetic marker on the opposite arm of chromosome Ill.

Table 4 gives the results of two separate experiments in which we mea-

sured rates of chromosome III loss from the diploid strains R16

(cepI::URA3/cepI::URA3), R17 (CEPI+/cepl::URA3), and R18 (CEPI+/CEPI+).

The rate of chromosome III loss from the wild type diploid (RI8) was 1-2 x 10-

events/cell/division. This value agrees with previous measurements of

chromosome III loss (14 , 18). When homozygous, the cepI::URA3 disruption

caused a 9-fold increase in the rate of chromosome III loss. As with the slow

growth phenotype, the gene disruption was recessive in its effect on chromo-

some loss. In fact, the rate of loss in the cepl::URA3/+ heterozygote (RI7)

seemed to be even lower than that of the wild typ diploid (RI8). This 2- fold

difference was observed consistently, but at present we are unable to provide

any explanation for it. No significant differences were observed among these

three strains in the combined rates of mitotic recombination and gene con-

version (data not shown).

Rates of minichromosome (i.e. CEN plasmid) loss were also determined for

wild typ and CEPl disruption strains. In this case, it was possible to directly

compare the cis effect of a CDEI mutation with the trans effect of disrupting

CEP1. If the only involvement of CPl in mitotic chromosome segregation is
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exerted through its binding to CDEI at the centromere, then the effect of delet-

ing CDEI from the centromere in a normal cell should be quantitatively simi-

lar to the effect on a wild type centromere when CP1 is absent from the cell.

Loss rates were measured for two CEN plasmids, pDR20 and pDR21 , in CEPI+

and cepl::URA3 haploid strains. The plasmids are identical except that pDR20

contains a wild type CEN3 segment whereas the CEN segment in pDR21 lacks

CDEI owing to a 14 bp deletion. The plasmids also contain the selectable

markers TRPl and LEU2 and the replicator sequence (origin) ARSI.

Previous experiments (5) had shown that the CDEI deletion in pDR21

leads to an increased rate of plasmid loss, but actual loss rates were not deter-

mined. Table 5 shows that pDR20 was lost from CEPI+ cells at a rate of

1.6%/division; the loss rate of pDR21 was increased 2.5-fold to 3.9%/division.

The rate of loss of the wild type CEN plasmid from the cepI::URA3 strain was

2%/division, not significantly (or statistically) different from the rate of loss

of the CDEI deleted plasmid from the wild type cell. Furthermore, the effects

of the mutations were not additive; the mutant CEN plasmid was lost from

the cepl::URA3 strain at a rate of 3. 6%/division. We conclude that the in-

volvement of CDEI in mitotic centromere function is mediated through the

CEPI gene product, CP1.

Methionine auxotrophy. Several researchers have noted that CDEI sites

exist in many noncentromeric locations throughout the yeast genome.

Several genes contain CDEI sites in their 5' flanking regions where they could

conceivably serve as transcriptional activation sequences (UAS's), among

them MET2, MET25, ADE3, GP A2 and SRA3(from a computer search of

GenBank, release 58), and three nuclear genes encoding mitochondrial pro-
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teins (16). To determine if CPl gene disruption caused any metabolic defi-

ciency, we surveyed the growth requirements of our cepI::URA3 strains.

Under all conditions tested, cepI::URA3 strains grew slower than their iso-

genic CEPI+ counterparts; however, the growth disadvantage was accentuated

at 22 and on medium containing lactate as the sole carbon source. CEPI+ and

cepI- strains grew at about the same relative rates on rich medium (YEPD) at

and 34 o and on plates containing glycerol as the carbon source (YEPG).

Surprisingly, we found that cepl::URA3 strains required exogenously added

methionin for growth. The methionine auxotrophy was genetically linked

to the cepl::URA3 disruption (Table 2). In 53 tetrads dissected from a

cepI::URA3/+ diploid, no uramet+ or ura-met- spores were obtained, mean-

ing that the lesion which gives rise to the methionine auxotrophy was not

genetically separable from the cepl::URA3 gene disruption. (The unlinked

tyrI marker (chromosome II) showed the 1:1:4 segregation pattern expected.

Formally, the genetic distance between cepI::URA3 and met- is less than 0.

centimorgan (one tetratype in 54 meioses). We interpret this result to mean

that the cepl::URA3 gene disruption in fact causes the methionine auxotro-

phy. None of the 21 genetically defined met genes has been mapped to this

region of chromosome X, although several have not yet been mapped (26).

DISCUSSION

We have cloned the gene encoding the yeast centromere binding pro-

tein CP1. The molecular weight of CPl predicted from its DNA sequence is

39,400, considerably less than the apparent molecular weight of the purified

protein which is 58,000 based on SDS gel analysis. However, when expressed



127

in E. coli, the cloned CPl gene directs the synthesis of a protein whose mobil-

ity in SDS gels is indistinguishable from that of native yeast CPl and which

specfically binds to DNA containing CDEI, the DNA recognition sequence of

CPl. Furthermore, the deduced CPl protein sequence contains exact matches

to the partial amino acid sequences that were determined for two CPl trptic

peptides. These results along with the genetic evidence discussed below leave

liUli: doubt that the isolated gene does indeed encode CP1. Evidently, CPl mi-

grates aberrantly in SDS gels. The predicted CPl protein sequence contains

20% acidic residues (glutamate, aspartate) which results in the protein having

a predicted net charge of -20 at pH 7. Whether or not it is this strongly acidic

character or perhaps an unusual secondary structure which leads to the

anomalous SDS gel mobilty is unknown. A similar situation exists with the

yeast protein ARS binding factor 1 (ABF1)(15a). The ABFI gene encodes a

polypeptide of molecular weight 81 759, yet purified ABFl migrates on SDS

gels with an apparent molecular weight of 135,000. Like CP1, ABFl has a high

aspartic acid content (11. 4%) and high net negative charge at neutral pH (-0).

The yeast transcription factors HSTF (heat shock transcription factor) and

RAPI also migrate slowly in SDS gels (references in 15a).

Cloning the CPl gene, which we designate CEP1, enabled us to obtain

yeast strains in which this gene is disrupted. Haploid cells containing a dis-

rupted CEPl gene are viable, indicating that CEPl is nonessential. However

cepl- strains grow more slowly than their isogenic CEPl counterparts, exhibit

increasd rates of mitotic chromosome and CEN plasmid loss, and are me-

thionine auxotrophs. To construct the cepl::URA3 disruption allele (strain

R11-4B), 900 bp of coding region and about 700 bp of 3' flanking DNA were
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deleted. A possible explanation for the pleiotropic effects of this mutation

would be that the deletion of downstream sequences has disrupted a neigh-

boring gene. Three lines of evidence (data not shown) argue against this pos-

sibilty. First, strains containing an insertion of the yeast 
LEU2 gene 700 bp

downtream of CEPl (the Bgi II site) grow normally and are methionine pro-

totrophs. Second, a haploid strain containing a 
cep1::URA3 disruption which

removes only coding region and 90 bp of downtream sequences (to the SspI

site at positio 1398, Figure 1) has a phenotyp indistinguishable from that of

Rll-4B--Le. slow growth, increased CEN plasmid loss, methionine auxotro-

phy. Third, the methionine auxotrophy linked to the Rl1-4B gene disruption

is complemented by a CEN plasmid containing the 
CEPI gene having only

110 bp of 3' flanking DNA.

The observed increase in culture doubling time of 
cepl- strains is about

35%, while chromosome loss rate is increased 9-fold. Mathematical modeling

(not shown) reveals that in order to observe a 35% increase in populatio

doubling time, chromosome loss (or any event leading to cell inviabilty)

would have to occur in about 10 out of 25 mitoses or 40%/cell/division. The

increased rate of chromosome loss, from about 10-
5 loss events/ cellI division

in a wild type strain to 10-4 loss events/cell/division in a cepI- strain, is not

nearly suffcient to account for the decreased rate of culture growth. Also, we

do not observe an accumulation of inviable cells incultures of 
cepl strains.

Although other explanations are possible, we suggest that 
cepI- cells actally

have longer cell cycle times, perhaps implying that CP1 's role in cell

metabolism is not confined to mitosis.
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Gel shift DNA binding assays performed with extracts from haploid

cepI::URA3 cells revealed no detectable CP1. Th was not surprising, since

the results of genomic Southem blots had indicated that the CEPI gene is

unique. But is CPl the only CDEI-binding protein in the cell? It is not totally

inconceivable, for instance, that CPl carries out a function related to noncen-

tromere CDEI sites while an as yet unrecognized, centromere-specific CDEI

binding protein is responsible for CDEI-related centromere function(s). OUf

DNA binding assay results argue against such a scenario. No clear, CDEI-spe-

cific binding activity is detected at all in cepl- cells. A weak, indistinct gel shift

signal is observed, but it could comprise at most 6% (quantitation not shown)

of the CDEI-binding activity present in CEPI+ cells. We favor the view that

CPl is the only CDEI-bindingprotein in yeast; however, our data do not rule

out the existence of others.

Point mutations or deletion of CDEI from the centromeres of plasmid

minichromosomes result in small but significant decreases in their mitotic

stabilty (5, , 35a). Our results here show that the increase in plasmid loss

rate due to CDEI deletion is about 2. fold. Hegemann et al. tested the effect of

several CDEIpoint mutations on the mitotic stabilty of 150-kbp chromosome

fragments and found 2- to 10-fold elevated loss rates depending on the muta-

tion (22). The effect of deleting CDEI from CEN3 is a 20- to 60-fold increase in

the rate of mitotic chromosome loss (15, 19). We find that a cell lacking CPl

loses chromosome III at a rate 9-fold higher than that of a wild typ cell. This

observed increase in mitotic loss rate is somewhat less than might be expected

from the results of the CDEI deletion analyses just described but is still consis-
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tent with our assertion that the mitotic function of CDEI is mediated through

CPl (5).

The trans effect of removing CP1 from the cell and the cis effect of

deleting CDEI from the centromere were directly compared by measuring the

loss rates of CEN plasmids from wild typ and cepl::URA3 strains. The rate of

loss of a wild tye CEN plasmid from a cepI- cell is not significantly different

than the rate 0f loss of a CDEI-deleted CEN plasmid from a CEPI+ cell.

Furthermore, the cis and trans effects are not additive in that the rate of loss

of the CDEI-deleted plasmid in the cepl- strain is not further increased. These

results indicate that the impaired function of CDEI-mutated centromeres can

be attributed to the lack of CP1 interaction. It follows then that CP1 is directly

involved in centromere function , and that no other CDEI-binding protein ex-

ists which can fulfil this role.

CDEI sites are found at several noncentromere locations in the yeast

genome, in some instances in gene promoter regions (5, 6, 16). In fact, in their

original paper, Bram and Komberg speculated that in some contexts CP1

might function as transcription factor (6). Interestingly, CPl has a seemingly

identical DNA binding specificity as the human transcription factor MLTF.

However, partially purified CP1 cannot substitute for ML TF in a reconstituted

mammalian in vitro transcription system (13). Recently, Thomas et ai. dis-

covered that CDEI sites upstream of the yeast MET25 gene (coding for 0-

acetylhomoserine sulfhydrylase) are required for transcriptional activation

(42). When the CDEI sequences are deleted, enyzme activity is decreased by

over 90% and a corresponding decrease is observed in the steady state levels

of MET25 mRNA (42). Strains with met25 mutations require exogenously
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added methionine for growth. It seems highly likely that the methionine

auxotrophy of our cepepl strains is caused at least in part by an inabilty to

transcribe MET25. rOE I sites are also found in the promoter regions of MET2

MET3, SAMI, and SAM2, genes which are co-regulated with MET25 (42). This

implicates CPl in the transcriptional control of several genes involved in me-

thionine metabolism, and it is possible that it is the disruption of these inter-

rehl- d pathways which leads to the growth defect of cepI- strains even when

growing on rich medium.

As yet we have no direct evidence that CP1 functions as a transcription

factor. We are in the process of analyzing MET25 transcription in our

cepI::URA3 strains, and the results wil tell whether or not CPl is required for

MET25 expression. If CPl is a transcription factor, we would like to know how

it performs its dual role. Does it carry out exactly the same function at the cen-

tromere as it does at a gene promoter? Does it interact with the same or dif-

ferent proteins at its various sites of action? The inferred multifunctional na-

ture of CPl is reminiscent of another yeast DNA binding protein, general reg-

ulatory factor I (GRFI). GRFI (also known as RAP1) binds to a sequence ele-

ment found in gene promoters (MATal/a2TEF2), in the silencer regions of

the HML and HMR mating typ loci, and in yeast telomeres, thereby suggest-

ing roles for GRF in transcriptional activation, transcriptional repression

and chromosome structure (8). Both CPl and GRF are relatively abundant (5,

6, 8). Buchman et al. have suggested that GRF and CPl are members of a class

of chromatin structural components which act in conjunction with other fac-

tors to build the chromatin structures necessary for both gene expression and

chromosome maintenance (8). Our results with CPl are not inconsistent with
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that view. More specifically, we are intrigued by the possibilty that CPl

and/or GRFI might bind to their cognate sites in DNA and then direct nuclear

matrix attachment or determine intranuclear location. Cloning 
CEPl has al-

lowed us to begin the genetic analysis of CPl function. Hopefully, the detailed

study of cepl mutants wil enable us to further elucidate the role(s) of CPl in

cellular metabolism.

ACKNOWLEDGEMENTS

We thank Tim O'Brien and David Regis for their significant contribu-

tions to this project; Duane Jenness and members of his lab for their help in

the design and execution of yeast genetic experiments and for providing

strains; Bil Lane of the Harvard Microchemistry Facility for advice on mi-

crosequence analysis; and, Sam Stoler for supplying yeast chromosome blots.

This work was supported by National Institutes of Health Grant

GM38566.

LITERATUE CITED

Aebersold, R. H., J. Leavitt, R. A. Saavedra, L. E. Hood and S. B. H. Kent.

Internal amino acid sequence analysis of proteins separated by one or

two-dimensional gel electrophoresis after in situ protease digestion on

nitrocellulose." Proc. Nat'l Acad. Sci. USA. 84: 6970-6974, 1987.



133

Amann, E., J. Brosius and M. Ptashne. "Vectors bearing a hybrid trp-lac

promoter useful for regulated expression of cloned genes in E. coli.

Gene. 25: 167-178, 1983.

Andreadis, A. , Y. Hsu, G. B. Kohlhaw and P. Schimmel. "Nucleotide

sequence of yeast LEU2 shows 5'-noncoding region has some sequences

cognate to leucine. " Cell. 31: 319- 325, 1982.

Baker, R. E., O. Gabrielson and B. D. Hall. "Effects of point mutations

on the binding of yeast RNA polymerase III transcription factor C." J.

BioI. Chem. 261: 5275-5282, 1986.

Baker, R. E., M. Fitzgerald-Hayes and T. C. O'Brien. "Purification of the

yeast centromere binding protein CPl and a mutational analysis of its

binding site." J. BioI. Chem. 264: 10843-10850, 1989.

Bram, R. J. and R. D. Kornberg. " Isolation of a Saccharomyces cerevisiae

centromere DNA-binding protein, its human homolog, and its possible

role as a transcrption factor." Mol. Cell. BioI. 7: 403-409, 1987.

Brent, R. J. and M. Ptashne. "Mechanism of action of the lexA gene

product." Proc. Nat'l Acad. Sci. USA. 78: 4204-4208, 1981.

Buchman, A. R., W. J. Kimmerly, J. Rine and R. D. Kornberg. "Two

DNA-binding factors recognize specific sequences at silencers, upstream

activating sequences, autononously replicating sequences, and telom-

eres in Saccharomyces cerevisiae. Mol. Cell. BioI. 8: 210- 225, 1988.

Cai, M. and R. W. Davis. "Purification of a yeast centromere-binding

protein that is able to distinguish single base-pair mutations in its

recognition site." Mol. Cell. BioI. 9: 2544-2550, 1989.



10.

11.

12.

13.

134

Camier, S., O. Gabrielson, R. Baker and A. Sentenac. "A split binding

site for transcription factor t on the tRNAGlu gene." EMBO. 4: 491-500,

1985.

Carbon, J. and L. Clarke. "Structural and functional analysis of a yeast

centromere (CEN3). " J. Cell. Sci. Suppl. 1: 43-58, 1984.

Carthew, R. W., L. A. Chodosh and P. A. Sharp. "An RNA polymerase

II transcription factor binds to an upstream element in the adenovirus

major late promoter." Cell. 43: 439- 448, 1985.

Chodosh, L. A., S. Buratowski and P. A. Sharp. "A yeast protein pos-

sesses the DNA-binding properties of the adenovirus major late tran-

scription factor." Mol. Cell. BioI. 9: 820-822, 1989.

14. Clarke, L. and J. Carbon. "Genomic substitutions of centromeres in

Saccharomyces cerevisiae. Nature. 305: 23- 28, 1983.

15. Cumberledge, S. and J. Carbon. "Mutational analysis of meiotic and mi-

totic centromere function in Saccharomyces cerevisiae. Genetics. 117:

203-212, 1987.

15a Diffley, J. F. X. and B. Stilman. "Similarity between the transcription si-

lencer binding proteins ABFl and RAPl." Science. 246: 10341038, 1989.

16. Dorsman, J. C., W. C. vanHeeswijk and L. A. Grivell. "Identification of

two factors which bind to the upstream sequences of a number of nu-

clear genes coding for mitochondrial proteins and to genetic elements

important for cell division in yeast." Nucl. Acids Res. 16: 7287- 7301

1988.

17. Drake, J. "The molecular basis of mutation." 1970 Holden Day. San

Fransisco, Ca.



18.

19.

20.

21.

22.

135

Gaudet, A. and M. Fitzgerald-Hayes. "Alterations in the adenine-plus-

thymine-rich region of CEN3 affect centromere function in

Saccharomyces cerevisiae. Mol. Cell. BioI. 7: 68-75, 1987.

Gaudet, A. and M. Fitzgerald-Hayes. "Mutations in CEN3 cause aber-

rant chromosome segregation during meiosis in Saccharomyces cere-

visiae. Genetics. 121: 477-489, 1989.

Hartwell, L. H. "Mutants of Saccharomyces cerevisiae unresponsive to

cell division control by polypeptide mating hormone." J. Cell BioI. 85:

811-822, 1980.

Hegemann, J. H., R. D. Pridmore, R. Schneider and P. Philppsen.

Mutations in the right boundary of Saccharomyces cerevisiae cen-

tromere 6 lead to nonfunctional or partially functional centromeres.

Mol. Gen. Genet. 205: 305- 311 1986.

Hegemann, J. H., J. H. Shero, G. Cottarel, P. Philppsen and P. Hieter.

Mutational analysis of centromere DNA from chromosome VI of

Saccharomyces cerevisiae. Mol. Cell. BioI. 8: 2523- 2535, 1988.

23. Hieter, P., D. Pridmore, J. H. Hegemann, M. Thomas, R. W. Davis and

P. Philppsen. "Functional selection and analysis of yeast centromeric

24.

DNA. " Cell. 42: 913- 921, 1985.

Hyunh, T. V., R. A. Young and R. W. Davis. "Constructing and screen-

ing cDNA libraries in Agtl0 and Agtll." DNA cloning techniques: A

Practical Approach. Glover ed. 1984 IRL Press. Oxford.

25. Ito, H., K. Fukuda, K. Murata and A. Kimura. "Transformation of intact

yeast cells treated with alkali cations." J. Bacteriol. 153: 163-168, 1983.



25a.

26.

27.

28.

136

Jiang, W. and P. Philppsen. "Purification of a protein binding to the

CDEI subregion of Saccharomyces cerevisiae centromere DNA." Mol.

Cell. BioI. 9: 55855593, 1989.

Jones, E. W. and G. R. Fink. "Regulation of amino acid and nucleotide

biosynthesis in yeast." The molecular biology of the yeast

Saccharomyces: Metabolism and Gene Expression. Strathern, Jones and

Broach ed. 1982 Cold Spring Harbor Laboratory. Cold Spring Harbor, N.

Koshland, D. , J. C. Kent and L. H. Hartwell. "Genetic analysis of the mi-

totic transmission of minichromosomes." Cell. 40: 393- 403, 1985.

Kurjan, J. and B. D. Hall. "Mutations at the Saccharomyces cerevisiae

SUP4 tRNA Tyr locus: isolation, genetic fine-structure mapping, and

correlation with physical structure." Mol. Cell. BioI. 2: 1501- 1513, 1982.

29. Laemmli, U. K. "Cleavage of structural proteins during the assembly of

the head of bacteriophage T4." Nature. 227: 680-685, 1970.

30.

31.

Lewis, A. E. "Biostatistics." 1966 Reinhold. New York, N.

Lipman, D. J. and W. R. earson. "Rapid and sensitive protein similar-

32.

ity searches." Science. 227: 1435-1441, 1985.

Matsudaira, P. "Sequence from picomole quantities of proteins elec-

troblotted onto polyvinylidene membranes." J. BioI. Chem. 10035-

10038: 1987.

33. McGrew, J., B. Diehl and M. Fitzgerald-Hayes. "Single base-pair muta-

tions in centromere element III cause aberrant chromosome segrega-

tion in Saccharomyces cerevisiae. Mol. Cell. BioI. 6: 530- 538, 1986.



34.

35.

35a.

36.

37.

38.

39.

137

Mortimer, R. K. and D. C. Hawthorne. "Yeast Genetics." The Yeasts.

Rose and Harison ed. 1969 Academic Press. New York.

Ng, R. and J. Carbon. "Mutational and in vitro protein-binding studies

on centromere DAN from Saccharomyces cerevisiae. Mol. Cell. BioI.

7: 4522-4534, 1987.

Panzeri, L., L. Landonio, A. Stotz and Philppsen. "Role of conserved

sequence elements in yeast centromere DNA." EMBO. 4: 1867-1874

1985.

Reid, B. J. and L. H. Hartwell. "Regulation of mating in the cell cycle of

Saccharomyces cerevisiae. J. Cell. BioI. 75: 355-365, 1977.

Rose, M. , P. Grisafi and D. Botstein. "Structure and function of the yeast

URA3 gene: expression in E. coli. Gene. 29: 113-124, 1984.

Rothstein, R. J. "One-step gene disruption in yeast." Meth. Enz. 101:

202-211, 1983.

Sawadago, M. and R. G. Roeder. "Interaction of a gene-specific tran-

scription factor with the adenovirus major late promoter upstream of

40.

hte TAT A box region. " Cell. 43: 165- 175, 1985.

Sherman, F., G. R. Fink and J. B. Hicks. "Methods in Yeast Genetics.

41.

1986 Cold Spring Harbor Laboratory. Cold Spring Harbor.

Tabor, S. and C. C. Richardson. "DNA sequence analysis with a modi-

fied bacteriophage T7 DAN polymerase." Proc. Nat' l Acad. Sci. USA.

84: 4767-4771, 1987.

42. Thomas, D., H. Cherest and Y. Surdin-Kurjan. "Elements involved in

S-adenosylmethionine-mediated regulation of the 
Saccharomyces

cerevisiae MET25 gene." Mol. Cel. BioI. 9: 3292- 3298, 1989.



138

43. Vinson, C. R., K. L. LaMarco, P. F. Johnson, W. H. Landschultz and S. 

McKnight. "In situ detection of sequence-specific DNA binding activity

specified by a recombinant bacteriophage." Genes and Dev. 2: 801-806,

1988.



Strainsa

381G

Rl1-4
R11-4D

R15-

R11-

Rl1-15C

R 15-

JH15

R11

R16

R17

R18

4795-408b

J15-13C
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TABLE 1. Strains

Geno

cryl ade2- I his4- 580 lys2 trpI tyI SUP4-a

381G a leu2 ura3 barI- TYRI

381G a leu2 ura3 barl- TYRl

381G a leu2 ura3 barl-1(?) TYRl

381G a leu2 ura3 barI-I TYRI cepl::URA

381G a leu2 ura3 barl-1 TYRl cepI::URA

381G a leu2 ura3 cepl::URA3

381G leu2 ura3barI-1 TYRl

381G a leu2 ura3 barl- TYRl

381G leu2 ura3 barl- l TYRl ce I::URA3

381G a leu2 ura3 barl- 1 TYRl CEPl

381G LEU2 ura3 BARI tyrl l::URA3

381G a leu2 ura3 barl-1 TYRl cepl::URA3

381G a LEU2 ura3 BARl tyrl l::URA3

381G a leu2 ura3 barl- 1 TYRl CEPl

381G LEU2 ura3 BARl tyrl
381G a leu2 ura3 barI-1 TYRl

CEPl
CEPl

leu2 ade2 ade3 his7 trpl canl sap3

ade2-I lys2- I trp5- 2 leul-12 canl- I00 met4- I uraI- 1 SUP4-0

R15-3B crossed with JI5-13C

aAlI except the last thee strains are congenic to strain 381G(20)

bCongenic to A364A, obtained from L. Hartwell,University of Washington.

CKurjan and Hall (28); SUP4-0 was scored by its abilty to suppress ade2- (ochre).
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TABLE 2 Tetrad analysis

Diploid Interval NPD Map distance
(centimor ans)

cepI:: URA3-S UP4

R17 cepl::URA3-met-

l::URA3-

apD, parental ditye; NPD, nonparental ditye; T, tetratye.

bMap distance = (T+6(NPD))/2(PD+NPD+T)) x 100 (34).

CN 0 linkage.

, .:, ",
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TABLE 3. Doubling Times of CEPI-Disrupted Strainsa

Strain CEPI Genotye Doubling Time
(min.

Haploids

R15-

CEP1+ 98 :i 4 (2)

CEPI+

cepl::URA3 128 :i 4 (2)

cepl::URA3 133

Rll-4C

R15-

Rll-

Diploids

R18 CEPl +/CEPI +

R16

CEP1+!cepl::URA3

l:: URA3!ce l:: URA3

R17

127

aCells from late log cultures were diluted into fresh YEPD medium and

grown at 30 . Aliquots were removed at various times, and, after brief
sonication to separate cells, the cell number was determined using a Coulter
coun ter.

bDoubling times were determined from semilog plots, fittng the curves 

the method of least squares. Where more than one determination was made
(number in parethes), the result is reported as the mean :i the total
\deviation.
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TABLE 4. Chromosome III Loss Rates in CEPI-
Disrupted Strains

t:!

Strain CEPl Genpty Loss Rate

Exl'

Events/ celli generatio

R18 CEPI +/CEPl 
2x1 0- lx10-

R17 CEP1+/cepl::URA3 4x10- 4x10-

R16 l:: URA3/ceT!1
:: URA3 1.9x10-4 0x10-4

aLoss Rates were determned as described in Materials and Methods. 
The

strain stocks used in experiments 1 and 2 were totally independent.
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TABLE 5. CEN plasmid Loss Rates

Strain Plasmid %loss/ cellI eneratio

Rl1-4C (CEPl+) pDR20 (CEN) 6 z 0. 2 (9)

Rl1-4C (CEP1+) pDR21 (ACDEI) 9 z 0. 8 (8)

R11-4B (cepl::URA3) pDR20 (CEN) 2 z 0. 3 (9)

Rl1-4B (ce l::URA3) DR21 (ACDEI) 6 z 0. 3 (8)

aThe data from thee separate experiments were pooled; the number of

independent determinations for each strain/plasmid combination is given in
parenthes . The results are reported as mean z SEM. By the F test (30), the

only statistically significant difference among the means (P:;0.
95) was the loss

rate of plasmid pDR20 in strain R11-4C which was different from each of the
other three.



GGTCCTTCGGCCACCATGTCTCACCCACCAGGCA
AATCGGCGAGAGTATTGGCACATTATCCACGTGC!1ATCA

CGTTATTAATGTAGA TGTAACCA TTATACcrAAGATAACAc:AATTATTCGTTAGTGGGGTCTTCA 
TTCTGCTACA

AGTACCATCAGTGCriAATATAATACGGTACACTATTAACGATGACTCTCTGGTAATAATAACTACTGAGGTGAG

GATCCATTCGGGAGAGGATAAGAGGciTACAGCGAGGCA
GCGAGATCAGGGTTGTCACAGAGAGC

E 1 H S Y S O R D O L S Q E S N

Ssp I 

NCT14

ATGACGGTATTGACTciTCGTGAGCGAc;ACGCAAGGc:GTCAGTATGAGCGGCTGACGTCTAACAGATGAGA
o G N 1 0 S A L S Y E S G L T S N O E

AGGGATGCGAGAtGGTGTGGGAGGGCTGTTGCCGCACCGTTTATACAGACTAATCCAGGc.GGGATAGTCTGATGCC
G S 0 0 E 0 A S V A E A A V A A T V N Y T 

D L l G Q D S S 0 A

116
CACACATCTAATCCGAGCGATGGGAGCCAGGTTCCTAATGGAGCCATAACCCCATCATGAGGGTCAGCCACACCT

E H I T P S N T S

NCT 11

CCCTGGGGTGACGTciCCATGGTCTACAcAGCTCTAACGATciTCATACCATTGGGACACGATCGTGGCAGACACCA
T S S P S K L 1 P L E H P E H

150

183

ACAGGTGATGGACAtGTGACGCTTTCGGTATAAGCTGGCCGGCGTGTGGGMCCTACTACTCACA
0 E O I O I S P G T L

216
ACAGACGAGTGdGACi:TAAGAGAGGGTGCCciGACATCACACTGCTCACGTAAGCGACCTCC

O E O S R N I N I N L S 0 L

Ssp I
TGCCGTGAGAGATCGTAAGGGCTATTGCGTCGCTACATTCJTTGACCGATGAGCCATCGAGTGGC

P V R S S K A A I L A R A A E Y I Q K L K E T E A I E K W T
250

283
GTAClTTAGCGAGCCGCTCGCTTAGCAGCTGc:GCGGGACTGGTGACAGATCGAGTAC
L Q K L L S E Q N A S L A S A N E L Q E L G N Y K E l

316

ATGACGCGTTAAGGGGGGTAGATACGATATGCCACTCACAGAGACGAGAGcCTAGGGCGATAATCCAC
G 1 E

P H
Ssp I

ATGAGGGAGAGTAATAGATAGCTAATGTAmCGAGTCTCCCTATGATCGcGTCTCCCATAGCCCTCTGTAAG'IATcm

350

Figue 1. DNA sequence of the gene encoding CPl. 
The DNA sequence is

shown along with the protein translation of the 39-kDa open reading frame.

The sequences of the NCT14 and NCTll pep tides are underlined. The SspI

sites ised to construct the 
CEP1 gene disruption and the HindIII site used for

the tac promoter fusion are overlined.
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Figure 2. Expression of CP1 in E. coli. Proteins from bacteria containing the

tac-CP1 plasmid pRB89- 1 (CPl open reading frame in the sense orientation) or

pRB89-3 (CPl open reading frame in the antisense orientation) were analyzed

for CDEI binding activity by Southwestern blotting as described in Materials

and Methods. (A) Proteins from a pRB89- bearing strain induced (lane 1) or

uninduced (lane 2) by lPTG were analyzed on a 12% polyacrylamid resolving

gel. (B) Proteins from lPTG- induced strains bearing pRB89-1 (lanes 1, 3, and

5) or pRB89-3 (lanes 2, 4, and 6) were analyzed on a 10% gel. After blotting,

the membrane was cut, and one half was incubated with probe in the

presence of a 25-fold excess of unlabelled CDEl DNA (lanes 3 and 4) or an

equivalent amount of poly(d(lC)) (lanes 1 and 2). Lanes 5 to 7 show the results

of Coomassie blue staining. Lane 7 contains protein molecular weight

standards (BioRad). (C) Enlargement of the 40 to 70-kDa region of the

Coomassie-stained gel. The putative CP1 translation product is indicated by

dots (panels Band C, lanes5).



146

CP1'DNA-(

.. -

5 6 7 6 9 10 11 12 13 14 15 16 17

.- .. 

. II

..-

't'DNA

1 2 

Figure 3. CDEI binding activity in CEP1+ and cepl::URA3 strains. Crude

whole cell extracts of the CEPI+ strainRl1-4C (lanes 3, 6, 9, 12, 15) and the

cepI::URA3 strain Rl1-4B (lanes 4, 7, 10, 13, 16) were prepared and assayed for

specific DNA-binding activity by gel shift assay as described in Materials and

Methods. The reaction mixes in lanes 2, 5, 8 and ,11 contain purified CP1 (5).

The labelled probes were: CDEI only, lanes 1 to 7; both CDEI and tDNA, lanes

8 to 14; tDNA only, lanes 15 ot 17. Where indicated below the figure, an

approxiate 500- fold excess of unlabelled CDEI competitor (comp.) DNA was

added to the binding reaction mixes. For the crude extract assays, equal

amounts of protein (25 J.g) were used per reaction. Lanes 1 , 14, and 17 contain

no added protein.
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