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Saccharomyces cerevisiae centromeres have a characteristic 120-base-pair region consisting of three distinct
centromere DNA sequence elements (CDEI, CDEII, and CDEIII). We have generated a series of 26 CEN
mutations in vitro (including 22 point mutations, 3 insertions, and 1 deletion) and tested their effects on mitotic
chromosome segregation by using a new vector system. The yeast transformation vector pYCFS was
constructed to introduce wild-type and mutant CEN DNAs onto large, linear chromosome fragments which are
mitotically stable and nonessential. Six point mutations in CDEI show increased rates of chromosome loss
events per cell division of 2- to 10-fold. Twenty mutations in CDEIII exhibit chromosome loss rates that vary
from wild type (10~%) to nonfunctional (>10~"). These results directly identify nucleotides within CDEI and
CDEIII that are required for the specification of a functional centromere and show that the degree of
conservation of an individual base does not necessarily reflect its importance in mitotic CEN function.

Since the first isolation (8) of a DNA clone containing a
centromere of the yeast Saccharomyces cerevisiae, a major
goal has been the identification of those DNA sequences that
are important for the assembly of functional yeast centro-
meres. Potential candidates are nucleotides within a charac-
teristic 120-base-pair (bp) DNA segment, which was found
by sequence comparisons of cloned DNA from the centro-
mere regions (CEN DNA) of 12 §. cerevisiae chromosomes
(13, 19, 21, 29, 41).

Deletion analysis of CEN3, CEN6, and CEN11 DNA has
demonstrated that the presence of the 120-bp conserved
sequence is necessary and sufficient for complete centro-
mere activity in vivo (1, 17, 35, 40). Several segments of
highly conserved base pairs within the CEN region contrib-
ute to palindromic structures (see Fig. 2A and B). The
completely conserved uTCACuTG (u = purine) at the left
end (CDEI) was recently shown to bind to a protein in cell
extracts (3; L. Panzeri, personal communication), although
there is at present no evidence that this protein binds CDEI
in the centromere DNA in vivo. Deletions at the left end,
including all or major parts of CDEI, lead to a substantial
decrease in centromere activity (40). The right end with
the highly conserved TGTITATG..TTCCGAA.....AAA
(CDEIII) also binds to protein (17), and deletions at this end
that remove parts of CDEIII lead to inactive centromeres
(17, 35, 40). The internal part (CDEII) shows variable
sequences, composed almost entirely of A and T nucleo-
tides. Protein binding to this region can be inferred from
chromatin digestion studies, since the 120 bp and adjacent
sequences are resistant to DNases (1). Sequence rearrange-
ments within the CDEII region show that modifications of
length and A+T content of this element do affect centromere
function but to a limited degree (4, 15, 39, 40).

A mutational analysis with the aim of defining the contri-
butions of individual base pairs to centromere function
should focus first on CDEI and CDEIII. The importance of

* Corresponding author.

2523

the primary sequence of CDEIII has been demonstrated
previously by analyzing a few single-base-pair changes (30,
35). For example, a C-to-T change in the central base of the
CDEII dyad completely eliminates centromere function
when tested on plasmids or when placed onto an authentic
yeast chromosome (30). G-to-A changes at each of two
positions were reported to have no effect on centromere
function (30), though a discrepancy for one of these muta-
tions exists in the literature (35). In this report, we analyze a
more-extensive group of mutations in CDEIII, including
those previously described. Additionally, single-nucleotide
substitutions in CDEI are reported here for the first time.
The extent to which these results will contribute to our
understanding of analogous structures in larger eucaryotic
chromosomes is not known (42, 43).

Of critical importance to a mutational analysis of centro-
mere function is the use of a reproducible and sensitive test
system which is able to detect and quantitate minor changes
in centromere function. In the assays used so far, loss of a
plasmid or chromosome carrying mutated CEN DNA was
monitored by following a scorable genetic marker and ex-
pressed as loss rate per cell division. The drastic differences
in mitotic stability of autonomously replicating sequence
(ARS) plasmids (50) with or without centromere DNA was
first taken as a measure of centromere activity (8, 51, 52).
This system has proven to be especially useful and conve-
nient when plasmid loss can be monitored by color changes
in colonies (18, 24). However, the assays based on plasmid
loss are often insufficient as a result of the high basal level of
instability of ARS plasmids carrying wild-type CEN DNA
(loss rate of approximately 10~2 per cell division). It is
therefore difficult to assess minor changes in centromere
function with plasmids. Assay of the effects of mutated CEN
DNAs after replacement of wild-type CEN DNA in whole
chromosomes (9) leads to an improvement in sensitivity,
since the basal level of chromosome loss in S. cerevisiae is
approximately 10™° (16). One problem inherent with this
type of analysis is that loss of the genetic marker being
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TABLE 1. Oligonucleotides used to introduce the point mutations within CDEI and CDEIII

Oligonucleotide

no. Sequence? (5' to 3')

Mutations obtained

| d(CCGAAGATGT [A/T] [G/T] [A/T] ATAGGTTGAA)
vl d(AAGAAAAAATA [T/C/A] [T/G] TTTTGTTTTCC)
XIV d(TTGTTTTC [T/A/G] GAAGATGT)

XV d(TGTTTTCC [C/T/A] AAGATGTA)

XVi d(TCATCACG [C/A/G] GCTATAAA)

XVII d(CATCACGT [C/T/A] CTATAAAA)

XVIII d(ATAGTTTTTT [T/G] TTTCCGAA)

CDEIII(23-T,24-G); CDEIII(24-G); CDEIII(24-G,25-T)
CDEIII(2-C); CDENI(2-T); CDEIII(2-T,3-G); CDEIII(2-A,3-G)
CDEIII(14-T); CDEIII(14-A); CDEIII(14-G)

CDEIII(15-C); CDEIII(15-A); CDEIII(15-T)

CDEI(7-C); CDEI(7-A); CDEI(7-G)

CDEI(8-C); CDEI(8-T); CDEI(8-A)

CDEIII(8-T); CDEIII(8-T,9-G)

“ Nucleotides in brackets represent mixed positions, and underlined nucleotides are different from the wild-type sequence.

scored is also caused by mitotic recombination between
homologous chromosomes in diploid cells. Furthermore,
phenotypic lag in expression of or leakiness in selection for
the genetic marker being uncovered can introduce error into
estimates obtained by these methods. In the present study,
we use a third type of assay in which the segregation of large,
nonessential, linear chromosome fragments is followed
(basal level of chromosome loss of approximately 107%).
Work from a number of laboratories (18, 33, 34, 53) has
shown that artificial chromosomes require two major deter-
minants for their mitotic stability; they must be large (>100
kilobases [kb]) and linear (telomeres at each end). The
artificial chromosomes used in our assay fulfill these criteria.
The chromosome fragments carry the mutated CEN DNA
close to one end, plus a short arm containing the SUP11 gene
embedded in pBR322 sequences, and a long arm containing
most of the left arm of chromosome III. The chromosome
fragments are not disadvantageous for the life cycle of yeast
cells, and the type of DNA present can be directly verified
by electrophoretic karyotyping. Additionally, the mitotic
behavior is easily monitored by red pigment formation (44),
as this implies loss of a marker SUPII gene, which sup-
presses an ade2 mutation present in the transformed strain
(18). Loss of SUP11 by mitotic recombination cannot occur,
because the short arm carrying SUPI1 has no counterpart in
the wild-type chromosomes.

In this paper we describe the effects of 26 mutations
introduced into the conserved left and right ends of CENG.
Loss rates per mitotic cell division were determined by
fluctuation analysis (26) by using the chromosome fragment
assay. For comparison, the CEN mutations were also ana-
lyzed when present on plasmids. The results identify DNA
sequence determinants necessary or important in cis for
centromere function and clearly show that the degree of
conservation of a base pair is not necessarily a measure of its
importance in mitotic CEN function.

MATERIALS AND METHODS

Enzymes, reactions, and media. Restriction enzymes, T4
DNA ligase, polynucleotide kinase, and DNA polymerase
(Klenow fragment) were purchased from various companies
and used under the conditions suggested by the supplier.
DNA was labeled with 32P by the random hexamer primer
method (12). Bacterial transformations were carried out as
previously described (10) or according to Mandel and Higa
(27) with some modifications. Yeast transformations were
performed as described previously (22). Plasmid DNA prep-
arations from bacterial strains and all DNA manipulations
were done according to Maniatis et al. (28) with minor
modifications. Medium components were from Difco Labo-
ratories, GIBCO Laboratories, or Sigma Chemical Co. Non-
selective medium (YPD) and minimal medium for yeast were

as described previously (48). Bacterial cells were grown in
2X YT medium (1.6% Tryptone, 1% yeast extract, 0.5%
NaCl) or on 1% agar YT plates. Fluctuation analysis was
performed by plating on minimal medium, supplemented
with auxotrophic requirements as described previously (48),
with the modification of limiting adenine (6 pg/ml) conditions
for red or pink colony formation (18).

Escherichia coli and yeast strains. The E. coli strains used
were as follows: MM294 [endAl thi hsdR A(srlR-recA)306]
(source, M. Brennan), JM101 [supE thi A(lac-pro) F' traD36
proAB lacl? lacZAMI5]) (source, J. Messing), BMH71-
18mutS [thi supE A(lac-pro) recA galE rpsL F' lacl?
lacZAMI15 proA*B* mutS215::Tnl0] (source, H. J. Fritz),
and MK30-3 [A(lac-pro) recA galE rpsL F' lacI? lacZAM15
proA*B*] (source, H.-J. Fritz). The bacteriophage strains
used were M13mp8 and M13mp9 (31) and M13mpl8 and
M13mpl9 (36); M13mp9rev (25) was obtained from H.-J.
Fritz. The S. cerevisiae strains used were SX1-2 (a trpl his3
ura3-52 gal2 gall0) (source, R. Davis) and YNN290 (a/a
ura3-52/ura3-52 ade2-101/ade2-101 lys2-801/lys2-801 Atrpl-
901/Atrp1-901) (18), which was used for the chromosomal
fragmentation transformations. Strains were cured to [psi™]
as described previously (18).

Oligonucleotides. The oligonucleotides were synthesized
by the Applied Biosystems DNA synthesizer 380B using
phosphoramidite chemistry. The oligonucleotides used to
create the point mutations are shown in Table 1. Addition-
ally, an internal primer for dideoxy-sequence analysis of the
CDEI mutants was synthesized with the sequence
d(TAATGCTAAATACTC), called oligonucleotide XIX.
This primer binds 78 bp upstream of CDEI. The sequencing
primer for verifying the CDEIII mutations binds to CDEI
(17). All oligonucleotides were purified as tritylated material
in two steps as described earlier (17), first on a C18 dispos-
able column and then by reversed-phase high-performance
liquid chromatography on a C18 column (14). Finally, de-
tritylation was performed. All oligonucleotides were termi-
nally labeled with polynucleotide kinase.

Oligonucleotide-directed mutagenesis. Predefined muta-
tions were introduced via synthetic oligonucleotide mixtures
by the gapped duplex DNA approach (25) as described
before (17). A 1.16-kb HindIII-BgIII fragment carrying the
CEN6 DNA (41) was cloned into HindIII-BamHI-cut
M13mp?9. Single-stranded DNA of this clone was mixed with
double-stranded DNA of M13mp9rev, which was digested
with EcoRI and HindIII. The gapped duplex was formed by
heating the mixture at 100°C for 3 min and then at 65°C for 5
min, and finally by cooling down to room temperature. The
S’-phosphorylated oligonucleotide mixture (consisting of dif-
ferent mutagenic oligonucleotides in equal molarities) was
annealed to the single-stranded gap of this duplex. The
oligonucleotides used are shown in Table 1. After extension
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and ligation, the DNA mixture was transformed into E. coli
BMH71-18mutS (repair deficient). The supernatant was used
to reinfect strain MK30-3 (sup mutant). Single-stranded
DNA was isolated from colorless plaques, and the mutations
were first identified by dot-blot hybridization by using the
32p.labeled mutagenic oligonucleotide mixture as a probe.
Increasing the stringency of the washes by raising the
temperature stepwise discriminated between different muta-
tions, because thermal stability of oligonucleotide DNA
duplexes depends on the number of mismatched base pairs
and on the type of mismatch (23). Routinely, 48 single-
stranded DNAs were screened per round of mutagenesis,
showing overall mutant yields between 40 and 60%. For the
oligonucleotides VI and VII, not all of the expected muta-
tions were found, which was probably a result of a nonmolar
ratio of the oligonucleotides within these mixtures.

All mutations were finally confirmed by dideoxy-sequence
analysis (46) with internal CEN6 sequencing primers. The
actual sequences of the mutations are shown in Fig. 2C. To
facilitate the nomenclature of the various mutations, each
nucleotide within CDEI and CDEIII was numbered (see Fig.
2B). The term CDEI(7-A) indicates that in CDEI nucleotide
7 from the left is changed to an A. The symbol V means
insertion, and A means deletion. In both cases, the numbers
given in parentheses refer to the first and last nucleotide
between which the insertion or deletion occurred. In the
case of an insertion, the additional nucleotides are shown.
For further cloning of the mutations, see below.

Plasmid constructions. The mutations created for this
study by the M13 gapped duplex DNA approach were
recloned into pUC18 for cloning purposes and into pJH1 to
perform the mitotic stability assay. The universal sequencing
primer was annealed to the single-stranded DNAs of M13
carrying the CEN mutations, and after the polymerase
reaction, the 1.16-kb centromere-containing fragments were
liberated by digestion with BamHI and Sall. These frag-
ments were cloned into BamHI-Sall-cut pUC18 and into
BamHI-Xhol-cut pJH1. Thus, the 1.3-kb CEN6 (wild-type)
sequence of pJH1 was replaced with 1.16-kb DNA carrying
the mutated CEN sequences.

The correspondence of the different point mutations (see
Fig. 2C) and clones is as follows: CDEI(7-A), pUC18-
CENG6:16; CDEI(7-C), pUC18-CEN6:17; CDEI(7-G), pUC
18-CEN6:18; CDEI(8-T), pUC18-CEN6:26, CDEI(8-A),
pUC18-CEN6:27; CDEI(8-C), pUC18-CEN6:28; CDEIII(2-
A,3-G), pUC18-CEN6:22; CDEII(S-T), pUC18-CEN6:29;
CDEIII(8-T,9-G), pUC18-CENG6:30; CDEIII(14-A), pUC18-
CENG6:19; CDEIII(14-G), pUC18-CEN6:20; CDEIII(14-T),
pUC18-CENG6:21; CDEIII(15-T), pUC18-CEN6:23; CDE
I1I(15-A), pUC18-CEN6:24; and CDEIII(15-C), pUCI18-
CENG:25.

In vitro-constructed CEN6 mutants, which were produced
earlier (17), were renamed and were also available as pUC
derivatives (1.16-kb BamHI-Sall CEN fragment): CDE
I11(21-C) [CEN6(Bglll), pUC9-CEN6:1]; CDEIII(21-C,19V
20-TA) [CEN6(Bglll+2), pUC9-CENG6:2/5]; CDEIII(17A25)
[CEN6(BglII-7), pUC9-CENG6:6]; CDEIII(19V20-T) [CEN6
(+T), pUC18-CEN6:10]; CDEIII(19V20-G) [CEN6(+G),
pUC18-CENG6:11].

The plasmid pJH1 was used to generate the mitotic
stability data of the mutants. The construction of pJH1 and
pJH2 has been described earlier (named pJH-CENG6 [wild
type] in reference 17). In pJH2, which is used as a negative
control, the centromeric region is deleted.

The parental plasmid used for constructing pYCFS5 (yeast
chromosome fragmentation) was pYCF3 (D. Vollrath, R.
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Davis, C. Connelly, and P. Hieter, Proc. Natl. Acad. Sci.
USA, in press). A unique 2.7-kb EcoRI-HindIIl DNA frag-
ment derived from the left arm of chromosome III between
the genetic markers CEN3 and LEU2 (region D8B; C.
Newlon, unpublished results) was inserted into the EcoRI-
HindIIl sites of the polylinker of pYCF3. The resultant
plasmid (pYCFS, see Fig. 3) is acentric and lacks a strong
ARS. It therefore does not stably transform yeasts in circular
form or when linearized at Notl. The features of pYCFS
make it suitable for testing the stabilities conferred by
wild-type and mutant CEN sequences because only those
plasmids which recombine in vivo with a homologous chro-
mosomal target will have their markers stably propagated.
CEN6 and CEN6* (mutant) fragments were inserted into
pYCF5 as follows: 1.2-kb BamHI-Sall fragments from
YRP14/ARS1/CEN6:2, pUC18-CEN6:10, pUC18-CENG6:11,
pUC9-CENG6:6, pUC9-CENG6:1, pUC9-CENG:2/5, and pUC18-
CENG6:(16 through 30) were inserted into the BamHI and Sall
site of pYCFS5; 6.4-kb Sall-Bglll fragments from pJH10,
pJH11, and pJH12 were inserted into the BamHI and Sall
site of pYCFS.

Generation of wild-type and mutant centromere-containing
chromosome fragments carrying the left arm of chromosome
II1. pYCF5/CENG6* plasmids were linearized at the EcoRI or
Notl site and transformed into YNN290 by the lithium
acetate procedure (22), selecting Ura* transformants. For
each plasmid construction, 16 independent transformants
were streaked onto nonselective (YPD) plates. This verified
a pink phenotype, resulting from one copy of the SUPI!
gene per diploid genome (18). Six independent isolates were
prepared for electrophoresis as described previously (47),
and the chromosome-sized DNA was then subjected to
orthogonal field alternation gel electrophoresis (OFAGE) (5,
6) (14 h, 10°C, 275 V, and 38-s pulse frequency) to determine
electrophoretic karyotypes.

Mobilities of the newly generated chromosome fragments
were compared with those of previously characterized stan-
dards to determine whether recombination had occurred
with the left arm of chromosome III. The standards were
made using a pYCFS/CENG6 (wild-type) plasmid. Restriction
endonuclease digestion of pYCF5/CENG6 (wild-type) plasmid
with EcoRI creates a linear molecule which targets to the left
arm of chromosome III when transformed into yeast cells.
Digestion of the plasmid with both EcoRI and BamHI targets
the molecule to the right arm of chromosome VI. (The
experimental details of chromosome fragmentation are as
described by Hieter et al. [manuscript in preparation].) The
DNA content of these standards was verified by probing
Southern blots of OFAGE gels (19, 21) with labeled DNA
(12) of cloned genes from the left arm of chromosome III
(LEU2) or from the right arm of chromosome VI (ACTI).
Since the mobility of a chromosome fragment carrying the
left arm of chromosome III is distinct from a chromosome
fragment carrying the right arm of chromosome VI (see Fig.
4), strains containing the correct chromosome III fragment
were directly identified by comparing the OFAGE mobility
with those of the standards.

Gene conversion of the CEN6 mutations to wild type
during pYCFS5/CENG6* integrative transformation (targeted
to the left arm of chromosome III) seemed extremely un-
likely (as described below in Results). Nevertheless, we
rigorously demonstrated the presence of CEN6 mutations on
chromosome fragments in those strains that showed near-
wild-type mitotic stability (YPH288, -289, -290, -295, and
-297) as follows. Genomic DNA was prepared from each of
the strains, digested with Sall and EcoRlI, electrophoresed
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on 0.8% agarose gels, and blotted to nitrocellulose (49), and
triplicate blots were probed separately with a 1.2-kb CEN6
(wild-type) probe (as control) and two CENG6 wild-type
sequence 15-mer oligonucleotides, one spanning the left half
of CDEIIl (5'-AATAGTTTTTGTTTT-3’) and the other
spanning the right half of CDEIII (5'-AAGATGTAAAA
TAGG-3'). YPH281 (carrying CEN6 [wild-type] chromo-
some fragment) DNA was used as a control. Hybridizations
were done at 29°C in 6x SSC (1x SSC is 0.15 M NaCl plus
0.015 M sodium citrate) and washed at 34°C in 6x SSC.
Autoradiograms confirmed the presence of the CEN6 muta-
tions, as evidenced by the differential hybridization of the
left-half or right-half oligonucleotide probes to Sall-EcoRI
restriction fragments containing mutant or wild-type CEN6
DNA (data not shown).

Mitotic plasmid stability assay. This assay was performed
as previously described (8, 41). All pJH plasmids carrying
the various point mutations were transformed into yeast
strain SX1-2. Transformants were restreaked onto minimal
plates again. Six independent transformants were then cho-
sen for the assay.

Determining loss rates of chromosome fragments carrying
mutant CEN sequences by fluctuation analysis. For each
mutant, a single pink colony (containing both parental copies
of chromosome III with a chromosome fragment) was picked
off a nonselective plate and grown for 4 to 6 h in minimal
medium, selecting for the marked chromosome fragment.
Cultures were diluted, mixed vigorously, and spread onto
indicator plates (minimal medium with 6 pg of adenine per
ml) at a density of 50 cells per plate (100 by 15 mm). Plates
were incubated for 24 to 27 h at 30°C until small single
colonies formed. Ten test colonies of equal size (determined
by measuring the diameter under 10X magnification) were
picked by using a Pasteur pipette to obtain the entire colony
with a plug of agar. Plugged colonies were placed in minimal
medium and disrupted to single cells by vortexing. Half of
the suspension was distributed over the surfaces of five large
indicator plates (150 by 15 mm), and the data obtained were
multiplied by 2 to reflect the whole test colony. Strains with
CEN mutations, causing chromosome fragment loss at a rate
of >1072, required an additional manipulation to obtain
adequate data for analysis. They were analyzed by picking
80 colonies, of which approximately 25% originated from
cells with a single copy of the chromosome fragment. Ten
percent of each resuspended colony was distributed over a
single large indicator plate, and the data obtained for each of
the chromosome-fragment-containing colonies were multi-
plied by 10 to reflect the whole colony. The total number of
colonies obtained in each ‘‘plate out’ indicates the number
of cell divisions that had occurred during test colony growth,
and the number of uniformly red colonies indicates the total
number of cells that had lost the chromosome fragment prior
to plating. The rate of loss per cell division was obtained by
determining the median number of cells without the chromo-
some fragment for the 10 test colonies analyzed. This median
value was used to determine the mean number of chromo-
some fragment loss events during the growth of the test
colony, using the mathematical expression derived by Lea
and Coulson (26). The mean number of loss events divided
by the total number of cell divisions that had occurred during
the colony growth is the rate of loss per cell division (see Fig.
1 for examples of data generation).

To determine the validity of counting red colonies and
total colonies to determine loss rate, the growth rates of cells
with one or zero copies of the chromosome fragment were
determined to be equal (data not shown) by fluctuation
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YPH288 CDEIll (2-A,3-G) YPH287 CDEI (8-C)

Test Colony Red Test Colony Red
Colony Size Segregants Colony Size Segregants
1 60,900 247 1 15,500 380

2 64,800 125 2 12,600 278

3 58,800 112 3 15,100 184

4 62,500 92 4 12,200 156

5 61,100 75 5 20,100 108

6 73,800 57 6 19,200 104

7 55,400 37 7 15,000 62

8 65,400 20 8 16,300 54

9 65,300 15 9 13,400 54

10 64,800 12 10 White colony picked
Avg. 63,400 Avg. 15,490

Median 66 Median 108
Mean 16.4 Mean 244
Chromosome fragment loss Chromosome fragment loss
rate= 16.4/63,400= 2.58x10 4 rate= 24.4/15,490 = 1.57x10°3

FIG. 1. Two examples of data generation for fluctuation analy-
sis. The calculations followed the mathematical expressions devel-
oped by Lea and Coulson (26). Avg., Average.

analysis under conditions identical to those described above.
We were unable to determine the rate of chromosome gain
per cell division (i.e., generation of white colonies) because
cells with two copies of the chromosome fragment have a
slower growth rate.

RESULTS

In vitro-generated mutations in CEN6 DNA. Figure 2A
summarizes some features of CEN DNA. CDEI consists of
a stretch of 8 nucleotides (UTCACuTG), which are fully
conserved within all centromere DNAs analyzed to date.
CDEII is 25 bp long (TGTITETG..TTCCGAA.....AAA)
and shows conserved and nonconserved nucleotides. In its
center is a core sequence of 7 bp, and on the left of CDEIII
are two additional G nucleotides, which are 100% con-
served. Both CDEI and CDEIII exhibit palindromic struc-
tures covering one or two helical turns, respectively. All our
studies were performed with the centromere DNA of chro-
mosome VI (CEN6). The complete sequence of CDEI and
CDEIII of CEN6 is shown in Fig. 2B. To facilitate the
discussion of the various point mutations, the nucleotides
within CDEI and CDEIII were numbered from left to right.

All point mutations created in this study are shown in Fig.
2C. We selected our mutations to determine whether the
degree of conservation of an individual base reflects its
importance of centromere function and to assess the impor-
tance of the palindromic structures which may represent
sites for protein binding. We decided to mutagenize the
perfectly conserved right 2 bases of CDEI [positions 7 and 8
of CDEI, which are, respectively, CDEI(7) and CDEI(8)]
(Fig. 2C). All possible changes were introduced by oligonu-
cleotide-directed mutagenesis to assess whether the altera-
tion of such preserved nucleotides (either by transition or
transversion) would affect, to different degrees, the ability to
form an active centromere. The conserved sequence of
CDEIII contains five G - C base pairs, which are conserved
in all CEN sequences analyzed so far; two are part of the
palindrome, the other three are not. Because of their perfect
conservation and their distribution in CDEIII, these G - C
and C - G base pairs were our preferred targets for mutagen-
esis. We introduced all possible changes at positions 14 and
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COoE

78-86 bp, 87-95% AT

CDEM (2-C)
CDEM (2-T)

TGTT4TG. . TTCCGAA. . . .. AAA
vZAn RO RIReRRR one

COEM(2-T,3-6) . TG......................

CDEM (2-A,3-G)

CDEM (8-T)

(DEM (8-T.9-G)

CDEM (%-G)
COEM (%-A)
COEM (%-T)
COEMM (15-A)
COEM (5-T)
CDET (5-C)

CDEIN (23-T,24-G)

CDE M (24-G)

CDEM (24-G, 257)

CDEM (21-C)

OEM(V-COW220TA). .. ............... Ac. ...

CDEIN (Wv20-T)
CDEM (9v20-G)
CDEM (174 25)

FIG. 2. DNA sequences of centromeres and centromere mutants. (A) Centromere consensus sequence, based on 12 CEN DNAs from S.
cerevisiae. The numbers written below the bases indicate how many sequences out of the 12 carry this particular nucleotide (u = purine). By
convention, only the upper strand is shown. (B) Centromere DNA sequence from chromosome VI. In this case, the numbers below the
sequence define each nucleotide position within CDEI and CDEIII, to facilitate the nomenclature of the mutants (for details, see Materials
and Methods). Below CDEI and CDEIII, the dyad symmetry is indicated. (C) Point mutations used in this study. Unchanged nucleotides are
indicated by dots, and altered nucleotides are written out. For details of the mutagenesis work, see Materials and Methods. The five mutations

at the bottom of the CDEIII mutation list (three with insertions, one with a deletion) were constructed earlier (17).

15 of CDEIII: the C - G base pair at position 14 forms the
center of the 7-bp core palindrome, whereas the G - C base
pair at position 15 is part of one half-site. Additionally, the
two G - C base pairs at positions 2 and 8 of CDEIII were
changed. Since it had been found before that space changes
between conserved subregions at the right side of CDEIII
lead to decreased CEN activities [e.g., CDEIII(19V20-G);
17], shifts of the G - C base pairs were also introduced. The
G - C base pair was moved from position 2 to position 3 and
in another construction from position 8 to position 9. Previ-
ous work had shown (17) that the three A residues at the
right end of CDEIII are important for CEN function, since
deletion of this subregion yielded nonfunctional CEN muta-
tions. Further point mutations in this part of the dyad were
made to characterize this region in more detail.
Introduction of CEN DNA sequence mutations into yeast
cells and in vivo testing. Commonly used assays to determine
quantitatively the ability of a particular centromere DNA
sequence to assemble into an active centromere are the
mitotic plasmid stability assay (8, 18, 24), quantitative mat-
ing test (9), and loss of the chromosomal URA3 marker by
using 5'-fluoro-orotic acid (2, 54). Drawbacks associated
with these methods include the high background loss rate of
CEN plasmids, phenotypic lag or leakiness of the genetic
marker being scored, and loss of markers due to mitotic
recombination and gene conversion. We therefore devel-

oped and used a new assay and compared the results with
those obtained by using the plasmid assay. We generated
large (~150-kb) linear chromosomal fragments carrying the
URA3 gene as a genetic marker, the SUPII gene for
measuring the mitotic stability of these artificial chromo-
somes, and the mutated CEN sequence of interest in the
background of the diploid yeast strain YNN290, which is
homozygous for ade2-101. Loss of the artificial chromosome
during nonselective outgrowth can be monitored visually by
the appearance of red sectors in the otherwise pink colonies
(18).

To produce the chromosomal fragments, we constructed
the plasmid pYCFS5 (yeast chromosome fragmentation vec-
tor) (Fig. 3A). In addition to the URA3, SUPI11, and CEN6
mutant DNA, the vector contains a 1.5-kb Bg/II-HindIII
fragment of the telomere-adjacent Y’ region (7) (herein
called Y'a) and a 2.7-kb EcoRI-HindIIl fragment (herein
called D8B), which is about 10 kb left from CEN3 (Newlon,
unpublished results). Cleavage of the pYCFS/CENG6 vectors
with Notl or EcoRI creates a linear molecule with the Y'a
sequence at one end and the D8B sequence at the other.
Transformation of yeast cells with this small linear DNA
gives rise to large linear chromosomal fragments because,
upon two homologous recombination events, the Y'a region
is ‘‘healed to’’ a telomere (11, 55) and the D8B region targets
(37, 45) to the left arm of chromosome III, which is then



2528 HEGEMANN ET AL. MoL. CELL. BioL.

A o, V2]
&, Not
NG //Ecom

D8B |

{SUP11|

Hindill

\ BamH1
Sall -,
E X
[CERET]
Not1
s I z e M S
C
@ ut with Not1 o
Transform yeast X X
pYCF5/CENG*
< T
Telomere
heals
s/ Left arm of Chromosome III X <esi¥ N
. e ~150kb oy *—/-
Sequence specific
recombination with
Chromosome [1I
azi—/f

~150kb URA3 SUP11

FIG. 3. Fragmentation vector for analyzing CEN DNA sequence mutants. A map of pYCFS5 is shown with the unique restriction sites
Notl, EcoRl, Hindlll, BamH]I, and Sall indicated. The vector contains URA3 (for selecting transformants), SUPI! (for monitoring mitotic
stability of chromosome fragments generated by transformation), Y' sequences (for efficient conversion of one end of the transformed DNA
to a telomere), and a unique DNA sequence (from the left arm of chromosome 111, named D8B) for in vivo addition of almost the entire left
arm of chromosome III to the transformed DNA. Mutant or wild-type CEN6 DNA was inserted into the Sall-BamHI (shown) or
HindlII-BamHI (not shown). (B) OFAGE analysis of the chromosome fragments generated by transformation of linearized plasmids. For each
CEN6 DNA mutant, six independent transformants were analyzed for the presence of the chromosome fragment. Lane 1 shows the
electrophoretic karyotype of the parent yeast strain YNN290. The diploid strain is heterozygous for a chromosome I1l-length polymorphism
(open arrow), which allows one to visualize the fate of the chromosome I1I homolog with which the pYCFS/CEN vector recombines. Lanes
2 through 7 show six independent transformants generated in a typical transformation experiment. Clearly visible are the newly created
chromosome III fragments (solid arrow), which show a length of approximately 150 kb. In about 10% of the transformants, the generation
of the telocentric chromosome fragment was accompanied by the loss of one of the parental chromosome 1II homologs (lane 5) representing
the karyotype 2n—1+CF. Fluctuation analysis for determining the rate of mitotic chromosome loss was always performed with 2n+CF strains
(e.g., lane 2). (C) Scheme for the in vivo generation for mutant CENG6-containing chromosome fragments. pYCF5 (mutant or wild-type)
plasmid DNA was linearized with EcoRI or Notl and transformed into the diploid yeast strain YNN290, selecting for Ura™. One end of the
linear plasmid molecule contains sequences (Y'a) that are efficiently repaired to a functional telomere; the other end contains a unique DNA
sequence (D8B), whose normal genomic position is found on the left arm of chromosome II1. Approximately 50% of the URA ™ transformants
possess the approximately 150-kb new chromosome shown at the bottom, in which all of the chromosome I1I sequences distal to the unique
sequence D8B have been added. Note that the genetic marker (SUPI1) used to score chromosome fragment loss is located on the short arm
embedded in pBR322 sequence. Since this chromosome arm has no homolog, loss of SUPII cannot occur by mitotic crossing over. The
presence of a wild-type CEN6 sequence in the vector portion yields a stable chromosome fragment with a rate of chromosome loss per cell
division of 2 x 1074,

completely copied onto the vector. The result of these
recombination events is the appearance of a 150-kb-long
telocentric chromosomal fragment and a strain trisomic for
most of the left arm of chromosome III. We chose a
chromosome III left arm fragmentation scheme for two
reasons. First, left arm chromosome III aneuploidy is toler-
ated in our strains with no detectable deleterious effects
(data not shown). Second, at a low frequency, one of the
parental chromosome III homologs is lost during transfor-
mation, yielding a mating-competent diploid transformant,

because the strain becomes monosomic for the right arm of
chromosome III, which contains the mating-type locus.
Such 2n—1+CF (CF = chromosome fragment) transfor-
mants arise approximately 10% of the time (P. Hieter,
unpublished results). These mating diploid strains will be
useful in future CEN mutant suppressor experiments.

The in vivo generation of the chromosomal fragments is
shown schematically in Fig. 3C. Upon transformation and
restreaking of the transformants, pink and red colonies are
obtained (see Materials and Methods). Approximately 50%
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of the Ura™ transformants carry a chromosome fragment.
As the diploid yeast strain YNN290 used for this work is
homozygous for the ade2 ochre mutation and the copy
number of the SUP11 gene determines the phenotype of the
yeast cell (18), these transformants form all pink colonies
with red sectors. The amount of sectoring depends on the
type of CEN sequence located on the chromosome fragment.
The other 50% of the transformants are red and contain the
recircularized plasmid, which is rapidly lost under nonselec-
tive conditions, since it carries only a weak ARS3 (which is
linked to the SUPI1I gene). To verify that the newly created
telocentric chromosomal fragments contained the expected
DNA, independent isolates of the transformation were ana-
lyzed for their electrophoretic karyotype by OFAGE. The
analysis of six independent transformants of one transfor-
mation is presented (Fig. 3B). The parental yeast strain (lane
1) exhibited a polymorphism for length for chromosome III
(open arrow) that enabled us to distinguish between recom-
bination events leading to the karyotype 2n—1+CF or
2n+CF. Transformants of the karyotype 2n—1+CF (lane 5)
were obtained 14 times in the 160 transformants analyzed by
OFAGE in this study; the others were of the type 2n+CF
(e.g., lane 2). The solid arrow at the bottom indicates the
position of the newly generated chromosome fragment.
The telocentric chromosome fragments carrying the vari-
ous CEN mutations exhibit very low frequencies of mitotic
gene conversion to wild-type CEN DNA via a gene conver-
sion or double crossover with homologous DNA. This was
never observed in the present study. The low frequency of
reversion is presumably a result of the presence of nonho-
mologous sequences flanking the 1.2-kb CEN6 DNA (Fig.
3C). Furthermore, loss of the URA3 and SUPII markers
from the chromosome fragment by mitotic recombination is
not possible or extremely rare, because the markers are
positioned on the short arm of the chromosome fragment.
This pBR322-derived arm does not recombine, as it lacks
a genomic counterpart. Gene conversion (there are eight
tRNATY" genes in the genome) or other complex rearrange-
ments leading to a Sup11~ (red) phenotype also do not occur
at a significant rate. This was demonstrated by isolating a red
segregant from each of 26 independent, pink colonies con-
taining a CEN6 (wild-type) chromosome fragment. All 26
Supll~ strains were simultaneously «ra mutants and none of
the strains contained rearrangements, as evidenced by prob-
ing Southern blots of OFAGE gels with sequences unique to
the chromosome fragment long arm. Therefore, loss of the
SUPII gene is due solely to chromosome loss events, rather
than to the sum of loss events due to chromosome loss and
recombination. All mitotic stability analyses were performed
on transformants containing both parental copies of chromo-
some III plus the chromosome fragment (2n+CF) (i.e.,
identical to the transformant analyzed in lane 2 of Fig. 3B).
We thus excluded possible differences in loss rates due to
gene dosage differences on chromosome III.
Transformants with undesired chromosome fragments due
to mistargeting of the transformed linear DNA. For certain
CEN mutants that yielded very high loss rates on plasmids,
we could never detect chromosome III-derived telocentric
fragments. Instead, we found in some cases rare recombi-
nant chromosome fragments containing the right arm of
chromosome VI. Although other models are possible, these
events can be explained by proposing a degradation model,
which implies that the free ends of the linearized plasmid
pYCFS/CEN6 are degraded when transformed into yeast
cells (Fig. 4). If degradation of the free end containing unique
DNA from chromosome III occurs, the chromosomal target
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FIG. 4. Targeting of the linear pYCFS/CENG to different chro-
mosomal locations. One model to explain the rare recombination
events that generate chromosome fragments containing the right
arm of chromosome VI proposes degradation of the free ends of the
linear plasmid pYCFS5/CENG6 when transformed into yeast cells, as
indicated at the bottom of the figure. Shown on top is the OFAGE
analysis of different targeting events. Lane 1 shows the OFAGE
karyotype of the parent yeast strain. Lanes 2 and 3 show the
different mobilities of chromosome fragments generated by linear-
izing the vector with Norl, which targets the unique end of the
vector to chromosome I1I (lane 2), or by linearizing the vector with
Notl and BamHI, which targets the unique end to chromosome VI
(lane 3). Lanes 4 and 5 show representatives of the two possible
karyotypes found as a result of transformation of a Notl-linearized
pYCF5/CENG plasmid; lane 4 shows generation of a chromosome
1II fragment, whereas lane 5 shows the generation of a chromosome
VI fragment, possibly due to degradation of the transformed vector
into the chromosome VI homology before recombination with the
genomic host target could occur. Note the different sizes of the
chromosome III and VI fragments, which make it possible to detect
chromosome VI-derived fragments by ethidium-stained OFAGE
gels. A representation of the proposed degradation of DNA from the
unique end of the linear vector and resultant recombination products
is shown at the bottom. When the unique end consists of sequences
from chromosome III, the resultant chromosome fragment carries
the left arm of chromosome III and the mutant CEN6. Degradation
into CEN6 sequences targets the recombination instead to the right
arm of chromosome V1. If degradation takes place past the mutation
in the CEN6 DNA, the resultant chromosome fragment will carry a
wide-type CEN6 sequence.

of the plasmid may change. If the degradation goes past the
CENG6 mutation, a chromosome fragment is generated that
carries the wild-type CEN6 plus the right arm of chromo-
some VI. When linear pYCF5/CEN6* molecules harboring a
mutation which abolishes CEN function were transformed
into yeast cells, the only stable transformants we obtained
were those which regenerated wild-type CEN sequences by
the above scenario. This was seen with the mutations
CDEIII(21-C,19V20-AT), CDEIII(14-A), CDEIII(14-T), and
CDEIII(14-G). The electrophoretic karyotypes of strains
carrying chromosome fragments which resulted from target-
ing of the linear pYCFS/CENG6 to different chromosomal
locations are presented (Fig. 4). First, we constructed stan-
dard strains carrying telocentric fragments derived from
chromosome III or VI by digesting pYCFS/CEN6 (wild
type), either with Norl or with Notl and BamHI and trans-
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FIG. 5. Colony appearance of strains carrying a chromosome fragment with wild-type or mutant CEN6. The parent yeast strain is
homozygous for the ade2-101 mutation and therefore gives rise to red colonies. (A) Transformation with a linearized pY CF5/CEN6 wild-type
vector yields mitotically stable SUPII-marked chromosome fragments. Transformed strains generate homogeneously pink colonies, which
show, on average, less than one visible red sector per colony. The estimated loss rate of this telocentric chromosome is 1.9 x 10™%. Panels
B through F show increased rates of loss of the chromosomal fragment due to mutations within the CEN6 sequence, as evidenced by an
increased red sectoring phenotype. Qualitatively, two- to threefold differences can be seen. Specifically, the loss rates of the chromosomal
fragment were as follows: 5.2 X 10~* for CDEI(7-G) (panel B), 8.3 x 10~ for CDEI(8-A) (panel C), 1.5 x 10~ for CDEIII(19V20-T) (panel
D), 3.8 x 1073 for CDEIII(19V20-G) (panel E), and 3.7 x 10~2 for CDEIII(17A25) (panel F).

forming into yeast cells. The resulting chromosome frag-
ments contained either the left arm of chromosome III (lane
2) or the right arm of chromosome VI (lane 3). Southern
blots verified the DNA content (data not shown). Since the
mobilities of these two telocentric fragments are different,
strains containing the correct chromosome III fragment were
directly identified by comparing the OFAGE mobility with
the standard strains described above. Lanes 4 and 5 show
two transformants derived from transformation with a NotI-
digested pYCFS/CENG6*. Lane 4 shows the fragment carry-
ing chromosome III DNA, whereas the fragment in lane 5
can be identified as having been derived from chromosome
VI. Our analysis showed that when the left arm of chromo-
some III was present, all (100%) independent isolates of a
given mutation had the same phenotype. Therefore, we can
preclude the possibility that a CEN6 mutant is converted to
wild type during integrative transformation by choosing
transformants that have been targeted to chromosome III,
rather than to chromosome VI. Nevertheless, we formally
excluded this possibility by analyzing those CEN mutations
exhibiting wild-type behavior with oligonucleotide probes
against restriction digests of genomic DNA (see Materials
and Methods).

Mitotic chromosome and plasmid loss rates of various CEN6
mutations. A total of 23 different point mutations were
introduced into the CEN6 sequence, and their effects on
mitotic CEN function were analyzed both on chromosome
fragments and, for comparison, on plasmids. Three addi-
tional point mutations were tested only on plasmids.

To obtain chromosome fragment loss rates, the various
CENG6 point mutants were cloned into pYCFS5 (see Materials
and Methods for details) and the linearized pYCFS/CENG6*
plasmids were transformed into the diploid yeast strain
YNN290. When the transformants were restreaked onto
nonselective plates, the colony color phenotype of each
particular CEN mutant showed up clearly (Fig. 5). As little
as two- to threefold differences in loss rates were already
visible at this point. The appearance of the correct chromo-

some fragment was monitored by OFAGE as described
above. For each mutation, one transformant of the kar-
yotype 2n+CF was then selected to determine the mitotic
chromosome fragment loss per cell division by fluctuation
analysis (method of the median [26]). Two examples of data
generation are shown in Fig. 1. The data for chromosome
fragment loss rates per cell division for all CEN DNA
sequence mutants, as well as for the two wild-type centro-
meres from chromosomes 1V and VI, are compiled in Table
2. It has previously been shown that replacement of the
centromere from chromosome III by the CEN sequence of
chromosome XI has no measurable effect on chromosome
distribution during mitosis (9), indicating clearly that yeast
centromeres are not chromosome specific. We verified this
observation by analyzing the mitotic stability of chromo-
some fragments carrying CEN6 or CEN4. The loss rates are
almost identical, 1.87 x 10™* for CEN6 and 1.68 x 10™* for
CEN4. The loss rates for the wild-type CEN sequences of
about 2 X 10~* allow us to express the quantitative effects of
important nucleotide positions within the CEN6 DNA over a
range of 3 orders of magnitude (10~ ! to 10~%), whereas the
plasmid assay offers a range of only 1 order of magnitude
(1071 to 1073).

For comparison, each of the CEN6 mutations was ana-
lyzed on circular plasmids. Figure 6 summarizes the plasmid
mitotic stability data. The plasmid pJH1 (10.3 kb) contains
4.5 kb of original CEN6 DNA and the TRP! gene for
selecting transformants. A 1.3-kb BamHI-Xhol CENG6 (wild-
type) DNA fragment was replaced by the 1.16-kb BamHI-
Sall fragment bearing the various CEN6 point mutations
embedded in original CEN6 surrounding DNA. The various
pJH constructions carrying the point mutations were then
transformed into the haploid yeast SX1-2. Trp* trans-
formants were colony purified, and single colonies were
subjected to mitotic stability tests. By growing the transform-
ants for 10 generations in nonselective medium and sub-
sequent replica plating, the number of cells which still
harbored the particular pJH plasmid was determined. In
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TABLE 2. Loss rates per mitotic cell division determined by
the chromosome fragment stability assay“

Rate of chromosome

Yeast strain Mutation fragment loss/cell division
YPH281 CENG6 (wild type) 1.9 x 107*
YPH186 CEN4 (wild type) 1.7 x 1074
YPH282 CDEI(7-A) 5.0 x 107¢
YPH283 CDEI(7-C) 3.2 x 1074
YPH284 CDEI(7-G) 5.2 x10°*
YPH285 CDEI(8-T) 4.3 x 1074
YPH286 CDEI8-A) 8.3 x 107*
YPH287 CDEI(8-C) 1.6 x 1073
YPH288 CDEIII(2-A,3-G) 2.6 x107*
YPH289 CDEIII(8-T) 1.9 x 107*
YPH29%0 CDEIII(8-T,9-G) 3.1 x 1074

CDEIII(14-A) No CEN function
CDEIII(14-G) No CEN function
CDEIII(14-T) No CEN function
YPH291 CDEII(15-T) 4.2 x 1072
YPH292 CDEIII(15-A) 7.3 x 1072
YPH293 CDEIII(15-C) 7.9 x 1072
YPH294 CDEIII(23-T,24-G) 4.6 x 107*
YPH295 CDEIII(24-G) 22 x 1074
YPH296 CDEIII(24-G,25-T) 4.1 x 107*
YPH297 CDEII(21-C) 4.0 x 107*
CDEIII(21-C,19V20-TA) No CEN function
YPH298 CDEIII(19V20-T) 1.5 x 1073
YPH299 CDEIII(19V20-G) 3.8 x 1073
YPH300 CDEIII(17A25) 3.7 x 1072

“ Chromosome fragment data were obtained by performing fluctuation
analyses by the method of the median (26) on strains carrying a chromosome
fragment with the CEN constructions shown. The desired chromosome 11I-
derived chromosome fragments were not recovered from transformations
using vectors carrying mutations which abolished CEN function, and there-
fore these mutations are shown as having no CEN function.

almost all cases, six independent transformants were tested
(the actual number of each mutant is given in parentheses)
and the average percentage of plasmid-containing cells was
calculated, together with the standard deviation (Fig. 6). As
in previous publications (17, 40), we express the effects of
centromere mutants when tested on plasmids as percentages
of cells carrying the plasmid after 0 and 10 generations of
nonselective growth.

(i) Mitotic CEN activity reduced by point mutations in
CDEI. All eight nucleotides in CDEI are 100% conserved
among all 12 sequenced centromere DNAs. Therefore, it
seemed likely that any change of these bases would impair
CEN function. Indeed, all point mutations we introduced
gave rise to reduced centromere activity when tested both on
plasmids and on chromosome fragments (Table 2 and Fig. 6).
All possible base changes at position 7 of CDEI have slightly
less severe effects than alterations at position 8 [e.g., a
3-fold-higher chromosome fragment loss rate for CDEI(7-G)
compared with a 10-fold-higher loss rate for CDEI(8-C)].
This is observed on plasmids, as well as on chromosome
fragments. The CDEI(8) results were already striking when
the 0 generation data were obtained in the plasmid assay
(Fig. 6B). Of the six mutations tested in CDEI, the transver-
sion from wild-type G - C to C - G [CDEI(8-C)] shows the
most negative influence on CEN function.

(ii) Importance of conserved subregions revealed by scat-
tered mutagenesis of CDEIII. To determine whether all
conserved subregions in CDEIII are important or essential
for a fully active mitotic centromere, we introduced point
mutations in all conserved nucleotide blocks. At the same
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time, these modifications also altered the half-sites of the
palindrome.

We initially focused on the core of CDEIII. Introduction
of all possible point mutations at position 15 [CDEIII(15)]
severely reduces centromere activity. The chromosome
fragment loss rates for these three CEN point mutations
(Table 2) were 100-fold increased compared with that of the
wild type. The plasmid data were consistent with these
results; even at 0 generations, the number of cells bearing
the plasmid was quite low (around 10%). We conclude that
position 15 is very important for proper CEN function. This
G - C base pair is part of the inner dyad of CDEIII and is
therefore likely to be involved in protein binding. In con-
trast, the adjacent C - G base pair at position 14 [CDE
I1I(14)] is not part of the palindrome. However, all three
base-pair changes demonstrate that this position is critical
for mitotic centromere function. At 0 generations in the
plasmid assay, all three point mutations, CDEIII(14-A),
CDEIII(14-G), and CDEIII(14-T), showed behavior identical
to that of the negative-control pJH2, which contains no CEN
DNA. Additionally, we were never able to generate stabi-
lized chromosome fragments derived from chromosome III
by using these mutations. Instead, only the rare chromo-
some VI-derived telocentric chromosome fragments were
detected, which all showed CEN (wild-type) activity (see
above and Fig. 4).

The triple A region (positions 23 through 25), which is also
part of the dyad at the right end of CDEIII, has previously
been shown to be involved in CEN function using a plasmid
assay (17). We now introduced one single-base-pair change,
CDEIII(24-G), and two double-base-pair changes, CDE
I11(23-T,24-G) and CDEIII(24-G,25-T), in this subregion.
The CEN activity for the double mutants was only slightly
reduced (about twofold on the chromosome fragment), and
the CEN activity of the point mutation CDEIII(24-G) was
close, if not identical, to that of the wild type. We have
shown earlier that space changes at the right side of CDEIII
result in strongly affected or abolished CEN function (17)
when tested on plasmids. These pJD constructs were now
quantitatively analyzed in our chromosome fragment colony
color assay. The introduction of 1 bp [CDEIII(19V20-T) and
CDEIII(19V20-G)] between the core and the triple A region
of CDEIII led to a 10-fold increase in chromosome loss rate.
Introduction of 2 bp [CDEIII(19V20-TA)] at the same posi-
tion abolished CEN function. Change of 1 bp within this
region, CDEIII(21-C), had a small effect on CEN function
when tested on the chromosome fragment (twofold-in-
creased loss), even though the spacing was maintained.
These results indicate that the sequence content of this
nonconserved subregion is of importance for CEN function.

On the left side of CDEIII, there are two purine G - C base
pairs, CDEIII(2) and CDEIII(8), which are 100% conserved.
Surprisingly, all point mutations introduced at these posi-
tions caused only minor reductions in CEN activity (1.5- to
2-fold on the chromosome fragment). The mutations which
move the original G - C base pair one position closer to the
core of CDEIII, CDEIII(2-A,3-G) and CDEIII(8-T,9-G), had
a similar effect.

DISCUSSION

In the present study, a large number of single- and
double-base-pair substitutions were introduced into the con-
served centromere DNA elements I and III of CEN6 DNA to
determine the functional domains of the centromere DNA.
In addition, we wanted to generate, if possible, a collection
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Plasmid Type of % of Trp+ cells after growth
Mutation in nonselective medium
0 gen 10 gen
pIH 1 wt 88 t7 7%t 7 (6)
pUH13 CDE! (7-A) 87 +4 60 £S5 (6)
pIH14 CDEI (7C) 87 t4 6216 (6)
pUHIS CDEI (7-G) 84 21 48 £6 (5)
pJH23 COEI (8-T 81 14 17 (6)
pIH24 CDE! (8-A) 58 £20 13 £12 (6)
pIH2S CDE! (8-C) 58 t6 1614 (6)
pIH29 CDEIll (2C) 81 4 67 t4 (4)
PJHIO COENI (2-T) 88 6 77 £16 (5)
PJH31 CDEIll (2-T.3-G) 88 5 6215 (5)
pIHI9 CDEM (2-A 3-G) 887 68 4 (6)
pIH26 COEl (&-T) 8515 70 %5 (6
pIH27 CDEIll (8-T.9-G) 87 £3 87 t7 (6)
pIHIG CDEMI (14-A) 211 0 ()
PJH17 CDEI (14-G) 21 1121 (6)
pIHIS COEHI (14T) 321 31 (5)
PIH20 COEN (15-T) 10 5 11 (6)
pJH21 CDEIIl (15-A) 913 2¢1 (6)
pUH22 CDEIN (15-C) 9 212 313 (9
pIH12 COEIll (23-T7,24-G) 84 £8 64 £6 (4)
pJH10 CDEIl (24-G) 88 t2 71 2 (6)
pJH1Y CDEIll (24-G,25-T) 88 t3 65 t6 (5)
pH2 e 321 131 (6)

FIG. 6. Mitotic plasmid stability assay. (A) Map of pJH1 plasmid
(17), which was used to determine the plasmid mitotic stability of the
CEN mutants. The ARS sequence allows autonomous replication of
the plasmid in yeast cells, while TRPI is used to select transfor-
mants and as a marker to measure the percentage of cells carrying
the plasmid with the mutated centromere. The 1.3-kb BamHI-Xhol
DNA fragment carrying CENG6 (wild type) was replaced by a 1.17-kb
BamHI-Sall fragment carrying the particular CEN mutants. For
details of the cloning, see Materials and Methods. The location and
the orientation of CDEI, CDEII, and CDEIII are indicated. (B)
Results of the plasmid assay. SX1-2 was transformed with the
various pJH-CEN plasmids. Transformants were restreaked onto
selective plates. For each mutation, six independent transformants
were usually taken and grown nonselectively for 10 generations. The
cultures were diluted and plated on nonselective plates to yield 100
to 200 colonies per plate. The percentage of Trp* colonies was
determined by replica plating on selective medium. For the 0
generation determination, the cells were plated out directly without
outgrowth. The percentages of TRP™* colonies, together with the
standard deviation and, in parentheses, the number of transformants
tested, are given. The plasmid pJH2 lacks the centromere sequence
and therefore shows the typical segregation bias of an ARS plasmid.

of CEN mutants with intermediate centromere activity re-
ductions for use in reversion studies.

The centromere mutations were analyzed when located on
plasmids and on chromosome fragments. Although the mi-
totic plasmid stability assay has proved useful in our hands
(18, 41), this assay is not suited to quantitate small centro-
mere activity reductions because of the high basal level of
instability (1072) associated with wild-type CEN plasmids.
For this reason, and to circumvent drawbacks of other
chromosome-based centromere assays, we developed a new
assay using SUPII-marked chromosome fragments. This
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method enabled us to accurately quantitate the effects of
these mutations on mitotic centromere function. The sector-
ing pattern of the colonies often allowed us to immediately
order the effects of CEN mutants, since two- to threefold
differences in chromosome fragment loss rates could easily
be recognized (Fig. 5). For a rigorous quantitation of the
effects of CEN DNA sequence mutations, we performed
fluctuation analysis by using the chromosome fragment color
assay. In principle, the CEN-linked genetic information
(URA3 and SUPII) can be used in two ways. At first, we
intended to determine the frequencies of chromosome loss
events in independent cultures by using the positive selec-
tion system for Ura™ mutants by plating on 5’-fluoro-orotic
acid plates (2). Unfortunately, we encountered the problem
of leakiness in the drug selection. After plating the colonies
on 5’'-fluoro-orotic acid, we found the number of Ura™
colonies to be too high. Viewing the plates under the
microscope revealed, in addition to the visible colonies,
many arrested microcolonies (up to 100 cells), indicating
phenotypic lag for 5'-fluoro-orotic acid sensitivity. Any
chromosome fragment loss event that had occurred after
plating during additional cell divisions would lead to an Ura™
colony and an overestimation of the frequency of Ura™
segregants in the culture at the time of plating. We therefore
decided to perform the fluctuation analysis by measuring the
loss of SUPII, instead of URA3. Cells were put on plates
with limiting amounts of adenine and subsequently scored
for total pink (2n+CF) and red (2n) colonies. Although this
required a large number of plates, neither leakiness in
selection nor phenotypic lag was a problem, since only
entirely red colonies were counted (i.e., colonies derived
from single cells that had lost the chromosome fragment
prior to plating). In addition, all-red segregants (26 of 26
tested) were shown to be due to loss of the chromosome
fragment (i.e., chromosome loss event); none were due to a
recombination event. Finally, when the desired chromosome
ITI-derived chromosome fragment was verified by OFAGE
analysis, all of the transformants exhibited the same colony
phenotype (i.e., gene conversion of the CEN6 mutation to
wild type did not occur during transformation, since integra-
tive recombination was targeted to chromosome III, rather
than VI).

The loss rate (1.7 X 107% to 1.9 x 10~%) of the 150-kb
chromosome fragment carrying a wild-type centromere se-
quence (CEN4 or CENG6) was significantly higher than that
reported for a full-length wild-type chromosome (2 X 107>
[16]). However, as similar loss rates (1.2 X 10~%) have been
reported for deletion derivatives of chromosome III, which
are 120 and 150 kb in length (53), a possible explanation for
the difference in stability might be the relatively small size of
our artificial chromosome. Alternatively, the fact that the
telomere and the centromere are less than 8 kb apart or the
presence of unknown stabilizing or destabilizing factors on
the right or left arms of chromosome III (53) might play a
role.

Sequence comparison of the 12 cloned CEN DNAs led to
a centromere consensus sequence (Fig. 2A). The functional
left- and right-hand boundaries of the centromere 6 DNA
sequence have been identified by deletion analysis (17, 40).
Recently, we have succeeded in cloning a 125-bp DNA
fragment carrying the CEN6 DNA sequence and an addi-
tional 6 bp left from CDEI and 1 bp right from CDEIII. The
plasmid and the chromosome fragment loss rates of this
“minimal length”> CEN6 sequence show wild-type centro-
mere activity, indicating that the boundaries of the con-
served centromere elements correspond to the functional
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FIG. 7. Schematic representation of chromosome fragment loss rates for the CEN6 mutations generated in this study. At the top of the
figure, the DNA sequences of CDEI and CDEIII are shown, with the conserved nucleotides and the dyad structures indicated by horizontal
lines and half arrows, respectively. To facilitate the identification of the various point mutants, all nucleotides have been numbered (see
Materials and Methods). The dark vertical bars represent the loss rates per cell division of the chromosome fragments bearing the various
point mutations (in Table 2). Each bar depicts one or more mutants generated at one specific position in CDEI or CDEIII. The nucleotide(s)
which replace the wild-type nucleotide(s) are indicated below the bars. Double-base-pair changes are marked by brackets. The striped vertical
bars represent the various deletion or insertion mutants. Symbols: A1, CDEIII(17A25); V1, CDEIII(21-C,19V20-TA); V2, CDEIII(19V20-G);

V3, CDEIII(19V20-T).

boundaries of the centromere region (Cottarel et al., manu-
script in preparation). This result makes an involvement of
sequences outside of CDEI and CDEIII very unlikely.
However, the possibility still exists that foreign DNA sur-
rounding the CEN DNA can influence centromere function
in a negative way.

Importance of conserved nucleotides for mitotic centromere
function. One question we wanted to address with our
mutational analysis was whether the change of a totally
conserved base pair within CDEI and III would always lead
to a decrease in mitotic centromere activity and whether this
decrease would be of a similar order of magnitude. Surpris-
ingly, every point mutation we introduced at perfectly con-
served nucleotide positions did not lead to a drastic impair-
ment of CEN function (Fig. 7). The magnitude of the effects
covered the whole spectrum of possible centromere activity
reductions. While the mutation CDEIII(8-T) had essentially
no effect on CEN function, all single-base-pair changes at
position 14 of CDEIII abolished CEN activity. Between
these two extremes were point mutations with 2- to 3-fold-
[CDEI(7)], 10-fold- [CDEI(8-C)], and 100-fold- [CDEIII(15)]
higher loss rates. These results clearly show that the degree
of conservation (100%) as such is no indication for a corre-
sponding importance of these base pairs in mitotic centro-
mere function. It remains to be seen whether meiotic cen-
tromere function is affected by any of the point mutations.

We report here, for the first time, point mutations in CDEI
(Fig. 7). Single-base-pair changes at positions 7 and 8 in

CDEI have distinct consequences in affecting centromere
function, showing 2- to 10-fold-higher chromosome fragment
loss rates. In both cases, a transversion showed the most
severe effect on CEN activity. CDEI(8) seems to be more
important than CDEI(7). Since we have not analyzed all
eight positions of CDEI, we cannot exclude the possibility
that other nucleotides within this element play a superior or
subordinate role compared with nucleotides at positions 7
and 8.

The centromere DNA element III consists of conserved
subregions which form a palindromic sequence. Our muta-
genesis study shows that of the three conserved subregions
only nucleotides within the highly conserved central core
(positions 11 through 17) are critical for CEN function
[CDEIII(14) and CDEIII(15)]. Single- and double-base-pair
changes in the other conserved subregions or in the noncon-
served space between the subregions have very little effect.
For example, the single-base-pair changes CDEIII(8-T) and
CDEIII(2-T) showed centromere activity close to that of the
wild type, even though the G - C base pairs at these posi-
tions were completely conserved in all CEN DNAs ana-
lyzed. These data are in accordance with mutational studies
on CEN3 DNA (30, 35), in which the G - C base pair at
CDEIII(8) was changed to an A - T base pair and was found
to exhibit nearly wild-type CEN activity when placed on
chromosome III. Furthermore, when we introduced point
mutations at the right end of the palindrome of CDEIII at
positions 23 through 25, again only small increases in loss
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rates were observed. These results indicate that the core
sequence of CDEIII (which is the center of the palindrome)
is of essential importance for centromere function. Dyad
symmetries in procaryotes have been shown to be impor-
tant, since some regulatory sites of this type are recognized
by dimers of the cognate DN A-binding protein (38). In yeast
cells, it was shown that the regulatory site of HIS3, to which
the positive regulatory protein GCN4 binds, consists of a
9-bp dyad interrupted by 1 bp (20). We find for CEN6 that
the C. G base pair in the center of the CDEIII dyad
[CDEIII(14)] is of fundamental importance and that all three
possible nucleotide replacements abolish CEN function. In
contrast, base pair changes of the wild-type G - C base pair
at CDEIII(15), which belongs to the right half of the palin-
drome, show some residual activity. We conclude that the
central C - G base pair is essential for centromere function
and may be part of one half-site of the dyad, implying that
CDEIII consists of two nonidentical recognition sites for two
(nonidentical?) or more protein subunits. This is also indi-
cated by the observation that the palindrome does not lie in
a symmetrical position within the 25-bp-long CDEIIIL.

Recently, similar results were obtained for the centromere
of chromosome III (30, 35; also see Addendum). McGrew et
al. (30) introduced two C - G to T - A transitions at positions
13 and 14 of CDEIII by using the sodium bisulfite mutagen-
esis method. The base-pair change at CDEIII(14) abolished
CEN function when tested on a plasmid. The point mutation
at CDEIII(13) also had a dramatic effect on centromere
activity; when substituted for the centromere on chromo-
some III, the stability of the altered chromosome III was
reduced by 3 orders of magnitude (30). These results are now
confirmed and extended by our data on CENG6. Position 15 in
CDEIII was also analyzed by McGrew et al. (30) (G- Cto
A .T),aswellasby Ngetal. 35)(G-CtoA-Tand G- C
to C - G), with conflicting results. In our tests, all possible
nucleotide replacements at this position led to an increased
rate (up to 400-fold) of chromosomal loss per cell division
when quantitated on the chromosome fragment (in accor-
dance with Ng et al. [35]). A possible explanation for the
conflicting result (30) is that the CDEIII(8-A) mutation was
converted to wild type during one-step gene replacement
transformation.

The palindrome of CDEIII exhibits, at its right end, a
triple A region (position 23 through 25), which seemed to be
essential for CEN function, since deletion of two of the three
A residues led to an inactive CEN in the mitotic plasmid test
(17). Our point mutations CDEIII(24-G), CDEIII(23-T,24-
G), and CDEIII(24-G,25-T) only showed maximally twofold-
higher loss rates on the chromosome fragment. Ng et al. (35)
found that transversion from an A - T base pairtoa C - G
base pair at position 24 in CEN3 led to a 10-fold increase in
their estimate of loss rate, and the double-base-pair change
A - TA -TtoT-AC-Gled to a250-fold increase in their
estimate of loss rate. Viewing the 12 CEN DNAs sequenced
so far shows that, for some centromeres, T - A base pairs
were found within the triple A region (CEN7, -10, -13, and
-15); only CENI exhibited a C - G base pair at position 23.
This, and the mutagenesis results, indicate that although
some variability is tolerated, the primary sequence of the
triple A region does contribute to centromere function.

In conclusion, the present study verifies the importance of
the centromere DNA elements CDEI and CDEIII as primary
sequence determinants of mitotic centromere function. Sin-
gle- and double-base-pair changes within both elements
affected centromere efficiency, suggesting an interaction
between CEN DNA and CEN DNA-binding proteins. The
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point mutations within CDEI clearly verify the participation
of this element in centromere function. The point mutations
and insertions in CDEIII reveal the importance of both the
sequence and spacing of the conserved subregions that form
an interrupted palindrome. The assay used in this study
allows us to quantitate loss rates per cell division of chro-
mosome fragments bearing the various CEN mutants with-
out the drawbacks of other systems. In addition, this assay,
together with our mutant collection, will enable us to start a
screen for second-site revertants.
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ADDENDUM

Two mutational analyses of CEN DNA function have
recently appeared. R. Ng and J. Carbon (Mol. Cell. Biol.
7:4522-4534, 1987) analyzed the effects of four point muta-
tions and three deletion mutations in CDEIII on mitotic CEN
function and presented evidence for the existence of a
CDEIII-binding protein in cell extracts. S. Cumberledge and
J. Carbon (Genetics 117:203-212, 1987) demonstrated the
importance of CDEI, both in mitotic and meiotic CEN
function, by constructing and analyzing deletion mutations
in CDEI. The results presented here are in agreement with
these reports. In addition, M. Saunders, M. Fitzgerald-
Hayes, and K. Bloom (Proc. Natl. Acad. Sci. USA
85:175-179, 1988) analyzed the effects of mutationally al-
tered CEN DNA on chromatin structure surrounding the
centromere region. The results correlated the presence of
the nuclease-protected core with centromere function.
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