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Chromosome segregation in most eucaryotic organisms
involves the attachment of a spindle apparatus to a specific
chromosomal domain, the kinetochore. While the assembly
and disassembly of the mitotic spindle can be visualized by
a variety of methods, the mechanism by which chromosomes become attached to this apparatus is not understood.
The isolation of the DNA sequences required for chromosome segregation in the budding yeast Saccharomyces cerevisiae has provided the first insights at the molecular level
into the function of this unique chromosomal domain (7, 12,
13, 18, 24, 30, 34, 38).
There are two major components involved in chromosomal segregation: the spindle apparatus and the kinetochore. The spindle apparatus provides the framework for
chromosome movement in mitosis through spindle fibers
that are connected to the chromosomes. The kinetochore
includes the structural components at the site of attachment
of the spindle fibers and is located within a unique chromosomal domain, the centromere. During mitosis, the
centromere region is observed as the primary constriction
along the chromosome fiber in higher eucaryotic cells. The
centromeric region in the yeast cannot be seen microscopically due to the absence of mitotic chromosome condensation in S. cerevisiae. Examination of the molecular structure
of yeast centromeres by nuclease digestion has revealed that
centromeric DNA (CEN) is organized into a 220- to 250base-pair (bp) protected chromatin structure (4). The
centromere core particle, including DNA and associated
protein, is therefore structurally distinct from the typical
146-bp DNA-histone core particle that constitutes the bulk
of eucaryotic chromatin. Centromere DNA, whether in situ,
in heterologous chromosomes or in autonomously replicating plasmids introduced into yeast, is always organized into
a 220- to 250-bp core complex (3). Furthermore, point
mutations at select sites within this region result in both
inactivation of centromere function (28) and complete disruption of the protected chromatin core (M. J. Saunders and
K. S. Bloom, unpublished results). The structural integrity
of the chromatin core encompassing the centromere DNA
elements is therefore a likely requirement for centromere
function.
*

The manipulation of centromere DNA in vitro and the
determination of the resulting in vivo phenotype have helped
to elucidate the DNA sequence requirements for proper
centromere function. Short regions of DNA sequence homology, elemnent I (8 bp) and element III (25 bp), occur in the
centromere sequences from all 10 chromosomes thus far
examined (13, 18). These conserved elements are separated
by element II, which is composed of 78 to 86 bp of DNA that
is greater than 90% A+T-rich sequence. Single base changes
in element III can inactivate the ability of this sequence to
stabilize an entire yeast chromosome (28, 31, 33). The base
requirements of element II are less stringent. Changes in the
base composition as well as changes in the length by 20 to 30
bp can be tolerated without compromising centromere function (15, 32). Since CEN is not transcribed and is not
involved in gene product formation (41), the mutations must
act by altering interactions that are required to produce the
correct chromatin conformation.
Mutations introduced in vitro into the centromere DNA
sequence are useful for defining functional domains, but are
of limited use for assessing the assembly and function of
centromere components. The isolation of conditional mutants in gene coding sequences has provided a powerful tool
for the analysis of gene function. The protein product of
conditional mutants is active under permissive conditions
and is inactive or has altered activity under restrictive
conditions. Typically the conditional phenotype is induced
by temperature shift. The pathway of assembly of
centromeric components into a functional kinetochore and
the regulation of such components could be dissected with
the aid of conditionally mutant centromeres. Since the
centromere does not encode a protein product, we have
taken a different approach to construct a conditionally
mutant centromere. We demonstrate that it is possible to
regulate centromere function by inducing or repressing transcription from a strong yeast promoter placed immediately
upstream from a CEN sequence. The conditional centromere
will be a useful tool for further analysis of centromere
function.
MATERIALS AND METHODS
Strains. Escherichia coli HB101 [F- hsdS20 (rp- m7-)
recA13 ara-14 proA2 lacYI galK2 rpsL20 (Smr) xyl-5 mtl-l
supE44 X-] was used for transformation and amplification of
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A conditional centromere was constructed in Saccharomyces cerevisiae by placing the centromere of
chromosome III immediately downstream from the inducible GAL) promoter from S. cerevisiae. By utilizing
growth conditions that favor either transcriptional induction (galactose-carbon source) or repression (glucosecarbon source) from the GAL) promoter, centromere function can be switched off or on, respectively. With the
conditional centromere we were able to radically alter the mitotic transmission pattern of both monocentric and
dicentric plasmids. Moreover, it was possible to selectively induce the loss of a single chromosome from a
mitoticafly dividing population of cells. We observed that the induction of chromosome HI aneuploidy resulted
in a dramatic change in cell morphology. The construction of a conditional centromere represents a novel way
to create conditional mutations of cis-acting DNA elements and will be useful for further analysis of this
important stabilizing element.
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FIG. 1. Construction and partial restriction maps of GALCEN
plasmids. Plasmid pBM150 (20) contains a 685-bp EcoRI-BamHI
DNA fragment with the divergent GALJ-GALIO yeast promoters
(see text). The BamHI site is located 56 nucleotides downstream
from the GAL] transcription initiation site. The monocentric plasmid pGALCEN3 was constructed by digesting pBM150 with SmaI
and XhoI to remove the CEN4 sequence, followed by a Klenow
fill-in and ligation reaction. The resulting plasmid, pBM150-CEN4,
was digested with BamHI, and a 624-bp Sau3A CEN3 fragment (13)
was inserted. The dicentric plasmid pGALCEN2 was constructed by
cloning the 624-bp Sau3A CEN3-containing fragment into the
BamHI site of pBM150. The orientation of the CEN3 elements is the
same in both GALCEN plasmids; element I is proximal to the GAL]
promoter and is 122 bp downstream from the GAL] transcription
initiation site. This orientation generates a 1.3-kb EcoRI-BamHI
restriction fragment that includes all of the GALCEN sequence.
Restriction sites: B, BamHI; S, Sal; Sm, SmaI; X, XhoI; P, PstI; E,
EcoRI; D, DdeI.

plasmid DNA. S. cerevisiae J17 (MATa his2 adel trpl metl4
ura3) was used as the host for the plasmid transformations
and has been described previously (13). J178-1D (MATa
adel met14 ura3 leu2 his3) was used for the genomic
substitution experiment. Strain D502-2B (MATa ade6) was
used as the tester strain in the quantitative mating experiments and was kindly provided by Beverly Errede.
Media. YPD contained 2% dextrose (or 2% galactose), 2%
peptone, and 1% yeast extract. YP glycerol plus lactate
contained 3% glycerol, 2% lactate, 2% peptone, and 1%
yeast extract. Yeast minimal medium contained 0.67% yeast
nitrogen base (Difco), 2% glucose (or 2% galactose), supplemented with 0.5% Casamino Acids, adenine and uracil (20
gig/ml), and tryptophan (50 gig/ml). For agar plates, 15 g of
agar per liter of medium was used.
Plasmid construction. The plasmid pGALCEN2 (Fig. 1)

constructed by ligating a 624-bp CEN3-containing
Sau3A DNA fragment into the single BamHI site of pBM150
(20) by using T4 ligase from Boehringer Mannheim Biochem-
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icals, Indianapolis, Ind. Ligation was followed by transformation into HB101, and the presence and orientation of the
insert were confirmed by restriction digestion of miniplasmid
preparations from ampicillin-resistant transformants. The
plasmid pGALCEN3 was constructed by digestion of
pBM150 with XhoI and SmaI to remove the CEN4 sequence.
This was followed by filling-in of the ends with the Klenow
fragment of DNA polymerase I (Boehringer Mannheim
Biochemicals) and blunt-end ligation of the resultant molecules. Such ligation does not restore either restriction enzyme recognition site. The resulting plasmid pBM150-CEN4
was transformed into E. coli HB101, and positive transformants were analyzed by restriction digestion of miniplasmid
preparations. The CEN3-containing Sau3A fragment was
inserted into the BamHI site of pBM150-CEN4 in a manner
similar to that described above. Specific restriction endonuclease DNA fragments were purified from agarose gels by
electroelution by the method of Maniatis et al. (25).
Transformation of yeast. The lithium acetate (LiAc)
method of Ito et al. (19) was used for transforming yeast. An
early-log-phase culture of the appropriate strain grown in
YPD (YP-Gal made with 2% galactose substituted for glucose was used when transforming with pGALCEN2 DNA)
was washed with sterile water, suspended in 1 ml of 10 mM
Tris hydrochloride-0.1 M LiAc-1 mM EDTA, pH 7.5, and
incubated at 32°C with agitation for 1 h. Samples of cells (0.1
ml) were incubated with 40 ,ug of sonicated salmon sperm
DNA for carrier and 5 to 10 ,ig of transforming plasmid DNA
at 32°C for 30 min. Cells were mixed with 0.7 ml of 40%
polyethylene glycol 4000-0.1 M LiAc-10 mM Tris hydrochloride-1 mM EDTA, pH 7.5, and incubated for 30 min at
30°C. The cells were heat-shocked at 42°C for 5 min, washed
twice with 10 mM Tris hydrochloride-1 mM EDTA, pH 7.5
(lx TE), and suspended in 1 ml of lx TE, and samples (0.2
to 0.3 ml) were plated onto selective medium. When transforming with the plasmid pGALCEN2, galactose was used as
the carbon source in the transformation plates.
Preparation and digestion of nuclei. The procedure for
isolating nuclei has been described previously (4). When
isolating nuclei from cells transformed with pGALCEN2 or
pGALCEN3 under induced conditions, all of the solutions
used in preparation and digestion were supplemented with
2% galactose.
Preparation and restriction digestion of yeast DNA for
plasmid analysis. Transformed yeast strains were grown for
24 to 36 h at 32°C in 5 ml of minimal medium with either
glucose or galactose as the carbon source. The cells were
harvested by centrifugation, washed once with water, suspended in lysis buffer (0.1 M Tris hydrochloride, pH 8.0, 50
mM EDTA, 1% sodium dodecyl sulfate), and transferred to
Eppendorf tubes. Cells were lysed with glass beads by
shaking on an Eppendorf mixer for 15 min. The supernatant
was transferred to a new tube, extracted with phenol and
chloroform-isoamyl alcohol (24:1), ethanol precipitated, and
dissolved in 50 ,ul of water. Restriction endonucleases were
purchased from New England Biolabs, Beverly, Mass., and
used according to company specifications.
Gel electrophoresis and hybridization analysis of DNA.
DNA samples were analyzed on 1.0% agarose slab gels
containing 0.09 M Tris-borate (pH 8.3) and 2.5 mM EDTA
(25). Transfer of DNA from agarose gels to nitrocellulose
paper (Schleicher and Schuell, BA85) was performed essentially as described by Southern (37). Nick translation and
hybridization analysis were performed as described by
Bloom and Carbon (4). Autoradiography was performed for
24 to 72 h at -80°C with Kodak XAR-5 film (Eastman Kodak
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Co., Rochester, N.Y.) and a Du Pont Cronex Lightning-Plus
intensifying screen (Dupont Instruments, Wilmington, Del.).
Plating assays to determine plasmid stability. Cultures
grown selectively for the presence of the URA3+ gene on the
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FIG. 2. Mitotic stability of pGALCEN3 in media containing
either glucose or galactose as the carbon source. The mitotic
stability of pGALCEN3 in glucose growth conditions is indicated by
the open circles and in galactose growth conditions by the solid
circles.

RESULTS
Construction of a conditional centromere. The centromere
in S. cerevisiae is a transcriptionally inactive region of the
chromosome. Transcripts have been mapped to within 200 to
300 bp of the centromere core (41), but attempts to detect
transcripts at the level of 1 to 2 copies per cell did not reveal
transcripts homologous to the centromere core itself. It has
been demonstrated that when CEN is placed near an actively
transcribed promoter, centromere function is impaired (6,
32; A. Hill and K. S. Bloom, J. Cell. Biochem. 9C(Suppl.):134, 1985). Utilizing this observation, we constructed a
conditional centromere by placing an inducible promoter
from the yeast GAL] gene immediately upstream from
CEN3 on a plasmid. In S. cerevisiae, the adjacent GAL] and
GALIO genes encode enzymes that are involved in galactose
metabolism (2, 10). While these two genes are divergently
transcribed, they are coregulated by a cis-acting DNA element, the GAL upstream activating sequence (UASG), which
is located midway between their transcription initiation sites
(16, 20). This upstream DNA sequence regulates GAL] and
GALIO transcription by responding to a simple external
switch, the growth of cells on either glucose- or galactosecontaining medium. Transcription is repressed in cells utilizing glucose (or glycerol plus lactate) as a carbon source,
while the transfer of cells to galactose-containing medium
results in a 1,000-fold induction of transcription (20). The
sequences that control this response are contained within a
685-bp DNA fragment that includes the transcription initiation sites for GAL] and GALIO, but does not contain any
coding sequence (20). By constructing a recombinant plasmid with CEN3 sequence located 122 bp downstream from
the GAL] transcription initiation site contained with the
685-bp control region, CEN function was brought under
GAL] control (Fig. 1). The resulting plasmid, pGALCEN3,
was transformed into ura3 haploid strain J17, and the pattern
of plasmid segregation and plasmid copy number per cell
were determined in medium containing glucose or galactose
(Fig. 2). Growth on glucose is permissive for centromere
function, and the plasmid exhibits segregation properties
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plasmid in either glucose- or galactose-containing medium
were used to inoculate rich medium with the same carbon
source, YPD (glucose) or YP-Gal. Samples were removed at
appropriate intervals, diluted, and spread onto YPD agar.
After 2 days at 32°C, the colonies were replica plated onto
YNB agar (Difco) containing yeast nitrogen base, 2% glucose, 0.5% Casamino Acids, adenine (20 ,ug/ml) and
tryptophan (50 ,ug/ml), with and without uracil (20 p.g/ml).
After an overnight incubation at 32°C, the percentage of
Ura+ and Ura- colonies was scored.
Copy number determination. The copy number of
pGALCEN3 was determined by preparing genomic DNA
from J17 cells transformed with the plasmid. DNA was
restricted with EcoRI, which linearizes the plasmid and
generates a 5.1-kilobase (kb) genomic CEN3 fragment. DNA
was electrophoresed in a 1% agarose gel, transferred to
nitrocellulose, and probed with a radiolabeled CEN3 fragment. The genomic CEN3 band was used as a single-copy
standard with which to compare the plasmid band. Dilutions
of linearized pGALCEN3 plasmid equivalent to 1, 2, 5, 20,
50, and 100 copies per cell were also electrophoresed and
probed with CEN3. Autoradiographs were scanned with a
Joyce Loebl Chromoscan 3. Peaks were analyzed by the
built-in Rev 4.3 software. A standard curve was constructed
and used to determine pGALCEN3 copy number.
Quantitative mating experiments. A sample of
YGALCEN3 diploid cells or the untransformed parent diploid (J17 x J178-1D) was grown for 20 h in rich medium
(yeast extract, Bacto-peptone [Difco]) with glucose, galactose, or glycerol-lactate as the carbon source. Approximately 2 x 106 to 4 x 106 cells were mixed with an excess,
4 x 106 to 8 x 106, of the haploid tester strain D502-2B (Mata
ade6). The cell titer was estimated initially from an optical
density reading at 660 nm and subsequently confirmed by
spreading serial dilutions onto YPD plates and incubating at
32°C for 2 days. The number of colony-forming units per
volume was determined. The mixture of experimental and
tester cells was filtered onto a sterile Metricel membrane
filter (0.45-,um pore size; Gelman Sciences, Inc.) which was
incubated cell-side-up on YPD plates for 4 h at 32°C. The
cells were removed by suspending the filter in 10 ml of sterile
1 M sorbitol and vortexing. Cells were pelleted by centrifugation, and the cell pellet was suspended in a small volume
of sterile water. Either the entire volume of cells or serial
dilutions were spread between three YNB agar plates (yeast
nitrogen base containing 2% glucose) which were incubated
at 32°C for 2 days. Only cells that had mated and formed
diploids were able to grow on minimal plates. The number of
diploids to arise was divided by the total number of haploid
experimental cells used for mating, and the fraction of
competent maters in the population was determined. All
samples were done in duplicate or triplicate, and the average
values are presented in Table 1.
Hoechst staining of cells. One milliliter of a logarithmic
culture of cells was pelleted in an Eppendorf tube, suspended in 70% ethanol, and incubated for 30 min at room
temperature. Following the ethanol incubation, cells were
washed with sterile water and suspended in Hoechst-33342
dye (Sigma B-2261) at 1 ,ug/ml for 5 min at room temperature. Finally, cells were washed, suspended in a small
volume of sterile water, and spread directly onto microscope
slides for viewing.
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similar to that of conventional centromere-containing plasmids (for a review, see reference 9). Under these conditions
the plasmid was maintained at 1 to 2 copies per cell (data not
shown). Conversely, growth on galactose-containing medium is restrictive for centromere function. The behavior of
pGALCEN3 in galactose-containing medium typifies the
mitotic behavior of an ARS plasmid, which exhibits a
segregation bias for the mother cell (29). This nonrandom
pattern of transmission results in the rapid loss of ARS
plasmids from a population in the absence of selective
pressure and an accumulation to high copy number in the
mother cells. The rapid plasmid loss and dramatic increase in
pGALCEN3 copy number (see Fig. 8) when propagated in
cells utilizing galactose may reflect a segregation bias of the
plasmid for the mother cell as well.
While one CEN is required for chromosome stabilization,
two of these sequences on the same molecule can be
detrimental. The consequences of dicentric molecules can be
found in the early experiments with maize of McClintock
(27), who observed a breakage-fusion-bridge cycle when
chromosomes have broken and fused to form dicentric
chromosomes. These molecules are physically unstable,
giving rise to broken derivatives in each division cycle.
Similarly, in yeast, dicentric chromosomes (17) and dicentric
plasmids (26) are physically unstable. Thus, two centromeres on a chromosome or a plasmid are incompatible
with the stable maintenance of intact molecules through
mitosis. Presumably, the spindle apparatus attaches to both
centromeres and the chromosome breaks before spindle
attachments are released. This leads to broken derivatives.
The breakage of dicentric plasmid molecules can be used
as an assay for centromere function. We constructed a
plasmid, pGALCEN2 (Fig. 1), containing the conditional
centromere as well as a second centromere, CEN4, cloned 3
kb away from the GAL promoters so that CEN4 function is
not conditional on the carbon source. Haploid strain J17 was
transformed with pGALCEN2 and grown with either glucose
or galactose as the sole carbon source. Intact plasmid DNA
was recovered from cells grown on galactose-containing
medium, while growth on glucose-containing medium pro-

duced molecules with deletions in one of the two centromere
sequences. Figure 3 demonstrates a restriction enzyme
analysis of plasmid DNA recovered in E. coli cells. The type
of rearranged plasmid that can be recovered is subject to
several selection constraints. Propagation in yeast strain J17
requires the presence of the selectable marker URA3 and
sequences that promote autonomous replication, ARSJ.
Introduction into E. coli requires the presence of the 1lactamase gene (Amp) and the ColEl origin. The rearranged
plasmids shown in Fig. 3 were all deleted in the CEN3
sequence. This preferential deletion of CEN3 is probably
due to a selection bias that occurs during propagation in E.
coli. When molecules were analyzed directly from yeast
cells without being shuttled into E. coli, we detected deletions in both CEN3 and CEN4 DNA (data not shown). These
results indicate that the condition that is restrictive to the
conditional centromere (galactose as the carbon source)
produces a dicentric plasmid that is functionally
monocentric and thus maintained intact through successive
cell divisions. Growth conditions permissive to the conditional centromere (e.g., glucose) resulted in a dicentric
plasmid that gave rise to broken derivatives.
Conditional centromere in the chromosome. The function
of the conditional centromere in the chromosome was examined by replacing the normal centromere in chromosome
III with the conditional centromere via fragment-mediated
transformation (36). An appropriate ura3 haploid strain
(J1781D) was transformed with a restriction fragment containing both the conditional centromere and a selectable
marker, URA3 (Fig. 4), and plated onto selective plates
containing glucose as the carbon source. Substitution of the
wild-type CEN3 sequence with the conditional centromere
in the Ura+ transformants was confirmed by hybridization
experiments on total genomic DNA (data not shown). The
substituted strain is referred to as YGALCEN3.
To assess the function of the conditional centromere, a
diploid strain was constructed by crossing YGALCEN3 cells
to the haploid strain J17, and the frequency of chromosome
III loss was evaluated in various carbon sources by a
quantitative mating assay (11). This assay measures the
number of cells in an a/a diploid population that are competent to mate due to the loss of a or a information at the MAT
locus on chromosome III. This loss of information can be the
consequence of mitotic recombination or gene conversion
involving the MAT locus or the result of losing one copy of
chromosome III. Since the loss of the substituted chromosome III will uncover the recessive MATa allele, we tested
the frequency with which cells in the substituted diploid
population were able to mate with MATa tester cells. Table
1 presents the frequency of a mating cells that arose after
growth on different carbon sources. In growth conditions in
which GAL] transcription is repressed (glycerol plus lactate
and glucose) the frequency with which maters appeared was
no greater than 1o-4 per cell division. This frequency was
similar to that obtained with the untransformed parent strain
(Table 1). Since the frequency with which MATa information
was lost was not higher than that measured in a wild-type
strain, we conclude that the substituted chromosome is as
stable as a wild-type chromosome in these two carbon
sources. When the same cells were grown in a galactose
carbon source for five generations, mating-competent cells
arose at a frequency that was three orders of magnitude
greater than that measured for either the glucose or glycerol
plus lactate carbon sources.
The loss of the conditional chromosome from a diploid
population of YGALCEN3 cells is dependent on the length
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FIG. 3. Restriction analysis of pGALCEN2 DNA recovered
from either galactose- or glucose-utilizing yeast cells. Cells from the
yeast strain J17 transformed with pGALCEN2 DNA were grown in
selective medium with either galactose or glucose as the carbon
source for eight generations. Total DNA was prepared and used for
transforming E. coli HB101 cells to ampicillin resistance. Plasmid
DNA was prepared from several ampicillin-resistant transformants
and digested with PstI and EcoRI, generating a 3.7-kb CEN4
fragment and a 2.5-kb CEN3 fragment in the unrearranged plasmids
(see Fig. 1). DNA fragments were electrophoresed and stained with
ethidium bromide. The two outside lanes demonstrate the size of the
PstI-EcoRI restriction fragments from an unrearranged plasmid.
The restriction fragments containing CEN4 and CEN3 are indicated.
The carbon source in which the yeast cells were grown is indicated
below the lanes. In all transformants analyzed from glucose-utilizing
cells, we detected a shift in one of the CEN-containing fragments.
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Fraction opulatio
of mated
cellsin
cells In population

Carbon source

Strain

1.8 x 1O-4
2.0 x 10-4
1.8 x 10-l
3.5 x 1O-4
J178-1D x J17
4.5 x 10-4
4.7 x 1O-4
a Mating experiments were done to determine the frequency with which
mating-competent cells arise from a diploid YGALCEN3 population cultured

Glucose
Glycerol plus lactate
Galactose (five generations)
Glucose
Glycerol plus lactate
Galactose

YGALCEN3

in various carbon

sources.

extending from the mother cell. Hoechst staining of these
cells suggested that the appendage was truly a bud because
the nucleus could be seen stretched out between the mother
cell and the bud (Fig. 6D). The elongated bud was still
apparent when cells made 2n - 1 for chromosome III in
galactose medium were switched into glucose-containing
medium for 24 h. Thus, it appears that the morphology was
not simply an effect of the carbon source during chromosome loss. The aberrant morphology was lost after prolonged growth (10 to 12 days) of the 2n - 1 cells in galactoseor glucose-containing medium. The return to a normal cell
morphology could reflect the unstable nature of chromosome
III monosomes. It has been demonstrated that strains
monosomic for chromosome III are not stable and revert to
2n euploids by duplication of the remaining homolog (23).
YGALCEN3 haploid cells containing the substituted chromosome would be expected to be inviable if propagated on
galactose-containing medium (conditional lethality).
YGALCEN3 haploid cells were grown to logarithmic phase
in a medium containing glycerol plus lactate as the carbon
source, and equal portions were spread onto agar plates of
rich medium containing glucose or galactose as a carbon
source. After 2 days of incubation at 32°C, approximately 0.1
to 0.3% as many colonies appeared on the glucose-
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FIG. 4. Substitution of the centromere region of chromosome III
with the conditional centromere. The conditional centromere was
constructed by isolating the 1.3-kb EcoRI-BamHI restriction fragment from pGALCEN3 (Fig. 1) and digesting it with DdeI. DdeI
digestion generates an 865-bp DNA fragment that does not include
the GALIO transcription initiation site. The four elements of the
upstream activating sequences (UASG) are present as well as the
complete centromere elements I to III. The ends of the DdeI
fragment were filled in with Klenow polymerase, and BamHI linkers
were attached by blunt-end ligation. The resulting GALCEN
BamHI fragment was inserted into the BamHI site of the centromere
III substitution vector pJC3-13 (8). When pJC3-13 is restricted with
EcoRI a transforming fragment is generated that contains at its ends
DNA sequence from the chromosomal flanking regions of CEN3, A
(1.9 kb) and B (2.5 kb). In addition the URA3+ gene is present as a
selectable marker. The diagram indicates the recombination event
that must occur between the transforming fragment and the
centromere region of chromosome III to generate a chromosome
substituted with the conditional centromere. The location of the
conditional centromere is indicated by the heavy line, which in the
diagram of the substituted chromosome has been expanded for
clarity. The direction of GAL] transcription is indicated by the
arrow, and the position of the UASG is indicated. The orientation of
the CEN3 elements in the conditional centromere is reversed from
that of the wild type. It has been demonstrated that the stabilizing
properties of CEN3 are orientation independent (8). Restriction
sites: EcoRI, I; Sau3A, A; BamHI; 0; HindIII, X.
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FIG. 5. Induction of chromosome III loss in YGALCEN3 cells

by galactose addition. Galactose was added (to give a final concentration of 2%) directly to a logarithmic culture of YGALCEN3 cells
growing in rich medium with glycerol plus lactate (3%o glycerol, 2%
lactate) as the carbon source. Samples were removed at appropriate
intervals, and the percentage of URA+ cells was determined. The

URA3 marker is linked to the conditional centromere in
YGALCEN3 cells (Fig. 4). The symbols represent three different
cultures that were assayed independently for chromosome loss.
Approximately 600 colonies were scored for each time point.
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of time the culture has been exposed to galactose. Galactose
induction of the GAL] promoter produces such a high
frequency of chromosome III loss that it is possible to
measure this loss over time by replica plating and following
the loss of the Ura+ phenotype. The URA3 gene is closely
linked to the conditional centromere (Fig. 4). The rate at
which chromosome III was lost from the population was
measured by adding galactose directly to a logarithmic
culture of YGALCEN3 diploid cells in glycerol plus lactate
medium and measuring the percentage of Ura+ cells in the
population (Fig. 5). In this experiment a lactate carbon
source was used to avoid the lag in induction of the galactose-metabolizing enzymes that occurs when cells are
switched from a glucose to a galactose carbon source (1). At
the end of five doublings, 80% of the population appeared to
have lost the substituted chromosome.
The ability to disrupt CEN3 function and cause a rapid
chromosomic loss provides a unique opportunity to examine
cells during the process of becoming aneuploid for chromosome III. The induction of chromosome III loss from
YGALCEN3 cells was associated with a striking change in
cell morphology. After three generations of growth in the
presence of 2% galactose, approximately 50%o of the population exhibited the aberrant morphology shown in Fig. 6.
This correlated with uracil auxotrophy in half of the population (Fig. 5). After five to six generations in galactosecontaining medium, the entire population appeared to have
developed the aberrant morphology. The growing bud was
greatly elongated, appearing like a process or appendage
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FIG. 6. Morphology of YGALCEN3 cells after exposure to galactose. Galactose was added directly to a culture of YGALCEN3 diploid
cells growing in rich medium with glycerol plus lactate as the carbon source. Cells were incubated at 32°C with shaking for 20 h and then
stained with the fluorescent dye (Hoechst) as described in Materials and Methods. (A) Phase optics; morphology of YGALCEN3 cells prior
to the addition of galactose; (B) same cells as in panel A viewed with fluorescence optics. (C) Phase optics; morphology of YGALCEN3 cells
after galactose addition; (D) same cells as in panel C photographed with fluorescence optics.

containing plates as on the galactose-containing plates. In
addition, microscopic examination of the galactosecontaining plates revealed that the cells unable to form
visible colonies had formed microcolonies consisting of
about 60 cells. Thus, the YGALCEN3 haploid cells on
galactose underwent five to six divisions before growth was
arrested. These cells also exhibited the greatly elongated
buds characteristic of the diploids during chromosome loss
(Fig. 6). When some of the galactose-resistant colonies were
cultured in glucose-containing medium and then switched
into galactose-containing medium for a second time, they
appeared to regain the sensitive phenotype. Thus, these cells
were delayed in their response to the detrimental effects of
galactose utilization. We are investigating the nature of the
0.1 to 0.3% galactose-resistant colonies in hopes of finding
cells that are permanently resistant. Cells managing to
completely escape the detrimental effects of galactose utilization could result from mutations in the galactose promoter
or altered centromeric DNA or proteins.
Chromatin structure of the conditional centromere. The
preceding data demonstrated that it was possible to inactivate centromere function by inducing transcription from an
adjacent GAL] promoter. Regulation of this promoter provides a simple genetic switch to control centromeres and

therefore chromosome stability in the division cycle. To
investigate the mechanism by which transcriptional inactivation of the centromere occurs, we used nuclease digestion
and indirect end labeling (40) to examine the chromatin
structure of the conditional centromere in both permissive
and restrictive conditions. The core of a functional
centromere lies within a nuclease-protected region of chromatin that is seen in all functional centromeres regardless of
their chromosomal or plasmid position (3). It is possible that
the proximity of the transcriptional complex to the
centromere core disrupts critical protein-DNA interactions
and consequently leads to centromere inactivation. To test
this possibility we assayed the chromatin structure of the
inactivated conditional centromere on both the monocentric
and the dicentric GALCEN plasmids (Fig. 1). As described
above, the mitotic stability and, hence the copy number of
these two plasmids were very different. In galactosecontaining medium, the dicentric pGALCEN2 was functionally monocentric and thus maintained at a low copy number
in the cell. The monocentric pGALCEN3 behaved as a yeast
replicating plasmid and was accumulated to a high copy
number. Because of potential titration effects the number of
copies of the centromere sequence in the cell is an important
consideration when evaluating protein-DNA interactions.
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FIG. 7. Nuclease-sensitive sites in CEN3 chromatin from glugalactose-grown cells. Nuclei were prepared from
pGALCEN3-containing J17 cells grown selectively in either glucose- or galactose-containing medium and from pGALCEN2bearing J17 cells cultured selectively in galactose-containing medium. Chromatin and naked DNA were digested with DNase I for
the times indicated (in minutes) by procedures already described (4).
The DNA fragments were.purified and incubated in the presence (+)
or absence (-) of Sall. Samples were electrophoresed on a 1.4%
agarose gel, blotted, and hybridized to a 275-bp SaIl-BamHI radiolabeled probe originating from the Sall site (large arrow) and
extending towards the centromere elements III to I. The restriction
maps at left and right indicate the position of the CEN3 elements and
the approximate location of the GAL] transcription initiation site.
MQlecular weight markers (MW) were prepared from genomic DNA
from pGALCEN3-containing J17 cells restricted with Sall, SailPstI, PstI-BamHI, and Sall-DdeI. Naked DNA (N) was prepared
from pGALCEN3-bearing cells (left lane) and from pGALCEN2bearing cells (right lane). Restriction enzyme recognition sites:
BamHI, A; Sau3A, 0; PstI, x.
cose- versus

Nuclei were isolated from glucose- and galactose-grown
cells containing pGALCEN3 and from galactose-grown cells
containing pGALCEN2. Chromatin DNA was digested with
DNase I, extracted to remove associated proteins, and then
digested to completion with Sall, which cleaves close to the
conditional centromere. The construction of pGALCEN3
and pGALCEN2 is such that it was possible to use the same
mapping strategy to resolve the nuclease cutting sites around
the centromere for both plasmids. The DNA fragments were
separated by electrophoresis, transferred to nitrocellulose,
and hybridized to a radiolabeled probe that abuts the Sall
site and extends towards CEN3 (Fig. 7). In the undigested
lanes one can observe the pattern of DNA fragments that
was produced by DNase I digestion of the chromatin. After
complete secondary digestion with Sall, the protected
centromere core was seen around the region of DNA containing the elements of centromere homology, I to III. As
expected, the protected core was clearly visible in
pGALCEN3 chromatin isolated from cells cultured in glucose-containing medium (centromere-permissive conditions). The centromere was fully functional under these
conditions, and thus the plasmid was maintained at low copy
number. Surprisingly, a protected core surrounded the elements of centromere homology I to III on pGALCEN2
chromatin isolated from galactose-cultured cells, when
centromere function is inactivated (Fig. 7). These results

suggest that the overall chromatin core structure is not
perturbed by transcriptional inactivation of the centromere,
and at least a portion of the centromeric components remain
bound following the induction of transcription. However,
the assay of nuclease sensitivity is not sensitive enough to
resolve minor changes in the structure that might be perturbed by the transcriptional complex. These results also
suggest that binding per se of chromatin components is not
sufficient for function, but other parameters such as conformation are also required. Finally, the analysis of chromatin
structure on the high-copy pGALCEN3 from galactosegrown cells revealed that a protected centromere core was
apparent as well, but was somewhat less distinct than for the
low-copy-number plasmids pGALCEN3 (glucose lanes) and
pGALCEN2 (galactose lanes) of Fig. 7. Thus, a majority
of the high-copy centromere sequences in the cell are
assembled into a core structure that confers nuclease resistance.
Switch from centromere-restrictive to centromerepermissive conditions. When cells containing pGALCEN3
were propagated selectively in galactose-containing medium, a majority of the Ura+ cells contained the plasmid at
high copy number (an average of 50 to 60 copies per cell). As
shown in Fig. 7, at least a portion of the centromeric
components remained bound to their target DNA in these
conditions. The ability to switch the centromeres from an
inactive to an active state provided a unique method to
examine the assembly of functional centromeres in the cell.
Cells containing pGALCEN3 were grown for eight generations in selective medium with galactose as a carbon source
and then switched to selective medium with glucose as a
carbon source. Plasmid stability and copy number were
determined at various times after transfer into glucosecontaining medium (Fig. 8). By the second generation in
glucose, the number of plasmid-bearing cells had increased
60% relative to the population in galactose prior to the
switch. The increase in plasmid stability was accompanied
by a concomitant decrease in the average copy number per
cell (Fig. 8). The rate of increase in the percent of plasmidbearing cells was consistent with a major portion of the
plasmid-bearing cells at the outset of the experiment giving
rise to daughters containing a plasmid. We cannot distinguish whether a few percent of very high copy number cells
were dying. However, cells containing four to five copies of
CEN plasmid become the predominant class in the population after a number of generations in glucose.
DISCUSSION

Conditional mutants have been used as a tool in the
dissection of the genetic and biochemical events involved in
many cellular processes, including phage morphogenesis and
eucaryotic cell division (22, 35). For example, the temporal
sequence of events in the yeast cell division cycle has been
elucidated by employing conditional mutants that are
blocked at discrete times throughout the cell cycle (for a
review, see reference 35). Typically a conditional mutation is
the consequence of a heritable change in the coding region of
a gene that generates an altered protein that is able to
function at one temperature and not at an elevated or
reduced temperature. Here we describe the construction and
behavior of a conditional mutation in a noncoding DNA
element, the centromere, that is responsive to changes in
carbon source. By placing the centromere, a transcriptionally quiescent region, adjacent to a strong inducible pro-
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FIG. 8. Mitotic stability and copy number of pGALCEN3 in
subsequent generations in glucose-containing medium after switching from galactose-containing medium. J17 cells transformed with
pGALCEN3 were grown selectively for the presence of the plasmid
in medium containing 2% galactose as the sole carbon source. Cells
were spun down, washed twice in sterile water, and suspended in
the same medium except that the 2% galactose was replaced with
2% glucose. Samples were removed at subsequent generations and
used to determine the percentage of URA+ cells and plasmid copy
number per cell. On the left axis is plotted the plasmid copy number
per cell. On the right axis is plotted the percentage of cells in the
population with the plasmid. Both of these are plotted for increasing
generations in glucose, as indicated on the bottom of the figure.
Generation time is a measure of the entire population of cells and
does not distinguish between the growth rate of cells that may
contain the plasmid at a different copy number. Time-zero data were
determined while the cells were in the galactose-containing medium.

moter, GAL], it is possible to regulate centromere function
during the cell cycle. A conditional mutation in a cis-acting
DNA element provides a novel approach to studying the
assembly and function of DNA sequences involved in structural organization within the cell nucleus.
We observed a unique phenotype after induction of chromosome III loss in cells harboring the conditional chromosome. Transient expression of the aberrant morphology
depicted in Fig. 6 may reflect decreased dosage of a gene
product that, over time, is compensated for by the homologous gene on the remaining chromosome III. Alternatively,
the aberrant cell morphology might develop as a consequence of the aneuploidy process. It is interesting that when
haploid YGALCEN3 cells were spread onto galactosecontaining medium, the major portion of the population
appeared to arrest after several cell divisions with a bud that
was greatly elongated and similar in shape to that seen in the
diploid cells. By constructing other chromosomes with conditional centromeres and inducing the selective loss of these,
we can distinguish whether the change in cell shape occurs
as a consequence of this perturbation during the mitotic
process or is a result of a change in a specific gene dosage.
The ability to interfere with chromosome segregation by
selectively inducing chromosome loss will surely provide
additional insights into basic mechanisms involved in the
mitotic process.
We used the conditional centromere on plasmids to examine the capacity of the cell to segregate an increased number
of centromere DNA sequences. Cells transformed with
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pGALCEN3 and propagated on galactose accumulated the
plasmid in high copy number (Fig. 8). Simply switching the
carbon source to glucose enabled the centromere to function
as a stabilizing element. If cells could segregate 50 to 60
functional centromeres, the plasmid copy number would
increase to 50 to 60 copies in 80 to 90% of the cells.
However, the resulting population of cells shown in Fig. 8
harbored only 4 to 5 copies of the CEN plasmid. Futcher and
Carbon (14) have shown in related experiments that when
positive selection is applied, cells with increased CEN
plasmid copy number (greater than 10) exhibit a decreased
growth rate. These investigators also demonstrated that the
cells pause at, or just before, mitosis. Physical limitations
such as the size of the spindle or nuclear volume could
inhibit the segregation of an excess of these extrachromosomal elements. The regulation of non-DNA components
of the mitotic apparatus, such as centromere DNA-binding
proteins, or spindle components, including tubulin or microtubule-associated proteins, are also important determinants
in the ability of the cell to segregate extra CEN sequences.
The appearance of the nuclease-resistant centromere core in
the chromatin of pGALCEN3 at high copy number in
galactose-containing medium suggests that at least a portion
of the DNA-binding components are in enough abundance to
bind to their substrate. The retention of a protected structure
associated with the CEN DNA in our chromatin assay is
indicative of DNA-binding proteins at this chromosomal
locus, rather than the presence of microtubules, as the
isolation conditions employed in our chromatin mapping
experiments (incubation in calcium chloride at 4°C) will
result in disruption of the mitotic spindle (5, 21).
The mechanism of transcriptional inactivation of yeast
centromere function may result from either the proximity of
RNA transcripts and displacement of centromeric components, or perhaps the local unwinding of the helix proximal
to the centromere core. Centromeric chromatin is organized
into a nuclease-resistant structural core regardless of the
transcriptional state of the adjacent GAL] promoter. However, the chromatin core is disrupted in selected point
mutations that render the CEN sequence inactive. A single
point mutation in the centromere DNA element III that
disrupts function (28) results in the complete disappearance
of the protected chromatin structure (M. J. Saunders and
K. S. Bloom, unpublished observation). While this suggests
a sequence requirement for specific binding, our results with
the conditional centromere indicate that the binding of these
components is not sufficient for centromere function; additional structural parameters are required for function. A
similar transcriptional inactivation of centromere function
by an adjacent promoter has been reported for CEN6 (32)
and CEN3 (6). Philippsen has determined that the transcribed RNA in these cells mapped close to element I or III,
but did not penetrate the elements of centromere homology;
in fact, the transcript map around the centromere core
closely coincides with the structural core that delineates the
centromere (P. Philippsen, personal communication). This is
consistent with the structural data shown in Fig. 7, which
demonstrates the persistence of the chromatin core during
GAL] induction. Thus, the penetration of RNA transcripts
into the protected core is not responsible for centromere
dysfunction. An alternative mechanism may be transriptionally induced unwinding of the double helix (39) that destabilizes the centromere. A local change in helical structure or in
supercoiling could be detrimental to centromere activity,
potentially causing a disruption of essential protein-DNA
interactions.
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