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We introduced CEN6 DNA via integrative transformation
into the right arm of chromosome H in a haploid Sac-
charomyces cerevisiae strain thus creating a dicentric
chromosome. The majority of the transformed cells did
not grow into colonies as concluded from control trans-
formations with mutated CEN6 DNA. Five percent of the
initial transformants with the wild-type centromere gave
rise to well growing cells. We analysed the probable fate
of the dicentric chromosome in two transformants by
electrophoretic separation of chromosome sized DNA and
by hybridizations with chromosome II DNA probes. We
found two different mechanisms which generated cells
lacking dicentric chromosomes. The first mechanism is
breakage of the chromatid between the two centromeres
and healing of the new ends to functional telomeres thus
creating progeny cells with the chromosome II infor-
mation split into two genetically stable new chromosomes
one carrying CEN2 and the other CEN6. The second
mechanism is loss of the resident CEN2 by a 30-50 kb
deletion event which resulted in a genetically stable but
shortened chromosome II. Both mechanisms operated in
the two transformants studied.
Key words: centromere/dicentric chromosomes/telomere/
pulsed field electrophoresis/yeast

Introduction

Genetically stable chromosomes carry one functional centro-
mere. Chromosomes with two functional centromeres, so

called dicentric chromosomes are usually unstable. The
independent attachment of the two centromeres to spindle
fibres from opposite poles can cause breakage of the
chromosome between the centromeres at mitosis. In the
daughter cells the resulting monocentric chromosome
fragments are still unstable, most likely because they lack
a telomere at their broken ends. Broken ends are highly
recombinogenic as already observed by McClintock
(1939,1941) in her classical cytogenetic studies with broken
maize chromosomes. Broken ends, initiated a breakage-
fusion-bridge cycle (BFB cycle). They could fuse to form
a dicentric chromosome which, when pulled to opposite
poles, formed a chromatin bridge with subsequent breakage.
McClintock also found that stabilization could occur in
several ways. Occasional loss of the dicentric chromosome
by non-disjunction generated stable aneuploid cells. In other
cells broken chromosomes could become healed to geneti-
cally stable monocentric chromosomes.
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Molecular studies with respect to the stabilization processes
of dicentric chromosomes have so far only been performed
with the yeast Saccharomyces cerevisiae. This simple
eucaryote has several advantages for such studies. It is
genetically well characterized, tolerates extensive
aneuploidy, can easily be transformed with recombinant
DNA and it is the only organism for which cloned centro-
mere DNA (CEN DNA) is available, thus allowing con-
structions of dicentric DNA molecules with predetermined
sequence arrangements.
Three different experimental approaches have been used

to construct dicentric chromosomes. In the first approach
identical or non-identical CEN DNAs were cloned into
plasmids capable of autonomous replication in S. cerevisiae
(Mann and Davis, 1983; Oertel and Mayer, 1984; Koshland
et al., 1987). Such dicentric circular minichromosomes
depress the rate of cell division and show increased mitotic
non-disjunction. Well segregating derivatives isolated after
prolonged growth carry deletions for either one of the
centromeres.
A completely different approach which mimics a possible

natural situation employed meiotic recombination between
a circular and a linear chromosome IH (Haber et al., 1984;
Haber and Thorburn, 1984). Unequal numbers of cross-over
events generated a dicentric chromosome which can be
described as a tandem duplication of almost the entire
chromosome HI. Colonies from viable haploid spores
carrying such duplicated chromosome Im were highly
variegated. Genetic and Southern blot analysis demonstrated
that stable cell lines arose from mitotic breakage of dicenteric
chromosome followed by different healing events. Since the
dicentric chromosome was a big duplication, the highly
reactive broken ends could recombine with the homologous
regions at the other end of the dicentric chromosome. This
happened in the majority of healing events and genetically
stable monocentric linear or circular chromosomes were
generated.

In the third approach a cloned centromere DNA was
integrated at a predetermined chromosomal location, thus
avoiding the genetic complexity caused by the tandem
duplications in the previously described approach. Surosky
and Tye (1985) studied transformed haploid cells with CEN5
DNA inserted at HIS4, a locus on the left arm of chromo-
some HI. Selection for the maintenance ofCEN5 in chromo-
some HI caused non-resolvable problems for most of the
transformants. Three of the few viable transformants were

analysed and shown to have lost CEN3, the original
centromere, by a deletion event which involved copies of
the mobile element Ty located at both sides of CEN3. A
shortened chromosome HI with CEN5 and a ring chromo-
some with CEN3 were generated. We have previously tested
integrations of CEN6 wild-type and mutant DNA at LYS2,
a locus on the right arm of chromosome II (Panzeri et al.,
1985). Only 5% of the initial transformants grew into
colonies when we selected for the maintenance of the wild-
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Fig. 1. Integration of CEN6-URA3 at LYS2. The top part shows sequence arrangements of the transforming plasmid and the LYS2 locus after
integration of the Clal cleaved plasmid. Sequences of S. cerevisiae origin are indicated by their genetic symbols. Thin lines represent pBR322
sequences with URA3 (1.1 kb Hindm fragment) at the AvaH site (Struhl et al., 1979), CEN6 (2.65 kb EcoRI-BamHI fragment) between the EcoRI
and BamHI sites (Panzeri and Philippsen, 1982) and 3' half of LYS2 (2.3 kb Bglll-BamHI fragment) at the BamHI site (Eibel and Philippsen,
1983). The location of the functional CEN6 sequences is indicated by the dot. The lower part shows a short version of the genetic map of
chromosome II (Mortimer and Schild, 1981) including the orientation of CEN6, URA3 and LYS2. This orientation is based on the known
transcription of LYS2 towards CEN2 (P.Hieter, personal communication). The integration of pAS22 does not lead to an inactivation of LYS2.

type CEN6 DNA at LYS2. Southern blot analyses did not
allow firm conclusions with respect to breakage and healing
events. A major drawback was the lack of a method for direct
observation of chromosomal DNAs.

In this paper we investigate the fate of dicentric chromo-
some II in S. cerevisiae. As a major analytical tool we employ
pulse field gel electrophoresis (Schwartz and Cantor, 1984)
with the modification introduced by Carle and Olson (1984).
Breakage and healing events can be directly analysed. Size
determinations of chromosomal fragments together with
hybridizations to chromosome II DNA probes allow the
location of break-points. Genetic diversities in cell popu-
lations can be seen in one separation and stabilities of
different rearrangements can be easily followed in outgrowth
experiments.

Results

Transformations generating dicentric chromosome 11
Figure 1 shows the plasmid pAS22 which was used for
directed integration at the LYS2 locus of chromosome II.
The plasmid carries a functional CEN6 DNA, URA3 as

selectable marker, and sequences for the LYS2 gene. It
cannot autonomously replicate in S. cerevisiae. After cleavage
at the ClaI site and transformation of the haploid S. cerevisiae
strain VB2-20A (ca ura3 ade2 leu2 trpl) the plasmid will
integrate at the LYS2 locus in a way shown in the middle
of Figure 1 thus creating a dicentric chromosome II. Since
the new centromere CEN6 is tightly linked to URA3, selec-
tion of transformants in medium lacking uracil will select
for the presence of CEN6. When both centromeres of
chromosome II attach to microtubules from opposite poles
(trans attachment) the mitotic segregation can only proceed
if microtubules break or lose their contact to one of the

centromeres or if the chromosomal DNA between CEN2
and CEN6 breaks. The first solution would leave the dicen-
tric chromosome intact the second not.

Transformation of VB2-20A with equal amounts of
linearized pAS22 and pAS22-CEN6 A (a control plasmid
with an inactivating deletion in CEN6) yielded 21 and
500 Ura+ transformants, respectively, and in a second
experiment 78 and 2700 Ura+ transformants. This shows
that 3-4% of the original transformants with a dicentric
chromosome managed to grow into colonies.

Cell populations evolving from transformants with a
dicentric chromosome 11
Cells from Ura+ transformants T9 and T1O were streaked
on selective plates. After 1 day of growth cells from the
middle of the streak were inoculated into selective medium.
The generation time at 30°C was 3 h. The same time was

determined for the parent cells grown in selective medium
supplemented with uracil.
When the chromosomal DNA of T9 and T1O cells was

separated in alternating electrical fields and compared to the
parent cell pattern several differences were observed. Figure
2B shows the ethidium bromide stained gel and Figure 2A
the chromosome assignment of the chromosomal DNAs
(solid lines) together with the approximate sizes of new

chromosomal DNAs (broken lines). T9 cells no longer carry

chromosome II but instead shortened chromosomes of 850,
550 (comigrating with chromosomes V and VIm, see below),
490 and 400 kb. TlO cells still contain chromosome II sized
DNA (900 kb) in addition to shortened chromosomes of 850,
630, 410 and 300 kb. Some but not all of these fragmented
chromosomes carry the newly introduced centromere as

shown by hybridizations with radioactively labelled CEN6
DNA (Figure 2C).
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Fig. 4. Hybridization of a Y' telomere probe to separated chromosomal DNA. The ethidium bromide stained gel (left) shows from the left to the

right the karyotype of the parent strain, of the subpopulation T10/3 and of the single colony isolates T10/1-1 and T10/1-3 (indicated as 3, 1-1 and

1-3, respectively). The gel shown here was run for 15 h at 300 V and 50 s pulsing at 8°C. This leads to a better separation of the DNA molecules

in the size range between 100 and 700 kb. The chromosome II rearranged molecules are marked by white squares. Chromosomes with Y' telomeres
are detected in the autoradiogram (right) after hybridization with the Y' probe. The arrows point to the hybridization of the 630/300 kb fragment
pair. The dots mark the position of the chromosomal DNAs from the parental strain. The black squares refer to the position of the rearranged
chromosome II molecules. The hybridization clearly shows that not all chromosomal DNA bands show a signal.

Figure 4 that the genetically stable 600 kb chromosome
fragment has no Y' sequences.

Growth characteristics of cells with divided
chromosome 11
Subpopulations T9/1 and TIO/I consist of cells containing
the chromosome IH information either in a shortened 850 kb
chromosome H or in two chromosomal fragments. It is an

open question whether cells with divided chromosome II

suffer any growth disadvantages or not. In order to answer
this question subpopulations T9/1 and TlO/1 were continu-
ously grown and were analysed by DNA hybridization after
10, 50 and 100 generations for the presence or absence of
fragmented chromosomes. This should allow the detection
of slight growth differences among the cell types. Figure
5 shows the result after 10 and 50 generations grown in
selective and complete medium. The result after 100
generations is indistinguishable from the result after 50 gen-
erations and is therefore not shown in the figure. At 0
generations the relative amount of cell types in T9/1
population was 90% for the 850 kb and 10% for the
550/400 kb fragment pair carrying cells and in the TIO/I
population 30% for the 850 kb and 70% for the 630/300 kb
fragment pair carrying cells (data not shown). Under growth
conditions which select for the presence of the CEN6 linked
URA3 gene, none of the cell types has a growth advantage.
Even after 50 generations the ratio between the 850 kb and
the CEN6 carrying fragment of 550 and 630 kb, respectively
has not significantly changed, as evident from the hybridi-
zations in Figure 5A. In complete medium cells with the
850 kb chromosome II derivative have growth advantages
over those cells with divided chromosome H. Already after
10 generations only a trace of the 630 kb CEN6 carrying
fragment can be detected by hybridization in the Tl101
population. No signal is seen for the 550 kb CEN6 carrying

fragment in the T9/ 1 population. After 50 generations only
cells with the 850 kb chromosome can be detected (Figure
SB).

Discussion

Dicentric chromosomes are sometimes formed spontaneously
by recombination processes but quite frequently after
X-irradiation or similarly DNA damaging agents. Dicentric
chromosomes cause in most cases unwanted genetic insta-
bility. In mammals a mechanism of unknown nature is
operating which keeps one of the centromeres in apparently
dicentric chromosomes functionally silent (Earnshaw and
Migeon, 1985). Such a mechanism has not been found in other
organisms and chromosomal rearrangements are the only
way to generate stable monocentric derivatives. In this paper
we could demonstrate with direct methods that stabilization
of dicentric chromosomes in S. cerevisiae occurs by deletion
of one centromere or by breakage plus healing at the newly
generated ends.
Chromosome breaks in haploids are generally considered

to be lethal events (Weiffenbach and Haber, 1981). Most
studies with dicentric chromosomes have therefore been
performed in diploid or polyploid cells. In such genetic back-
grounds the unbroken homologue plays a dominant role in
healing events. We induced in this and in a previous paper
(Panzeri et al., 1985) genetic instability in a haploid
S. cerevisiae by integrative transformation of a second
centromere in the right arm of chromosome II. It is not
possible to describe precisely what happened on the DNA
level during the first divisions. However, the analysis ofnew
arrangements of chromosome II information in genetically
stable descendants of two transformants together with
common knowledge on recombination and repair in
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Fig. 5. Outgrowth of VB2-20A and subpopulations T9 and TIO. Ethidium bromide stained gels from chromosomal DNA separations are shown
together with the autoradiogram from hybridizations with CEN6 DNA (10 generations) or CEN6 DNA and PHO5 DNA (50 generations). Filters
with blotted DNA were cut at the indicated positions to allow hybridizations with several probes. (A) Outgrowth for 10 and 50 generations in
selective medium. The bands hybridizing with the CEN6 probe are from top to bottom: lanes VB2-20A: chromosome VI. Lanes T9/1: CF850,
CF550 (co-migrating with chromosomes V and VIII) and chromosome VI. Lanes T10/1: CF850 (only faintly visible due to the cutting of the filter),
CF630 and chromosome VI. (B) Outgrowth in rich medium (YPD) for 10 and 50 generations, respectively. The bands seen are: lanes VB2-20A:
chromosome VI. Lanes T9/1: CF850 and chromosome VI. Lanes T10/1: (10 Gen.) CF850, CF630 (faint band visible only at 10 generations) and
chromosome VI. The hybridizations with the chromosome II PHO5 probe at 50 generations were done as control for intensity correlations. The weak
signals seen on the double band of chromosomes V, VIII and on chromosome VI are due to homology of the PHO5 promoter to other PHO genes.

S. cerevisiae allows us to reconstruct the most likely events.
Due to the observed complexity (Table I), the occurrence

of stabilizing rearrangements either during or directly after
the first division of the initial transformants can be excluded.

Theoretically four possible outcomes have to be discussed
for the first mitosis. These are outlined in Figure 6 and serve
as a reference for the following part. Dependent on the
timing of CEN6 integration, before or after (during)
replication of the LYS2 locus, two dicentric chromosomes
or one normal and one dicentric chromosome will be
generated in the initial transformants (Figure 6A and B,
respectively). A spindle trans attachment in case A causes

problems. Mitosis can only proceed if the chromatids of both
dicentric chromosomes break as indicated at the thin bars.
The chromatids will most likely be disrupted at non-identical
positions. Consequently one daughter cell has lost genetic
information because it received the 'shorter' halves of the
disrupted chromatids (cell Al) and the other daughter cell
has duplicated information because it received the 'longer'
halves (cell A2). Al type cells will stop dividing if the
deletion includes an essential gene. The two halves in A2
type cells will repair to a dicentric chromosome by recom-
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bination of the highly reactive ends with homologous
sequences on the other chromosome fragment (Orr-Weaver
et al., 1981; Rudin and Haber, 1988). A spindle cis
attachment in case A does not cause any problems and two
cells (A3 and A4) each carrying a dicentric chromosome will
form.
A spindle trans attachment in case B can be solved in

mitosis by one break. One daughter cell (B2) receives the
normal chromosome II and the right half of the disrupted
chromosome together with the CEN6 linked URA3 gene.
The other daughter cell (B1) only gets the left half of the
disrupted chromosome. In B2 type cells repair processes will
regenerate a dicentric chromosome II by recombination
between the broken end and its homologouis sequences on

chromosome II. A spindle cis attachment in case B yields
one cell (B3) with a dicentric chromosome and one cell (B4)
with a normal chromosome II, which does not carry the
essential URA3 gene. The final outcome of the four possible
mitoses of Figure 6 are therefore either cells with dicentric
chromosome II or cells which are non-viable due to the lack
of genetic information.
The very likely scenario during the following cell divisions
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Fig. 4. Hybridization of a Y' telomere probe to separated chromosomal DNA. The ethidium bromide stained gel (left) shows from the left to the

right the karyotype of the parent strain, of the subpopulation T10/3 and of the single colony isolates TIO/1-1 and TlO/1-3 (indicated as 3, 1-1 and

1-3, respectively). The gel shown here was run for 15 h at 300 V and 50 s pulsing at 8°C. This leads to a better separation of the DNA molecules

in the size range between 100 and 700 kb. The chromosome II rearranged molecules are marked by white squares. Chromosomes with Y' telomeres
are detected in the autoradiogram (right) after hybridization with the Y' probe. The arrows point to the hybridization of the 630/300 kb fragment
pair. The dots mark the position of the chromosomal DNAs from the parental strain. The black squares refer to the position of the rearranged
chromosome II molecules. The hybridization clearly shows that not all chromosomal DNA bands show a signal.

Figure 4 that the genetically stable 600 kb chromosome
fragment has no Y' sequences.

Growth characteristics of cells with divided
chromosome 11
Subpopulations T9/1 and T1O/I consist of cells containing
the chromosome II information either in a shortened 850 kb
chromosome II or in two chromosomal fragments. It is an

open question whether cells with divided chromosome H

suffer any growth disadvantages or not. In order to answer
this question subpopulations T9/1 and TlO/1 were continu-
ously grown and were analysed by DNA hybridization after
10, 50 and 100 generations for the presence or absence of
fragmented chromosomes. This should allow the detection
of slight growth differences among the cell types. Figure
5 shows the result after 10 and 50 generations grown in
selective and complete medium. The result after 100
generations is indistinguishable from the result after 50 gen-
erations and is therefore not shown in the figure. At 0
generations the relative amount of cell types in T9/1
population was 90% for the 850 kb and 10% for the
550/400 kb fragment pair carrying cells and in the T10/1
population 30% for the 850 kb and 70% for the 630/300 kb
fragment pair carrying cells (data not shown). Under growth
conditions which select for the presence of the CEN6 linked
URA3 gene, none of the cell types has a growth advantage.
Even after 50 generations the ratio between the 850 kb and
the CEN6 carrying fragment of 550 and 630 kb, respectively
has not significantly changed, as evident from the hybridi-
zations in Figure 5A. In complete medium cells with the
850 kb chromosome II derivative have growth advantages
over those cells with divided chromosome II. Already after
10 generations only a trace of the 630 kb CEN6 carrying
fragment can be detected by hybridization in the TlOI1
population. No signal is seen for the 550 kb CEN6 carrying

fragment in the T9/1 population. After 50 generations only
cells with the 850 kb chromosome can be detected (Figure
SB).

Discussion

Dicentric chromosomes are sometimes formed spontaneously
by recombination processes but quite frequently after
X-irradiation or similarly DNA damaging agents. Dicentric
chromosomes cause in most cases unwanted genetic insta-
bility. In mammals a mechanism of unknown nature is
operating which keeps one of the centromeres in apparently
dicentric chromosomes functionally silent (Earnshaw and
Migeon, 1985). Such a mechanism has not been found in other
organisms and chromosomal rearrangements are the only
way to generate stable monocentric derivatives. In this paper
we could demonstrate with direct methods that stabilization
of dicentric chromosomes in S. cerevisiae occurs by deletion
of one centromere or by breakage plus healing at the newly
generated ends.
Chromosome breaks in haploids are generally considered

to be lethal events (Weiffenbach and Haber, 1981). Most
studies with dicentric chromosomes have therefore been
performed in diploid or polyploid cells. In such genetic back-
grounds the unbroken homologue plays a dominant role in
healing events. We induced in this and in a previous paper
(Panzeri et al., 1985) genetic instability in a haploid
S. cerevisiae by integrative transformation of a second
centromere in the right arm of chromosome II. It is not
possible to describe precisely what happened on the DNA
level during the first divisions. However, the analysis ofnew
arrangements of chromosome H information in genetically
stable descendants of two transformants together with
common knowledge on recombination and repair in
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Fig. 5. Outgrowth of VB2-20A and subpopulations T9 and TIO. Ethidium bromide stained gels from chromosomal DNA separations are shown
together with the autoradiogram from hybridizations with CEN6 DNA (10 generations) or CEN6 DNA and PHO5 DNA (50 generations). Filters
with blotted DNA were cut at the indicated positions to allow hybridizations with several probes. (A) Outgrowth for 10 and 50 generations in
selective medium. The bands hybridizing with the CEN6 probe are from top to bottom: lanes VB2-20A: chromosome VI. Lanes T9/1: CF850,
CF550 (co-migrating with chromosomes V and VIII) and chromosome VI. Lanes T10/1: CF850 (only faintly visible due to the cutting of the filter),
CF630 and chromosome VI. (B) Outgrowth in rich medium (YPD) for 10 and 50 generations, respectively. The bands seen are: lanes VB2-20A:
chromosome VI. Lanes T9/1: CF850 and chromosome VI. Lanes T10/1: (10 Gen.) CF850, CF630 (faint band visible only at 10 generations) and
chromosome VI. The hybridizations with the chromosome II PHO5 probe at 50 generations were done as control for intensity correlations. The weak
signals seen on the double band of chromosomes V, VIII and on chromosome VI are due to homology of the PHO5 promoter to other PHO genes.

S. cerevisiae allows us to reconstruct the most likely events.
Due to the observed complexity (Table I), the occurrence

of stabilizing rearrangements either during or directly after
the first division of the initial transformants can be excluded.

Theoretically four possible outcomes have to be discussed
for the first mitosis. These are outlined in Figure 6 and serve

as a reference for the following part. Dependent on the
timing of CEN6 integration, before or after (during)
replication of the LYS2 locus, two dicentric chromosomes
or one normal and one dicentric chromosome will be
generated in the initial transformants (Figure 6A and B,
respectively). A spindle trans attachment in case A causes

problems. Mitosis can only proceed if the chromatids of both
dicentric chromosomes break as indicated at the thin bars.
The chromatids will most likely be disrupted at non-identical
positions. Consequently one daughter cell has lost genetic
information because it received the 'shorter' halves of the
disrupted chromatids (cell Al) and the other daughter cell
has duplicated information because it received the 'longer'
halves (cell A2). Al type cells will stop dividing if the
deletion includes an essential gene. The two halves in A2
type cells will repair to a dicentric chromosome by recom-
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bination of the highly reactive ends with homologous
sequences on the other chromosome fragment (Orr-Weaver
et al., 1981; Rudin and Haber, 1988). A spindle cis
attachment in case A does not cause any problems and two
cells (A3 and A4) each carrying a dicentric chromosome will
form.
A spindle trans attachment in case B can be solved in

mitosis by one break. One daughter cell (B2) receives the
normal chromosome II and the right half of the disrupted
chromosome together with the CEN6 linked URA3 gene.
The other daughter cell (B1) only gets the left half of the
disrupted chromosome. In B2 type cells repair processes will
regenerate a dicentric chromosome II by recombination
between the broken end and its homologous sequences on

chromosome II. A spindle cis attachment in case B yields
one cell (B3) with a dicentric chromosome and one cell (B4)
with a normal chromosome II, which does not carry the
essential URA3 gene. The final outcome of the four possible
mitoses of Figure 6 are therefore either cells with dicentric
chromosome II or cells which are non-viable due to the lack
of genetic information.
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CUP1 gene, coding for yeast metallothionein
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The yeast CUP] gene codes for a copper-binding protein
similar to metallothionein. Copper sensitive cupls strains
contain a single copy of the CUP] locus. Resistant strains
(CUP]') carry 12 or more multiple tandem copies. We
isolated 12 ethyl methane sulfonate-induced copper
sensitive mutants in a wild-type CUPlr parental strain,
X2180-1A. Most mutants reduce the copper resistance
phenotype only slightly. However, the mutant cup2 lowers
resistance by nearly two orders of magnitude. We cloned
CUP2 by molecular complementation. The smallest
subcloned fragment conferring function was -2.1 kb.
We show that CUP2, which is on chromosome VII, codes
for or controls the synthesis or activity of a protein which
binds the upstream control region of the CUP] gene on
chromosome VIII. Mutant cup2 cells produced extremely
low levels of CUPI-specific mRNA, with or without added
copper ions and lacked a factor which binds to the CUP]
promoter. Integrated at the cup2 site, the CUP2 plasmid
restored the basal level and inducibility of CUP] expres-
sion and led to reappearance of the CUPJ-promoter bin-
ding factor. Taken collectively, our data establish CUP2
as a regulatory gene for expression of the CUP] metallo-
thionein gene product.
Key words: DNA binding protein/metallothionein regulatory
genesISaccharomyces cerevisiae

Introduction
Utilization of the heavy metal ion Cu2+ poses a metabolic
paradox. On the one hand, copper in low concentrations is
an essential element to the growth of Saccharomyces
cerevisiae; yet, in higher concentrations it functions as a
potent fungicide. Since different industrial and wild yeast
strains characteristically tolerate a wide range of exogenous
Cu2+ levels (Welch et al., 1983) these model eukaryotes
must encompass a precisely adjustable homeostatic
mechanism that poises and regulates the phenotypic expres-
sion of the resistance/sensitivity reaction.
The CUP] locus, represented by CUPlr and cupls alleles

that confer resistance and sensitivity respectively, was
assigned to chromosome VIII by Hawthorne and Mortimer
(1960). Over a period of two decades, extensive tetrad
analyses studies bearing on gene conversion (Fogel and
Hurst, 1967), crossing over (Hurst et al., 1972), genetic
interference (Mortimer and Fogel, 1974) and chromosome
apportionment (Rockmill and Fogel, 1988) utilized the

CUPr genetic marker located 45 cM distal to the centro-
mere of chromosome VIII.
To understand the molecular mechanisms by which the

homeostatic copper resistance/sensitivity reactions are
mediated, we cloned CUP] (Fogel and Welch, 1982) and
demonstrated that it encodes a specific copper-binding protein
known as either copper-chelatin (Karin et al., 1984) or yeast
metallothionein (MT) (Winge et al., 1985). The CUPjr
allele was found to comprise 10-12 tandemly repeated
2.0 kb units, while the cuplS allele contained a single repeat
unit (Welch et al., 1983; Karin et al., 1984). In general,
the phenotypic resistance level is proportional to the copy
number of the tandemly amplified unit (Fogel et al., 1983),
which may increase or decrease spontaneously both in
meiosis and mitosis via a non-reciprocal recombination
process essentially indistinguishable from classical gene
conversion (Welch et al., 1987). Each of the 2.0 kb repeats
contained a 0.5 kb CUP] transcription unit and an as yet
uncharacterized adjacent gene whose co-amplification with
the CUP] gene was probably a fortuitous event (Welch
et al., 1983). Transcription of the 0.5 kb CUP] gene is
stimulated 10-20-fold in response to elevated copper
concentrations, while transcription of the adjacent co-
amplified gene is not affected (Karin et al., 1984). Dissection
of the CUP] promoter region led to the identification of two
cis elements capable of conferring copper-responsiveness
upon heterologous promoters (Thiele and Hamer, 1986).
These features of the CUP] gene are highly similar to those
of the mammalian MT genes, which also encode low mol.
wt heavy metal binding proteins, and whose transcription
is also induced by heavy metal ions (Karin, 1985; Hamer,
1986).
To identify putative trans-acting regulatory genes whose

products may interact with the copper-responsive elements
of the CUP] promoter to mediate copper resistance and
induction, we have screened a collection of copper sensitive
mutants induced by ethyl methane sulfonate (EMS) in
X2180-1A, a wild-type multicopy CUP]F strain (Fogel
et al., 1983; Welch et al., 1983), for possible regulatory
gene mutations. One recessive isolate, designated as cup2,
dramatically reduced the phenotypic copper resistance of the
extremely resistant parental strain. Compared to X2180-1A,
the cup2 mutant's resistance was diminished by approxi-
mately two orders of magnitude. Compared with cup2, each
of the remaining mutants exerted considerably lesser effects
on the expression of copper resistance relative to the parental
X2180-1A strain.
The study reported here centers on the isolation, identifi-

cation and characterization of trans-acting loci involved in
modulating resistance to external copper. In addition to the
characterization of the CUP2 locus, we also report the
linkage relations of five independently assorting and
distinctive recessive mutant loci that alter the level of copper
resistance/sensitivity. The wild-type allele of the CUP2+
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regulatory locus was cloned by complementation of the
recessive cup2 mutant. We show that the cup2 gene is a
trans-acting regulator of CUP] expression. CUP2 appears
to encode or regulate the synthesis or activity of a trans-
acting factor that binds to the CUP] promoter region to
control its expression.

Results
Isolation of mutants in copper resistance
The standard wild-type X2180-1A mat a carries 10-12
tandemly iterated copies of CUPlr at its normal
chromosomal locus (Fogel et al., 1983). It is resistant to
1.5 mM copper and exhibits a normal growth rate on agar-
solidified synthetic complete (SC) medium at this supple-
mentation level. A fresh, overnight, washed culture was
mutagenized with EMS to a survival of - 15%. Approxi-
mately 150-200 viable cells were deposited on 100 in-
dividual SC plates and incubated at 30°C for 4-5 days.
After the colonies attained a diameter of - 4 mm, they were
replica-plated onto plates containing SC medium and the
same medium supplemented with 0.1 mM CuSO4. Colonies
that failed to grow on these copper plates were recovered
and purified by streaking on SC plates. Each purified isolate
was crossed to the isogenic X2180-1B wild-type strain. The
hybrids were sporulated, asci were dissected and tetrad
analysis was performed. In this manner, each presumptive
mutant was obtained in both mating types and hence the

various mutants could be tested against each other in all
possible combinations for complementation responses.
Taken collectively, 12 complementation groups could be

identified. However, of these only five represented individual
mutants that yielded tetrad segregation patterns sufficiently
clear to establish specific chromosomal locations in sub-
sequent crosses to standard tester strains. The various mutant
loci were identified by their original isolation numbers.
For the most part, these five mutants exhibited only modest

or slight phenotypic shifts relative to diminished copper
resistance compared to the standard wild-type. However, the
cup2 mutant displayed a drastically reduced copper tolerance
level. It could not grow on plates with more than 0.02 mM
Cu2+ and thus exhibited a sensitivity more pronounced than
cupls alone, which can grow on SC agar in the presence
of 0. 15 mM copper. Consequently, CUP2 was selected for
extensive analysis based on the assumption that it functioned
as a trans-acting regulatory locus for the expression of the
CUPr locus that codes for the copper-binding yeast MT.
The mapping studies involving the various mutants are
summarized in Table I.

Cloning of CUP2
We cloned CUP2+ by transforming yeast strain
JW1038-4B which carries the markers CUplr, cup2,
ura3-52, trpl -298, arg4-16thrl and leu2-1 with the Nasmyth
Sau3A bank of genomic wild-type DNA inserted in YRp7
(Struhl et al., 1979). Thus, the recipient strain carried cup2

Table I. Chromosome assignment and linkage relations of various copper mutants

Mutant Chromosome Interval PD NPD T Map distance Maximal
in cM tolerable Cu2+

(mM)

cup2 VII cup2-aro2 77 1 34 18 0.02
cup2-metl3 34 1 54 34 0.02
cup2-lys5 82 0 12 6.4 0.02

cup3 XJI cup3-ura4 73 2 31 20 0.5
cup3-car2 14 0 6 15 0.5

cup5 V cup5-ura3 130 0 36 10.8 0.6
cupS-canl 56 3 100 37 0.6
cupS -hom3 33 9 127 52 0.6

cupl4 IV cupl4-ade8 68 3 73 32 0.8
cupl4-trp4 42 8 106 49 0.8

An additional mutant, cup7, exhibits clear centromere linkage indicated by a PD NPD: T ratio of 12 9: 0 relative to trpl. However, it has not
been assigned to a specific chromosome. With the clear exception of cup2, the various mutants exert only minor effects on copper resistance levels.
Accordingly, they are tentatively viewed as altering reactions other than a defect in the primary transcriptional regulation of CUPlr. However, their
further analysis will undoubtedly allow for a more comprehensive genetic and physiological dissection of the metabolic reactions involved in various
aspects of copper metabolism. We are aware that such effects on resistance may be secondary. The various mapped genes are reported in Mortimer
and Schild's (1988) Genetic map of S.cerevisiae, Edition 9. Another group of mutants selected for analysis are cup2 revertants designated
JW1038-4B-lR to 31R. Crossed to a cup2 lysS strain 12 such mutants yielded tetrad data indicating that the reversion is at or is closely linked to the
cup2 site.
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Fig. 1. Restriction map of JW16, a 4.6 kb genomic DNA segment cloned in YRP7. Dashed lines below the map are 1 kb intervals. B, BamHI; Bg,
BglII; Bn, BanII; C, ClaI; D, DraI; E, EcoRI; Ev, EcoRV; H, HindIHI; Hp, HpaI; K, KpnI; N, NheI; Nc, Nco; P, PvuI; Pv, PvuII; S, Sacl; Sc,
Scal; Ss, SspI. The functional gene lies within the DraI-DraI 2.1 kb segment. The subcloned BamHI-PvuII fragment does not give function and
deletion of the BgIII-BglII fragment from JWJ6 causes loss of function.

256

I
I


