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ABSTRACT

The preservation of sequence homogeneity and copy number of tandemly repeated genes may
require specific mechanisms or regulation of recombination. We have identified mutations that
specifically affect recombination among natural repetitions in the yeast Saccharomyces cerevisiae. The
rrm3 mutation stimulates mitotic recombination in the naturally occurring tandem repeats of the
rDNA and copper chelatin (CUPI) genes. This mutation does not affect recombination of several
other types of repeated genes tested including Ty elements, mating type information and duplications
created by transformation. In addition to stimulating exchange among the multiple CUP1 repeats at
their natural chromosomal location, rrm3 also increases recombination of a duplication of CUP1 units
present at his4. This suggests that the RRM3 gene may encode a sequence-specific factor that
contributes to a global suppression of mitotic exchange in sequences that can be maintained as tandem

arrays.

UMEROUS repeated sequences are present in
eukaryotic chromosomes. These repeats can be
tandemly arranged, clustered or dispersed. Repetition
appears to serve several functions. Repeated se-
quences can increase gene dosage (e.g., TDNA genes),
provide genetic diversity (e.g., antibody genes) or
possibly affect chromosome mechanics (satellite se-
quences). In the case of repeated genes that increase
dosage, the repeats are essentially identical despite the
presumption that substantial divergence could have
occurred through evolution. Recombinational proc-
esses, such as unequal-sister-chromatid exchange, ex-
cision and gene conversion may be important for the
maintenance of sequence homogeneity (Hoob, CaAMp-
BELL and ELGIN 1975; SzosTAk and Wu 1980;
ARNHEIM 1983). However, some of these recombina-
tional processes can also alter the degree of repetition.
It might be anticipated that the cell has evolved spe-
cific mechanisms to control variation in the degree of
repetition while permitting adequate exchange to pre-
serve repeat homogeneity. If so, it should be possible
to isolate mutants in which recombination between
these natural repeats is specifically affected.

In yeast, both the rDNA genes (CRAMER, FARRELLY
and RowND 1976; PETES, HEREFORD and SKRYABIN
1978) and the copper chelatin, CUPI, genes (FOGEL
and WELCH 1982) are arranged in arrays of identical,
tandem, direct repeats. We have isolated mutants in
yeast that alter mitotic intrachromosomal rDNA ex-
change and screened for effects on recombination of
other repeated sequences to identify mutations that
specifically affect exchange in sequences present in
naturally occurring arrays of tandem identical repeats.
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One of the mutations isolated affects mitotic recom-
bination in rDNA and CUP! but not in any other
repeats assayed.

MATERIALS AND METHODS

Strains and media: The yeast strains used in this study
are listed in Table 1. The Escherichia coli strain used for
plasmid constructions, MC1066 (obtained from M. Casa-
DABAN), has been described previously (LIN and KEIL 1991).
The yeast media used is described in LIN and KEeIL (1991)
including SC/color, which permits ade2™ sectors in colonies
to develop a darker red color.

Plasmid and strain constructions: To isolate mutants
that affect mitotic rDNA exchange and initially determine
whether they affect recombination in other portions of the
genome, we constructed strain K1875 that contains three
recombination substrates. One of these provides a qualita-
tive visual assay for rDNA recombination based on a red/
white colony color sectoring assay. The second substrate is
used to quantitate TDNA exchange and the third assesses
intrachromosomal exchange outside of the rDNA.

The ADE2 gene was inserted into the rDNA array to
permit a qualitative assay of rDNA exchange. A 3.6-kb
BamHI fragment containing the ADE2 gene (obtained from
J. LEMONTT) was ligated into the unique HindlIII site of
pL915 (LIN and KEIL 1991) after the ends of each DNA
fragment were made blunt-ended by the Klenow fragment
of DNA polymerase 1. Strain K1784 was produced by di-
gesting this plasmid with Pstl and transforming it into
K1463 (see below) to place ADE2 in the array of rDNA
repeats (rDNA::ADE2). To quantitate TDNA exchange, the
URA3J gene was inserted into the rDNA (rDNA::URA3) of
RLK88-3C (Table 1) to produce K1463 as described by LIN
and KEIL (1991). Recombination outside of the rDNA was
measured using a duplication at lys2 (lys2-CAN1-LYS2) pro-
duced in K1784 as described previously (LIN and KEIL
1991). The resulting strain, K1875 (Table 1), was used to
isolate rfDNA recombination mutations (rrm). To obtain an
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TABLE 1

Yeast strains

Strain Genotype Source

K1875

MATa his4-260 ade2-1 ura3-52 leu2-3,112 trp1-HIII lys2-ABX-CAN 1-LYS2 can] rDNA::ADE2 rDNA:URA3 This study

RLK98-2A  MATa his4-260 ade2-1 ura3-52 leu2-3,112 trp1-HIII lys2-ABX-CAN1-LYS2 can1 rDNA::ADE2 rDNA:URA3 This study
RLK88-3C  MATa his4-260 ade2-1 ura3-52 leu2-3,112 trp1-HIII lys2-ABX canl This study
DR348 MATa rrm3 his4-260 ade2-1 ura3-52 leu2-3,112 trp1-HIII lys2-ABX-CAN1-LYS2 canl This study
$213 MATa met8-1 trpl-1lys1-1 arg4-17 leu2-2 G. S. ROEDER

The lys2-ABX and trp I-HIII mutations were made as described by YUaN and KEIL (1990).

isogenic strain of opposite mating type, a derivative of
YEp13 containing the HO gene [HO12B (obtained from I.
HERSKOWITZ)] was transformed into K1875. Tetrads in the
transformant colonies were dissected and RLK98-2A (Table
1), an «a strain isogenic to K1875, was obtained.

The rad52::TRP1 disruption (obtained from D. SCHILD)
was inserted into appropriate strains as described previously
(ZEHFUS et al. 1990) to determine the effect of rad52 on
rDNA exchange in rrm3 strains. Strains to determine the
meiotic effects of rrm3 on exchange in rDNA and the LYS2
duplication were obtained by crossing appropriate haploids
to produce RRM/RRM and rrm3/rrm3 diploids.

Mitotic recombination in the CUP1 array of repeats was
assayed in strains containing the URAJ gene inserted into
this locus along with SUP11-1 (CUPI::URA3-SUP11-1). The
presence of SUP11-1 should prevent the accumulation of
recombinants with multiple URA 3 genes derived by unequal-
sister-chromatid exchange in CUP! since cells containing
more than one tRNA suppressor grow very slowly (GILMORE
1967). Plasmid YRp15 (ST. JoHN et al. 1981), which contains
URA3 and SUP11-1 in pBR322, was cut with EcoRI and
BamHI. A single repeat unit of CUPI on an EcoRI-BamH]I
fragment derived from FDp104 (CHRISTMAN, DIETRICH and
FINK 1988) was inserted. The resulting plasmid, pL1580,
was digested with Xbal to integrate it at CUPI in DR348
(Table 1). A correct transformant was crossed to RLK88-
3C to obtain Rrm™ progeny containing CUP1::URA3-SUP11-
1. The plasmid pSM20, containing the rad52::LEU2 disrup-
tion (obtained from D. ScHILD), was digested with BamHI
and transformed into appropriate Rrm* and Rrm™ strains
to determine the effect of rad52 on CUP1 exchange.

Strains to measure meiotic exchange at CUP! were cre-
ated by inserting URAS3 into the CUPI array by gene replace-
ment (ROTHSTEIN 1983) by cutting FDp110 (CHRISTMAN,
DIETRICH and FINK 1988) with Kpnl. The recipient strain
was a derivative of K1875 that had excised the URA3 gene
from rDNA. This was crossed to a rrm3 strain that had
excised URA3 from rDNA and tetrads from the resulting
diploid were dissected to produce isogenic rrm3 and wild-
type strains.

To assay transposon exchange isogenic wild-type and
rrm3 derivatives of K1875 that had excised both URA3 and
ADE2 from the rDNA were transformed by gene replace-
ment to HIS4* using the 1.6-kb Sall fragment containing
the 5’ end of HIS4 (DONAHUE, FARABAUGH and FINK 1982).
These derivatives were then transformed by gene replace-
ment to Ura* by digesting the plasmid containing Tyl-912
(URA3) with Xhol and the plasmid containing Ty2-
917(URA3) with EcoR1 (ROEDER and FINk 1982). Ura®
transformants that were also His~ were screened by South-
ern analysis to identify strains containing properly inserted
transposons.

The his4::CUP1-URA3-CUP1 recombination substrate was

constructed by digesting FDp104 (CHRISTMAN, DIETRICH
and FINK 1988) with Smal and inserting the 1.2-kb HindII1
URA3 fragment, made blunt-ended by treating with the
Klenow fragment, to make pL1654. The 3.2-kb EcoRI-
BamHI fragment of pL1654 containing CUPI and URA3
was inserted into the EcoRI site of FDpl04 by ligating,
treating with the Klenow fragment and then continuing the
ligation. The resulting plasmid, pL1702, contains direct
repeats of CUP! flanking URA3. The unique EcoRI site of
pL1702 was made blunt-ended by the activity of the Klenow
fragment and a BamHI linker was inserted to produce
pL1719. The Xhol site in the 1.6-kb Sall fragment contain-
ing the 5" end of HIS4 was treated with Klenow to make it
blunt-ended and a Bgl/II linker was inserted. The resulting
plasmid was digested with Bgl/Il and the 5.2-kb BamHI
fragment of pL1719 that contains CUPI-URA3-CUP] was
inserted to form pL1744. This plasmid was digested with
Sall to introduce the CUPI-URA3-CUP1 substrate at HIS4
by gene replacement into appropriate Rrm* and rrm3
strains.

For construction of all the above strains, Southern analysis
was performed on transformants to identify strains contain-
ing appropriately inserted DNA.

SIR2, TOPI and TOP2 were inserted into YCp plasmids
to test if the rrm mutations were alleles of these genes. The
4.6-kb HindIIl fragment containing $/R2 from pJH423
(from J. M. Ivy) was treated with the Klenow fragment.
This was inserted into pL.1328, a pBR322 (BOLIVAR et al.
1977) derivative containing: CEN3 on a 2.0-kb BamH] frag-
ment (obtained from J. W. SzosTAK) at the BamHI site;
TRPIARSI on a 1.4-kb EcoR1 fragment (KINGSMAN et al.
1979; STRUHL et al. 1979) inserted in an EcoRI linker that
replaces the small EcoR1-HindIII fragment of pBR322; and
a 1.6-kb Sall fragment containing the 5" end of HIS4 at the
Sall site of pPBR322. This plasmid contains a unique Xhol
site in the 1.6-kb Sall fragment. The Xhol cleaved plasmid
was treated with the Klenow fragment prior to ligation with
the SIR2 fragment to create pL1351.

A 3.8-kb HindI1I fragment containing TOP1 from pCC10
(obtained from R. STERNGLANZ) was treated with the Kle-
now fragment. To produce pL1419, this TOPI fragment
was inserted at the Pyull site of pL1367, which was derived
from pL1328, described above, by removal of the 1.6-kb
Sall fragment.

The YCp vector containing TOP2, pL1254, was con-
structed by inserting a 7.1-kb BamHI fragment from
pBam7.6 (obtained from R. STERNGLANZ) into the unique
BamHLI site of pBS32 (constructed by J. TRUEHEART).

Recombination assays: Mitotic exchange was assayed by
fluctuation test. Recombination was initially assayed in the
newly isolated mutants (Table 2). For further characteriza-
tion of rrm3, recombination was measured in wild-type and
rrm3 strains derived after at least three backcrosses. At least
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TABLE 2

Initial characterization of rrm mutations

Fold increase

rrml rrm2  rrm3

rDNA recombination (Ura™) 11.2 6.7 10.8
lys2-CAN I-LYS2 recombination (Can®) 45 11.7 1.4
Spontaneous mutation (Crp®) 13.2 9.8 1.6

three independent transformants or progeny of each geno-
type were assayed for each type of recombination. To meas-
ure rDNA and CUP1 exchange, cells were grown on syn-
thetic complete medium (ZEHFUS et al. 1990) lacking uracil
(SC-ura), which permits nonrecombinant cells to grow while
recombinants are unable to divide. Isolated colonies from
SC-ura plates were inoculated into liquid SC-ura medium
and grown to saturation. Appropriate dilutions to obtain
50-200 cells per plate were spread on SC+5FOA and SC
to determine the frequency of Ura™ recombinants. Meiotic
rDNA and CUPI exchange was assayed by dissecting +/+
and rrm3/rrm3 homozygotes that were homozygous for the
URA3 and ADE2 inserts in the DNA. Loss of the inserted
marker gene was scored. Tetrads showing 27:27 or 0%:4~
segregation for either Ade or Ura probably occurred from
mitotic exchange events. Segregation of 3*:17 indicates
meiotic exchange while 17:3” segregation was interpreted
as resulting from a mitotic exchange followed by a meiotic
event. The frequency of meiotic exchange was calculated
by dividing the number of 3*:1~ and 1*:3 tetrads by four
times the number of 4*:0” and 3*:1” plus two times the
number of 2*:27 and 1*:3" tetrads (i.e., (3*:17 + 1*:37)/ [4
(470" + 3%:17) + 2 (2%:27 + 1":370].

Fluctuation tests to measure loss of the CANI gene from
the LYS2 duplication were performed as described previ-
ously (LN and KEIL 1991). Canavanine-resistant cells were
selected by plating on SC-arg medium supplemented with
60-mg L-canavanine sulfate per liter (SC+CAN).

Fluctuation tests to determine the frequency of Ty recom-
bination were conducted by growing single colonies from
SC plates to saturation in liquid SC medium. The frequency
of Ura™ recombinants was then determined. Southern analy-
sis of independent Ura™ recombinants was used to determine
the proportion of recombinants that resulted from excision
of the Ty element by J-6 exchange, gene replacement ex-
change between two Ty elements, or other events such as
translocation.

Recombination between MAT and the silent copies of
mating-type information was assayed by growing fresh liquid
YPD overnight cultures of isogenic MATa wild-type and
rrm3 strains that had excised URA3 and ADE2 from the
rDNA. A 0.1-ml aliquot of each culture was mixed with 0.1
ml of a fresh YPD overnight culture of S213 (Table 1) and
plated on a YPD plate. After 24 hr these plates were
replicated to minimal medium containing leucine and tryp-
tophan. Colonies growing on these plates were confirmed
to be a/a diploids by assaying their ability to sporulate.

Construction of the his4 duplication and fluctuation analy-
sis to determine the frequency of recombinants have been
described previously (ZEHFUS et al. 1990). Fluctuation analy-
sis to examine the effect of rrm3 on exchange in the CUPI
duplication constructed at kis4 was performed as described
above for rDNA exchange.

The rates of mitotic recombination to form Ura™ cells in
SC-ura, where the Ura™ recombinants cease to grow, were

obtained by dividing the frequency by 2 (VON BORSTEL
1978). Other mitotic recombination rates were obtained by
dividing the frequency by InN-InN, where N is the final
number of cells in the culture and N, is the initial number
(DRAKE 1970). Statistical analysis was performed as previ-
ously described (YUAN and KEIL 1990).

Effects on spontaneous mutation to cryptopleurine resist-
ance were analyzed as described in LiN and KEeIL (1991).

Complementation analysis: Tests for complementation
among the rrm mutants were performed by crossing haploid
strains of opposite mating type that contain the two muta-
tions to be tested. Only one of the two haploids had the
URA3 gene inserted in rDNA. The resulting diploids were
streaked on SC-ura and three separate colonies were inoc-
ulated into 1 ml of SC-ura and grown to saturation. Five ul
of saturated culture were spotted on SC+5FOA and the
degree of papillation was qualitatively assayed after 2 days
of growth at 30°. Homozygous rrm and wild-type diploids
were used as controls in these assays.

To determine ‘if any of the rrm mutations are in SIR2,
TOP1 or TOP2, YCp plasmids containing each of these
genes, pL1351 for SIR2, pl.1419 for TOPI and pL1254 for
TOP2, were transformed into rrm rDNA:URA3
rDNA::ADE2 haploid strains. Three transformants contain-
ing pL1351 and pL1419 were streaked on SC-trp-ura-ade
to select for the plasmid and the URA3 and ADE2 genes in
the rDNA. Three separate colonies from each streak were
grown to saturation in 1 ml of SC-trp-ura-ade and 5 ul of
this culture was spotted on SC-trp+5FOA to assess the
recombination frequency. Transformants containing
pL1254 were treated in the same manner except they were
grown in SC-leu-ura-ade since this YCp plasmid contains
LEU2 instead of TRP!. As controls wild-type and rrm strains
transformed with pBS32 were tested as described for the
pL1254 transformants.

Complementation tests with cdc mutants were performed
by mating rrmI and rrm2 strains to the cdc mutants HART-
WELL and SMITH (1985) found have high levels of mitotic
exchange. Resulting diploids were tested for their ability to
grow at 37°.

RESULTS

Scheme for isolating mutants: To isolate rfDNA
recombination mutations (rrm) we constructed a
strain, K1875, that contains two independent sub-
strates to measure rDNA exchange and a third sub-
strate to measure exchange outside of the rDNA
(Figure 1). The relevant markers in the initial strain
are ade2 ura3 canl. Insertion of ADE2 into the array
of rDNA repeats results in a strain that produces
white, Ade* colonies with red, Ade~ recombinant
sectors. The frequency of red sectors serves as a
qualitative assay of rDNA exchange. The URA3 gene
was inserted separately into the rDNA array. Loss of
this URA3 gene permits quantitation of rDNA ex-
change. A 9.8-kb duplication at lys2 that is separated
by pBR322 and CANI sequences was produced by
transformation. The duplicated sequences are approx-
imately the same length as the 9.2-kb rDNA repeat.
The frequency of Can® recombinants due to excision
of this duplication provides an initial indication of
whether the isolated mutants affect many types of
mitotic exchange or specifically alter rDNA exchange.






