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M.itotic Recombination Within the Centromere of a 
Yeast Chromosome 

Centromeres are the structural elements of eukaryotic chromosomes that hold sister 
chromatids together and to which spindle tubules connect during cell division. 
Centromeres have been shown to suppress meiotic recombination in some systems. In 
this study yeast strains genetically marked within and flanking a centromere, were used 
to demonstrate that gene conversion (nonreciprocal recombination) tracts in mitosis 
can enter into and extend through the centromere. 

ENTROMERIc DNA FORMS A TIGHT the types of constructions used. 
complex with proteins that is very Mitotic gene mapping in yeast is based on 
resistant in vitro to nuclease diges- the frequency of crossovers between genes 

tion ( I ) .  One might expect that recombina- and their centromeres. The original pre- 
tion could not occur within such a protein- sumption (5 )  was that in mitosis, duplicated 
DNA complex. Indeed, in Drosophila, meiot- 
ic recombination near the centromere is 
greatly suppressed (2). However, in yeast, 
we found that meiotic conversion tracts 
frequently span the centromere (3). We also 
found that meiotic conversion occurs at 
approximately normal rates near the centro- 
mere. In contrast, Lambie and Roeder (4) 
suggested that the yeast centromere repress- 
es meiotic conversion about fivefold. These 
different findings on the effect of the centro- 
mere on the rates of meiotic conversion may 
reflect differences in genetic background or 

sister chromatids were held together by their 
centromeres while they recombined with 
their nonsister homologs. Consequently, the 
further a gene was from its centromere, the 
greater the chance of a crossover uncoupling 
sister alleles from the same centromere. 
Thus, about half the time, depending on the 
segregation of the homologous chromo- 
somes, mitotic crossing-over will lead to 
heterozygous markers distal to the cross- 
over becoming homozygous. 

Recent evidence (6-8) suggests that a 
considerable portion of mitotic recombina- 
tion occurs prior to chromosome duplica- 
tion. The two-strand-stage model of recom- 
bination (6)  suggests that crossovers occur 
in GI between homologous DNA single 
strands of the same polarity and are resolved 

Table 1. Numbers and types of presumptive convertants derived from SLP-6 and S-5 parent strains. 
Standard genetic procedures for yeast were used to score for markers and to determine mating types 
(22). Trichodermin (TCM) resistance was scored on nonselective media containing 0.20 mg of the drug 
per milliliter. Trichoderrnin was stored as a 20 mg of solution in 50% ethanol at -20°C. The pluses and 
minuses indicate the growth of the strains on media lacking Leu, Ura, His, or Thr or the presence or 
absence of the Xho I or Nru I restriction sites. NA means not applicable. Representative presumptive a/ 
a, and aia strains were shown to be dploid because the viability of meiotic progeny after crossing to 
diploid mating-type homozygous testers was good, while bad spore viability (characteristic of a 
triploid) was obtained when they were crossed to haploid testers. As expected genetic tests indicated 
that al l  heterozygous markers not on chromosome I11 remained heterozygous in the SLP-6 convertants. 
Numbers in heading state the number of convertants obtained. 

Marker uva3- uva3- Tcm resistance 
Depamnent of Molecular Genetics and Cell Biology, 
University of Chicago, Chicago, IL 60637. 2 1 1 2 1 1 2 2 2 2 5 1 0 4  

*On sabbatical leave from the Laboratory for Cellular Leu + - + + - + + + - + +  - 
Molecular and Developmental Biolo - - - - - - - - - + -  - 

Biological Sciences, University of +I- +/- -1- -1- -1- -1- +/- +I+ +I+ +/+ +/+ +/+ 
Box 4348, Chicago, IL 60680. 
?Present address: Institute of Cancer Research, College N r u I  +/- +/- +/- +/+ +/+ +/+ NA NA NA NA NA NA 

NA NA NA NA NA NA + - - - - - 
of Physicians and Surgeons of Columbia University, His 
New York, NY 10032. Thr NA NA NA NA NA NA + + + + + + 
+Present address: Department of Biology, University of MAT aia aia a/a d a  a/a aia, aia a/a aia a,/a a/a a h  
North Carolina, Chapel Hill, NC 27599. 
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Fig. 1. Arrangement of heterozy- a SLP- 6 
gous markers used to detect mitotic N r u I  
gene conversion in the centromere. l eu2-  ura3-  MA Tw 

(a) Strain SLP-6. SLP-6 was ob- C 3 =  1- 

tained by mating haploid segre- LJ 0 7 
gants LS61-153A (MATa) and  LEU^" URA~' MA Ta 
LS61-386B (MATa) from a previ- Xho I 

ously described (3) diploid, LS-61. b S-5 
In addition to the chromosome I11 xho r  
markers shown, SLP-6 was hetero- leu2- ura3- MA TW t h r 4 -  
zygous for canRl (conferring reces- D 
sive resistance to canavanine), ade6, 
and trpl-1. It was homozygous for / - + - a -  

MA Ta 
aro7, and for ura3 located at the 

THRI+ 

normal chromosome V position. TCMS!  HIS^' 
(b) Strain S-5. S-3, the MATa 
parent of S-5 was obtained by 
transforming (23, 24) a leu2-, ura3-, MATa, thr4-, his3-, tcmRl haploid with the Eco RI fragment of 
the centromere substitution vector pJC3-13 (25) containing the 300-bp CEN3 Alu I fragment with the 
Xho I site. This Eco RI fragment also contains the URA3+ gene and sequences that normally flank 
CEN3 on chromosome 111. The Ura+ transformants were isolated and subjected to DNA blot analysis 
(26) to confirm the transplacement (24) event on chromosome 111. A Ura- derivative, called S-3, was 
then isolated by growth on medium containing 5-FOA. S-4, the MATa parent of S-5 was obtained by 
transforming (23) a LEU2+, uva3-, MATa, THR4+, his3-, tcmRl haploid with the Eco RI  fragment of 
the same centromere substitution vector pJC3-13 used above that contained the 630-bp wild-type 
CEN3 and two Barn HI fragments. The Barn H I  fragments contained the TCM'~ gene (3.2 kb) (27) 
and the HIS3+ gene (1.7 kb) (20) and were inserted at the unique Barn HI site to the right of the 
centromere. The Ura+ transformants were isolated and the transplacement event confirmed by DNA 
blot analysis (26). The distances shown in the figure are not to scale. 

in GZ upon DNA replication. After duplica- 
tion the centromere would define the sister 
chromatids, and as above, all genes distal to 
the crossover would be uncoupled from 
their centromeres. According to this model, 
there is no reason to presume any special 
role for the centromere during mitotic re- 
combination, since the recombination could 
occur before centromeres serve as attach- 
ment sites either for sister chromatids or for 
microtubules. Indeed, Malone et al. (9) pre- 
sented evidence that recombination near the 
centromere is either repressed in meiosis or 
enhanced in mitosis. We decided to deter- 
mine whether the centromeres themselves 
could undergo recombination in mitosis by 
observing whether mitotic gene conversion 
tracts can include centromeres. 

Gene conversion is the nonreciprocal 
transfer of DNA sequence information, 
where donor sequence replaces recipient se- 
quence. The mechanism involved is not yet 
clear. It has been suggested that conversion 
may involve heteroduplexes or double- 
strand gaps (or both) (10-13). Gene conver- 
sion events are frequently associated with a 
reciprocal exchange of flanking sequence in 
both meiosis and mitosis (14). Mitotic con- 
version can be detected in a diploid by 
selecting for rare homozygous progeny that 
arise from a heterozygous parent. Homozy- 
gous progeny resulting from gene conver- 
sion can be distinguished from those caused 
by mitotic crossing-over by requiring that 
distal markers remain heterozygous (15). 

To look for gene conversion in a centro- 
mere, we used the X78 mutation (14,  which 
contains a new Xho I site in the centromere 

of chromosome I11 (CEN3). This mutation 
does not affect CEN3 h c t i o n  during mito- 
sis or meiosis (17). Since we could not 
directly select for conversion of this muta- 
tion, we took advantage of the observation 
that gene conversion tracts often cover sev- 
eral kilobases of adjacent DNA (18). We 
constructed two diploids, SLP-6 and S-5 
(see Fig. l ) ,  that were heterozygous for X78 
and an auxotrophic marker, URA3, placed 
within 1 kb of the centromere. By selecting 
for conversion of URA3, we hoped to detect 
conversion at the adjacent centromere. To  
determine whether the conversion tracts 
could extend through the centromere into 
the opposite chromosome arm, in strain 
SLP-6 we put a heterozygous Nru I restric- 
tion site marker on the other side of the 
centromere about 1 kb away. In strain S-5, 
instead of the Nru I site, we inserted domi- 
nant trichodermin-sensitive ( TCM'I) and 
HIS3' genes immediately adjacent to the 
centromere in one of the chromosome I11 
homologs. Since S-5 was homozygous for 
the recessive resistant tcmRl and his3- mark- 
ers at their normal (non-chromosome 111) 
locations, loss of the heterozygous chromo- 
some I11 TCM'I- HIS^' insert bv exten- 
sion of the ura3 conversion tract would be 
detected as trichodermin-resistant histidine 
auxotrophs. In addition, we used the hetero- 
zygous insert to select directly for conver- 
tants that cause the loss of the TCM'I gene. 
Finally, to detect crossing-over, we also 
included heterozygous distal chromosome 
I11 markers in the strains. 

To select for conversion of the URA3' 
allele to ura3-, we plated the diploids on 5- 

fluoro-orotic acid media (5-FOA), which 
selects against URA3' (19). To  select for 
loss of the dominant TCM'~ allele, we 
plated the diploid S-5 on nutritional media 
(YPD) containing 0.20 mg of the drug 
trichodermin per milliliter. Only one resist- 
ant uracil auxotroph or trichodermin-resist- 
ant derivative was picked from each sub- 
clone plated on the selective media. The 
most common causes of uracil auxotrophy 
or trichodermin resistance should either be 
the desired gene conversion, a centromere- 
proximal reciprocal exchange, or loss of the 
entire chromosome I11 homolog that bears 
the URA3' allele. We distinguished among 
these possibilities by examining the fates of 
the heterozygous distal chromosome I11 
markers: LEUZ+Ileu2-, which is centro- 
mere-distal to URA3+, and MATalMATa 
and THR4'1thv4- located on the opposite 
arm (Fig. 1). The Xho I and Nru I sites of 
selected strains were also examined by DNA 
hybridization analysis (Table 1 and Fig. 2). 

Among the 112 and 58 independent ura- 
cil auxotrophs isolated from SLP-6 and S-5, 
respectively, 84  and 52 had also become able 
to mate with a cells and were auxotrophic 
for all markers on the a chromosome 111 
homolog. These strains were presumed to 
have arisen by loss of the chromosome 111 
homolog that carries the URA3' allele. In 
support of this hypothesis, the CEN3 Xho I 
site and the flanking region lacking the Nru- 
I site that are found on this homolog were 
also missing in all nine representatives of 
these SLP-6 revertants examined with DNA 
hybridization analysis. These presumed 
chromosome loss mutants were not studied 
further. Likewise, among 43 independent 
revertants selected from S-5 for trichoder- 
min resistance, 24 were clearly not the result 
of the desired gene conversion. Among 
these 24 strains, 2 1  were prototrophic for 
histidine and therefore could not involve 
loss of the chromosome I11 insert. These 
may have arisen by mutation of the chromo- 
some I11 TCM'~ gene or by conversion of 
this gene with the normal non-chromosome 
I11 tcmRl allele as a template. The three 
others were chromosome loss mutants. The 
remaining uracil auxotrophs and trichoder- 
min-resistant mutants were scored for all 
chromosome I11 markers. The data are pre- 
sented in Table 1. 

Twenty-two SLP-6 ura3- derivatives re- 
mained heterozygous at the MAT, Xho I, 
and Nru I sites, and all but one of these 
remained prototrophic for leucine. These 
strains probably resulted from conversions 
of the URA3' locus that did not extend as 
far as the Xho I site on the right, nor as far as 
LEU2 on the left. Such strains may result 
from conversion between the chromosome 
I11 homologs or from ectopic pairing (20, 
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Fig. 2. Physical analysis 
of DNA fiom sponta- 
neous ura3- derivatives 
of SLPd and S-5. 
DNA isolated from 5- 
ml stationary phase cul- 
tures (22) were doubly 
digested with Eco RI 
and Xho I, with Eco RI 
and Nru I, or with Bgl I1 
and NN I (not shown). 
Digests were analyzed 
on 0.8% agarose gels, 
transferred to Hybond- 
N (Amenham) and hy- 
bridized with 32P-la- 
beled JC303-4 (25) 
DNA. This probe con- 
tains the 5.9-kb Eco RI - + +I- +I+ +I+ +I- 

Eco RI-Xho I b 

piece including CEN3 U R A ~  um3- 
and the inserted URA3. A I e I kb 
The genomic copy of -8 H 
ura3 on chromosome V 

- , ,  

hybridizes to probe in all 1 kb mr 
H 

lanes. (a) The SLPd 
diploid and its haploid parents, LS61-153A (Xho I+, Nru I-), and LS61-386B (Xho I-, Nru I+ are controls. Unmarked lanes are representative ura3- 
derivatives of SLP-6. The 5.9-kb band indicates the absence of the Xho I or NN I site in at least one of the chromosome 111 copies. The diagnostic smaller 
bands indicate that the site is present in at least one of the chromosome copies. If both the 5.9-kb and the smaller bands are present, the strain is heterozygous. 
The presence or absence of the Nru I or Xho I sites, respectively, is indicated at the bottom of each lane. The Eco RI-Xho I lane of LS61-153A is from anoth- 
er gel. The bottom of the Eco RI-Nru I figure is from an autoradiogram that was exposed longer than that used for the top. The restriction map is of the 
SLPd diploid. (b) The S-5 diploid and its haploid parents, S-4 (insert +), and S-3 (insert -) are controls. Unmarked lanes are representative ura3- 
derivatives of S-5. The presence of the 7.9-kb and 2.9-kb bands indicate the absence of the Xho I site in CEN3 and the presence of the T C ~  and HIS3+ in- 
sert in at least one of the chromosome I11 copies. The 7.9-kb and 2.9-kb bands were present or absent together in all strains. The absence of these bands indi- 
cated that both chromome III copies contained the CEN3 Xho I site and lacked the insert. The resence or absence of the CEN3 Xho I is indicated at the 
bottom of each lane. The resmction map is of the S-5 diploid. The thick line indicates the TC&S3+ insert. R, Em RI; X, Xho I; N, Nru I; B, Bgl 11. 

21) of the chromosome III URA3' allele 
with the chromosome V ura3- allele. Con- 
version events resulting from homologous 
chromosome pairing may or may not have 
been associated with a crossover. In other 
studies, about 10 to 55% of mitotic conver- 
sion events are associated with crossing-over 
(14). In our strains, associated crossovers 
would lead to leucine auxotrophy half the 
time. The finding of only a single leucine 
auxotroph suggests that many of the conver- 
sion events are not associated with cross- 
overs. The strain auxotrophic for leucine 
could be the result of a crossover between 
URA3 and the centromere. Alternative pos- 
sibilities are conversion of URA3' that does 
not extend into the Xho I site but that 
extends leftward covering LEU2 or a con- 
version event associated with a crossover 
between LEU2 and the centromere. 

Two other uracil auxotrophs derived fiom 
SLP-6 had become homozygous for the loss 
of the Xho I site but remained heterozygous 
at Nru I, LEU2, and MAT. These auxo- 
trophs probably arose as a result of a conver- 
sion tract that covered both the URA3+ 
gene and the Xho I site within the centro- 
mere, but that ended before the flanking 
Nru I site. 

Four other uracil auxotrophs derived 
fiom SLPd became homozygous for the 
loss of the Xho I site and the presence of the 
Nru I site. In these cases, the conversion 

tracts cover the URA3' gene, extend 
through the centromere and include the Nru 
I site on the opposite chromosome arm. In 
one case, the tract did not include the LEU2 
or MAT loci, since these sites remained 
hetenmygous. The other three convertants 
became homozygous either for leu2- or 
MATa. These strains resulted either from 
crossovers associated with the conversions 
or fiom extensive conversion tracts that 
covered LEU2' (around 22 kb away) or 
MA Ta (about 100 kb away). 

Similar results were obtained from the S-5 
strain. Ofthe six ura3- conversions obtained 
on 5-FOA media, two did not extend as far 
as the Xho I site within the centromere, 
whereas four more included the Xho I site 
and the TCM'I-~1~3' insert on the oppo- 
site chromosome arm. The two d a  conver- 
tants cannot be explained as the result of 
continuous conversion tracts derived from 
one chromosome since such tracts would 
produce ura3-lura3- a/a cells. The ura3-l 
ura3- d a  recombinants could be produced 
in a variety of ways: (i) patchy repair of a 
long symmetric heteroduplex formed in ei- 
ther GI or G2, (ii) repair of a double-strand 
break in GI with resolution of the crossed- 
strand, Holiday intermediate by DNA rep- 
lication, or (iii) two independent conversion 
events. 

All of the trichodermin-resistant, histidine 
auxotrophs selected from S-5 were homozy- 

gous for the presence of the Xho I site. 
Thus, in all cases, conversion tracts that 
included the insert extended into the centro- 
mere. In five strains, the conversion tract did 
not extend into the flanking ura3 gene on the 
other side of the centromere, whereas in ten 
strains this gene was included in the tract. 
The four remaining d a  convertants can be 
explained several ways as described above. 

In summary, we selected for gene conver- 
sion events involving loci within 1 kb of the 
centromere. Out of 53 independent such 
conversion events, at least 29 extended into 
the centromere, and 22 of these involved a 
coconversion of a mutation of the opposite 
side of the centromere. These convertants 
demonstrate that mitotic gene conversion 
tracts can span centromeres. Since the pre- 
sent study did not examine frequencies of 
mitotic recombination, we cannot comment 
on the effect of the centromere on the rate of 
mitotic exchange. Our observations, howev- 
er, dearly indicate that mitotic recombina- 
tion events can occur within and propagate 
through the centromere. 
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A Ligase-Mediated Gene Detection Technique 

An assay for the presence of given DNA sequences has been developed, based on the 
ability of two oligonucleotides to anneal immediately adjacent to each other on a 
complementary target DNA molecule. The two oligonucleotides are then joined 
covalently by the action of a DNA ligase, provided that the nucleotides at the junction 
are correctly base-paired. Thus single nucleotide substitutions can be distinguished. 
This strategy permits the rapid and standardized identification of single-copy gene 
sequences in genomic DNA. 

D NA ANALYSIS IS ATTAINING IN- 

creasing importance for the diag- 
nosis of disease caused by single- 

gene defects as well as for the detection of 
infectious organisms (1). Moreover, a num- 
ber of genes, predominantly those encoded 
in the major histocompatibility complex, 
have been found to be associated with an 
increased susceptibility to a variety of dis- 
ease states (2). Of a total of approximately 
2000 defined human genetic loci (3) ,  ap- 
proximately 100 have currently been studied 
at the DNA level for their role in genetic 
disease (4). A number of genetic diseases are 
caused by alleles present in the population at 
relatively high frequencies, perhaps because 
of selective advantages to the heterozygous 
carriers ( 5 ) .  The ongoing characterization of 
disease-causing or disease-associated gene 
sequences makes large-scale screening for 
carrier status and genetic counseling a possi- 
bility. It may also sharpen the diagnostic 
accuracy for diseases such as autoimmune 
conditions where the susceptibility may be 
influenced by defined alleles. Such prospects 
are currently limited by the cumbersome 

nature of the available DNA detection meth- 
ods. 

A majority of polymorphisms in the hu- 
man genome are caused by point mutations 
that involve one or a few nucleotides. Cur- 
rent DNA analysis procedures capable of 
detecting the substitution of a single nucleo- 
tide are based on differential denaturation of 
mismatched probes as in allele-specific oli- 
gonucleotide hybridization (6) or denatur- 
ing gradient gel electrophoresis (7). Alterna- 
tively, the sequence of interest can be inves- 
tigated for polymorphisms that affect the 
recognition by a restriction enzyme (8) or 
that will allow ribonuclease A (RNase A) to 
cleave at mismatched nucleotides of an RNA 
probe hybridized to a target DNA molecule 
(9). Although denaturing gradient gel or 
RNase A can survey long stretches of DNA 
for mismatched nucleotides, they are esti- 
mated to detect only about half of all muta- 
tions that involve single nucleotides (7, 9). 
Similarly, less than half of all point muta- 
tions give rise to gain or loss of a restriction 
enzyme cleavage site (10). The only existing 
technique capable of identif)ing any single 

nucleotide difference. short of DNA se- 
quence analysis, is allele-specific oligonucle- 
otide hybridization. This technique involves 
immobilizing separated (6) or enzymatically 
amplified (11) fragments of target DNA, 
hybridizing with oligonucleotide probes, 
and washing under carefully controlled con- 
ditions to discriminate single nucleotide 
mismatches. 

We have devised a strategy that permits 
the facile distinction of known seauence 
variants differing by as little as a single 
nucleotide. The approach combines the abil- 
ity of oligonucleotides to hybridize to the 
sequence of interest and the potential of a 
~ ~ ~ - s ~ e c i f i c  enzyme, T4 DNA ligase, to 
distinguish mismatched nucleotides in a 
DNA double helix (Fig. 1). Two oligonu- 
cleotide probes are permitted to hybridize to 
the denatured tarnet DNA such that the 3' " 
end of one oligonucleotide is immediately 
adjacent to the 5' end of the other. The 
ligase can then join the two juxtaposed 
~ii~onucleotides by the formation of ahhos- 
phodiester bond, provided that the nucleo- 
tides at the junction are correctly base-paired 
with the target strand. The ligation event 
thus positively identifies sequences comple- 
mentary to the two oligonucleotides. A het- 
erozygous sample is therefore scored as posi- 
tive for both alleles. The ioininn of the 

v 

oligonucleotides may be conveniently dem- 
onstrated, for instance, by labeling one of 
the oligonucleotides with biotin and the 
other one with 321?. After the ligation reac- 
tion, the biotinylated oligonucleotides are 
allowed to bind to stre~tavidin immobilized 
on a solid support. Radioactive oligonucleo- 
tides that have become ligated to biotinylat- 
ed oligonucleotides remain on the support 
after washing and are detected by autopadi- 
ography . 

The gene encoding human f3 globin was 
selected as a model svstem to test the tech- 
nique. There are two relatively frequent 
alleles, pS and pC, each differing from the 
normal allele, pA, by a single nucleotide 
substitution in positions 2 and 1, respective- 
ly, of codon six (Figs. 2 and 3) (12). Sub- 
jects homozygous for the pS allele suffer 
from sickle cell anemia. Moreover an in- 
creased risk of sudden death during exertion 
has been observed among individuals het- 
erozygous for pS (13). 

The ligase-mediated gene detection pro- 
cedure was used to distinguish PA and ps 
genes in equivalent amounts of DNA pre- 
sent in cells, in cloned DNA, and in genomic 
DNA (Fig. 2). One of two synthetic oligo- 
nucleotides (B131 or B132). suecific for 
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each of the alleles, was used in conjunction 
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