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ABSTRACT 
The yeast Saccharomyces cerevisiae encodes a set of genes  that  show  strong  amino  acid  sequence simi- 

larity  to MutS and MutL, proteins  required  for  mismatch  repair  in Escherichia  coli. We examined  the  role 
of MSH2 and PMSl ,  yeast  homologs  of mutS and mutL, respectively,  in  the  repair  of  base  pair  mismatches 
formed  during  meiotic  recombination. By using  specifically  marked HIS4 and ARG4 alleles, we showed 
that msh2 mutants  displayed a severe  defect  in  the  repair  of all base  pair  mismatches  as  well as 1-, 2- and 
4bp insertion/deletion mispairs.  The msh2 and pmsl  phenotypes  were  indistinguishable,  suggesting  that 
the wild-type  gene products  act  in  the  same  repair  pathway. A comparison of gene  conversion  events  in 
wild-type and msh2 mutants  indicated  that  mismatch  repair  plays  an  important  role  in  genetic  recom- 
bination. (1) Tetrad analysis  at  five different  loci  revealed that, in msh2 mutants,  the  majority of aberrant 
segregants  displayed a sectored  phenotype,  consistent with a failure  to  repair  mismatches  created during 
heteroduplex  formation.  In wild  type,  base  pair  mismatches  were  almost  exclusively repaired toward 
conversion  rather  than  restoration. (2) In msh2 strains  10-19% of the  aberrant  tetrads were  Ab4:4. 
(3) Polarity  gradients  at HIS4 and ARG4 were  nearly  abolished  in msh2 mutants.  The  frequency of gene 
conversion  at  the 3'  end of  these  genes was increased  and was  nearly the  frequency  observed at the 5' end. 
(4) Coconversion  studies were  consistent  with  mismatch  repair  acting to regulate  heteroduplex DNA tract 
length. We favor a model  proposing  that  recombination  events occur through  the  formation  and  reso- 
lution of heteroduplex  intermediates  and  that  mismatch  repair  proteins  specifically  interact with recom- 
bination enzymes  to  regulate the  length of  symmetric heteroduplex DNA. 

T HE Saccharomyces cerevisiae meiotic cell cycle pro- 
vides an excellent  model to study homologous re- 

combination mechanisms. During meiosis, recombina- 
tion is induced  to result in the formation of at least one 
reciprocal  recombination  event between each  pair of 
homologous  chromosomes.  This  interaction is thought 
to be necessary for  the  proper  pairing  and segregation 
of homologous  chromosomes during  the first meiotic 
division (reviewed in HAWLEY 1988).  Recombination 
events can be easily scored by examining the segregation 
of markers  in yeast ascospores using tetrad analysis.  Two 
major types  of aberrant segregations are observed in 
such a study; gene conversions, in which genetic infor- 
mation on a recipient  chromosome is replaced with  ge- 
netic  information  from a donor chromosome, and cross- 
ing over, in which genetic  information is exchanged 
between chromosomes  without a gain or loss  of infor- 
mation (see Figures 1 and 2).  A number of studies in 
yeast  have  shown a strong  correlation between gene con- 
version and reciprocal  recombination events; 20-50% 
of the  gene conversion events at a particular locus are 
accompanied by crossing over at  an adjacent locus (re- 
viewed in PETES et al. 1991). 

Gene conversion events have been analyzed in  greater 
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detail by studying loci that  undergo  recombination  at 
high frequency, such as ARG4 and HIS4 (reviewed in 
FOGEL et al. 1981; NICOLAS et al. 1989; DETLOFF et al. 
1992). Such analysis indicated  that the frequency of  ab- 
errant segregation for a particular allele was dependent 
on its location; alleles located at  the 5' end of ARG4 or 
HIS4 displayed maximal levels  of recombination and 
markers located progressively downstream from  the 5' 
end showed decreasing levels. This  distribution is called 
a polarity gradient (reviewed in FOCEL et al. 1981; 
NICOLAS et al. 1989; DETLOFF et al. 1992). The majority 
of aberrant segregations observed in such studies were 
6:2,  2:6 gene conversions that yielded spores homozy- 
gous for wild-type or  mutant information. Generally ob- 
served at a lower frequency were 5:3, 3:5 postmeiotic 
segregations (PMS) that yielded spores in which one 
half  of a spore  clone  contains wild-type information and 
the  other half contained  mutant (Figure 1). However, 
some unusual alleles showed a higher frequency of 5:3 
and 3:5 PMS. A number of subsequent studies have in- 
dicated  that the sectored colony phenotype resulted 
from the failure  to  repair  heteroduplex DNA (WHITE 
et al. 1985; DETLOFF et al. 1991). 

Several models have been  proposed  to  account  for  the 
association of gene conversion and PMS events, the re- 
lationship between gene conversion and reciprocal 
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FIGURE 1.-Aberrant  segregations  observed by tetrad analysis.  In the absence of recombination,  an A / a  diploid will segregate 
its  chromosomes during meiosis so that two spores will contain only A information and two spores will contain only a information. 
For classification purposes,  both  strands of each  chromosome are counted and this  class of tetrads displays  4A:4a segregation. 
Segregation  patterns that differ  from the 4:4  class  have  been  observed at frequencies as high as 50%, depending on the locus and 
allele  examined.  These aberrant segregations are called  gene  conversions if the aberrant spores  contain only A or a information, 
or PMS, if the aberrant spores  contain  both A and a information. The majority of gene  conversions  fall into the 6:2 or 2:6 class, 
in  which information  from both strands of a donor chromosome is transferred to a recipient  homolog. At lower frequencies, 8:O 
or 0:8 classes are observed, and these  presumably  result  from  multiple  gene  conversion  events. The majority  of PMS events  fall 
into 5:3 or 3:5  classes,  in  which information  from a single  strand of a donor chromosome is transferred to a recipient  homolog, 
or into an Ab4:4  class,  in  which it is thought that single strands  from two homologous  chromosomes are reciprocally  transferred. 
At low frequencies, 7:l and 1:7 aberrant events  have been detected, which  presumably  involve a combination of independent PMS 
and gene  conversion  events. 

recombination  events, and  the  formation of polarity  gra- 
dients. The HOLLIDAY (1964) model  proposed  that 
recombination  events involved the  formation of a 
crossed strand  exchange  junction  that would allow the 
formation of regions of symmetric heteroduplex DNA. 
Polarity gradients  could  be  explained in the context of 
this model if recombination  initiated  at  fixed sites and 
heteroduplex  regions  extended  from  these sites for a 
variable distance  reflecting the processivity of the  strand 
exchange process. A  prediction of the HOLLIDAY model 
was that symmetrical heteroduplex would be reflected in 
S. cereuisiae meiosis as Ab4:4 events; however, such 
events  were  rarely  observed and have been  postulated  to 
result from  multiple  independent events involving asym- 
metric  heteroduplex  (see FOCEL et al. 1981). Subse- 
quently, MESELSON and RADDINC (1975) attempted  to rec- 
oncile  the  absence of Ab4:4 events  in yeast with models 
involving the  formation of symmetrical heteroduplex 

DNA  by proposing a mechanism  in which asymmetric 
heteroduplex was formed  during  the initial stages of a 
recombination  event  and  that  once a HoLLIDAYjunction 
was formed  it would be resolved before symmetric het- 
eroduplex  could be formed.  The  paradox of this  model, 
and  subsequent models, is that of the two genetic  con- 
sequences of HOLLIDAY junctions, crossovers and sym- 
metric  heteroduplex DNA formation, only crossovers 
are observed in S .  cereuisiae. 

The double-strand-break-repair model (SZOSTAK et al. 
1983) was proposed  to  account  for  the observation that 
crossovers can  occur  on  both sides of a gene conversion 
tract and the observation that  recombinational  repair of 
double-stranded  breaks  occurs  at  high  frequency  in 
yeast (reviewed in PETES et al. 1991). The double-strand- 
break-repair model  presented  in Figure 2A is a modifi- 
cation of a model  presented by RESNICK (1976) that takes 
into  account  recent  genetic  and physical analysis of loci 
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FIGURE 2.-Recombination  models. (A) The  double-strand-break-repair  model. In this  model,  recombination is initiated by a 
double-strand  break  on  one  chromosome  which is then  processed  into  3’  single-strand tails by a 5’-3‘  exonuclease.  The  single-strand 
tails pair  with and  invade a homologous  region  from  the  donor  chromosome. DNA synthesis  and  branch  migration  steps  result 
in  the  formation of a symmetrical heteroduplex between donor  and  recipient  chromosomes,  which is resolved  by a HOLLIDAY 
junction  endonuclease  and mismatch  repair  to  result  in  either a gene  conversion  event  or a gene  conversion event accompanied 
by a crossover.  In  this  model,  branch  migration of the HoLLIDAYjunction  can result  in  the  formation  of  symmetrical  heteroduplex 
DNA on either  side of the  double-strand  break;  branch  migration  on  the  right  side is illustrated. (B) The  single-strandgap  model. 
In  this  model,  recombination is initiated by a single-strand  break  on a recipient  chromosome.  The  break is extended  into  single- 
strand gap through  the activity of a 5’  to  3’  exonuclease,  and  the  exposed  single-stranded DNA then invades a homologous  region 
in  the  donor  chromosome.  The  subsequent  branch  migration  and  resolution  steps are similar to those  described  for  the  double- - 
strand-break-repair  model. 

that  undergo  recombination at high frequency. In this 
model,  recombination is initiated by a double-strand 
break on a  recipient  chromosome. The break is pro- 
cessed by a 5’ to 3’ exonuclease to yield 3’ single-strand 
terminated tails. The single-stranded tails pair with and 
invade a homologous region of the donor chromosome. 
A  branch migration step, followed by repair DNA syn- 
thesis results in the  formation Of a HOLLIDAYjunction on 
either side of the double-strand break; branch migration 
to  the  right side is illustrated in Figure 2. The HOLLIDAY 
junction is then resolved prior to the  formation of sym- 
metric heteroduplex DNA to yield chromosomes con- 
taining heteroduplex DNAwith or without an associated 
crossover. Superimposed on this process is the activity  of 
mismatch repair  proteins, which act  to  repair  the base 
pair mismatches present in heteroduplex DNA leading 
to either  gene conversions or restorations. 

A second model, called the single-strand-gaprepair 
model (RADDING 1982), is consistent with the available 
genetic  data on gene conversions. In this model (Figure 

2B), recombination is initiated by a single-strand break 
on a  recipient chromosome. The nick is extended  into 
a single-stranded gap  through  the activity  of an exo- 
nuclease, and this single-stranded gap then acts as a re- 
cipient for a homology dependent invasion  of a single- 
strand from a donor chromosome. The subsequent 
branch migration, repair DNA synthesis, and resolution 
steps postulated in this model are virtually identical to 
the double-strand-break-repair model. The general fea- 
tures of the models presented in Figure 2 are  supported 
by physical and genetic analysis  of gene conversion 
events in a  number of organisms (reviewed  in PETES et al. 
1991; KOLODIUN et al. 1986; STRATHERN et al. 1991; 
DETLOFF and PETES  1992;  NAG and PETES 1993). For ex- 
ample,  a class of recombinant events was identified 
among Ascobolus and Sordaria ascospores that is con- 
sistent with the  formation of symmetrical heterodu- 
plex DNA (ROSSIGNOL et al. 1984; KITANI et al. 1962). 
Furthermore,  proteins have been  identified in a  num- 
ber of organisms that display activities predicted by 
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these  models (reviewed in PETES et al. 1991; TAYLOR 
1992; MODRICH 1991). 

An important  finding  that has not  been directly ad- 
dressed by recombination models is the observation that 
recombination is regulated to prevent interactions be- 
tween divergent sequences. In Escherichia  coli, for ex- 
ample, recombination between DNA sequences that 
diverge by 10% is  1000-fold  lower than between homolo- 
gous sequences. However in mutS,   mutL and m u t H  mu- 
tants, the frequency of these recombination events, 
called homeologous recombination events, increased to 
nearly the frequency observed for homologous se- 
quences (RAYSSIGUIER et al. 1989; SHEN and HUANG  1989). 
The MutS,  MutL and MutH proteins  are essential com- 
ponents of the major mismatch repair pathway in E .  coli 
(reviewed  in MODRICH 1991). The finding  that home- 
ologous recombination is increased in mismatch repair 
mutants is consistent with the idea that mismatch repair 
plays a  central role in regulating recombination by pre- 
venting the  formation of heteroduplex DNA containing 
a large number of  base pair mismatches (RAYSSIGUIER 

et al. 1989; SHEN and  HUANG  1989). 
In S. cerevisiae, recombination between homeolo- 

gous sequences is not  under as tight control as  has been 
observed in E. coli; homeologous sequences containing 
27% sequence divergence recombined  at  about 5-10% 
of the frequency observed for homologous sequences 
(MEZARD et al. 1992; BAILIS and ROTHSTEIN 1990). So far 
only p m s l  null mutants, which confer  a severe defect in 
mismatch repair in yeast,  have been tested for  an effect 
on homeologous recombination. p m s l  null mutants 
showed no effect on  the frequency of homeologous re- 
combination, suggesting that  the yeast mismatch repair 
system  involving P M S l  does  not act to prevent recom- 
bination between divergent DNA sequences (BAILIS and 
ROTHSTEIN 1990). To  date,  four mutS homologs, M S H l ,  
2, 3 and 4 ,  and  three m u t L  homologs, P M S l ,   M L H l  
and 2, have been identified in S. cerevisiae (KRAMER et al. 
1989b; REENAN and KOLODNER 1992a,b; NEW et al. 1993; 
M. LISKAY and G. ROEDER,  personal communication). It is 
not known whether any  of the more recently  discovered 
putative  mismatch repair genes play a role  in regulating 
recombination between  divergent DNA sequences. 

In S. cerevisiae heteroduplex DNA formation has 
been  studied by examining recombination events at 
genes such as A R G 4  and H I S 4  that display polarity gra- 
dients. It is thought  that recombination events are ini- 
tiated within the  promoter regions of these loci because 
they contain sites for meiotically induced double-strand 
breaks (SUN et al. 1989;  NAG and PETES 1993).  Further- 
more,  SUN et al. (1991) observed that  the  ends of the 
double-strand breaks at A R G 4  contained  a size gradient 
of 3' single-stranded ends  that  corresponded to the  fre- 
quency of gene conversion within the polarity gradient, 
suggesting that  the  formation of a polarity gradient was 
related to the processing of double-strand breaks by a 5' 

to 3' exonuclease. By using palindromic insertion mu- 
tations that  are not repaired by mismatch repair  proteins 
when present in heteroduplex DNA,  PETES and co- 
workers (NAG et al. 1989; DETLOFF and PETES 1992) 
showed by genetic and physical  analysis that many if not 
most  of the  aberrant events at HIS4 involved heterodu- 
plex tracks that  spanned  the  entire gene. A surprising 
result from this analysis was that  the palindromic mark- 
ers  altered  the HIS4 polarity gradient; recombination 
frequencies  for palindromic markers located at  the 3' 
end of HIS4 were similar to  the  frequencies observed for 
well repaired or palindromic markers located at  the 5' 
end. (DETLOFF et al. 1992). A similar effect on polarity 
gradients was observed by REENAN and KOLODNER 
(1992b) in a  mutant defective  in mismatch repair. They 
showed that in msh2 mutants,  the SK-1 HIS4 polarity 
gradient was disrupted with the level  of gene conversion 
at  the 3' end of the  gene increased to nearly the same 
as observed at the 5' end. These results indicate that 
presently accepted recombination models do  not ad- 
equately explain the origin of gene conversion polarity 
gradients. Two models incorporating these observations 
have been  proposed to explain how gene conversion 
polarity gradients might be formed. (1) During a  gene 
conversion event heteroduplex DNA formation is initi- 
ated  at  the  promoter region and is then  extended  the 
entire  length of the  gene. Polarity gradients  are  then 
formed by a switch  in the direction of mismatch repair 
on  the  heteroduplex DNA from conversion for markers 
closest to  the  promoter  to restoration for markers down- 
stream. In  the absence of mismatch repair, recombina- 
tion frequencies, as measured by the frequency of a b  
errant events, reflect the underlying heteroduplex tract 
and remain  constant  throughout  the  gene. This is re- 
ferred to as the conversion gradient model (DETLOFF 
et al. 1992). (2) Polarity gradients  are  created  through 
the regulation of heteroduplex tract length by mismatch 
repair (REENAN and KOLODNER 1992b); this is similar to 
the  heteroduplex rejection model proposed in E. coli 
except  that it is suggested that even a single mispair can 
act as a signal for  heteroduplex rejection (RAYSSIGUIER 

et al. 1989). According to this model,  heteroduplex 
DNA  is initiated at  the  promoter region and  then ex- 
tended  until  a mismatch is encountered.  The 3' palin- 
dromic markers display elevated recombination fre- 
quencies because they are  not recognized by mismatch 
repair  and  cannot act as substrates for heteroduplex re- 
jection. This is essentially  what occurs in msh2 mutants, 
where base pair mismatches escape detection due to the 
absence of mismatch repair. 

We initiated the  experiments  presented in this report 
because we were interested in determining what role 
mismatch repair plays during  heteroduplex DNA for- 
mation in yeast. We were interested in experiments  that 
could provide support  for  the  heteroduplex rejection or 
the conversion gradient models outlined above and 
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TABLE 1 

23 

S. cerevisiae strains used in this study 

Strain Genotype 
~ 

As4/AS13 background 
PD8 
PD22 
PD24 
PD73 
PD74 
PD76 
PD77 
PD98 
As4 
AS13 
RKn452 
RKYl453 
RKYl455 
RKYl456 
RKYl721 
RKYl742 
RKYl745 
R K n m  
~ ~ n 7 8 3  

MGD background 
ORT1045a 
ORTllS-2 
ORT127 
ORT149340a 

RKYl756 
RKn759 
RKYl762 
RKn921 
RKn939 
RKn923 
RKn935 
RKYl926 
RKYl929 

mn 754 

SKI background 
RKYl146 
RKYl104 

RKYl903 
RKYl908 
RKYl910 

RKn918 
RKYl476 

mn 799 

mn 794 

a, trpl,  arg4,  tyr7,  ade6,  ura3,  MAL2,  his4-17 (T to C substitution at +688) 
a, leu2,  ade6,  ura3,  his4-712 (G insertion at +1396) 
a, leu2,  ade6,  ura3,  his4-713 (G insertion at +2270) 
a, leu2,  ade6,  ura3,  his4::AAG 
a, leu2,  ade6,  ura3,  his4::ATC 
a, leu2,  ade6,  ura3,  his4::GTG 
a, leu2,  ade6,  ura3,  his4::AGG 
a, leu2,  ade6,  ura3,  his4-3133 (26-bp inverted repeat at +2327) 
a, trpl ,  arg4,  tyr7,  ade6,  ura3, MAL2 
a, leu2,  ade6, ura3 
a, leu2,  ade6,  ura3,  his4::AAG,  msh2::TnlOLUK7-7 
a, leu2,  ade6,  ura3,  his4::ATC,  msh2::TnlOLUK7-7 
a, leu2,  ade6,  ura3,  his4::GTG,  msh2::TnlOLUK7-7 
a, leu2,  ade6,  ura3,  his4::AGG,  msh2::TnlOLUK7-7 
a, trpl,  arg4,  tyr7,  ade6,  ura3,  MAL2,  msh2::TnlOLUK7-7 
a, leu2,  ade6,  ura3,  his4-712,  msh2::TnlOLUK7-7 
a, leu2,  ade6,  ura3,  his4-713,  msh2::TnlOLUK7-7 
a, leu2,  ade6,  ura3,  his4::GTG,  msh2::TnlOLUK7-7,  msh3::hisG 
a, trpl,  arg4,  tyr7,  ade6,  ura3,  MAL2,  msh2::TnlOLUK7-7,  msh3::hisG 

a, his3A1,  ade2,  ura3-52,  trpl-289 
a, arg4-EcoRV (2-bp deletion at +260), leu2, cyhR, ura3,  trpl 
a, arg4-BglII (4bp insertion at +1274), leu2,  cyhR,  ura3,  trpl 
a, arg4-BglII (4bp insertion at +1274), his3A1,  ade2,  ura3-52,  trpl-289 
a, his3A1,  ade2,  ura3-52,  trpl-289,  msh2::TnlOLUK7-7 
a, arg4-EcoRV (2-bp deletion at +260), leu2,  cyhR,  ura3, trpl ,  msh2::TnlOLUK7-7 
a, arg4-BglII (4bp insertion at +1274), leu2, cyhR, ura3,  trpl,  msh2::TnlOLUK7-7 
a, arg4-BglII (4bp insertion at +1274), his3A1,  ade2,  ura3-52,  trpl-289,  msh2::TnlOLUK7-7 
a, his3A1,  ade2,  ura3-52,  trpl-289,  pms1::TRPl 
a, his3A1,  ade2,  ura3-52,  trpl-289,  msh2::TnlOLUK7-7,  pms1::TRPl 
a, arg4-EcoRV (2-bp deletion at +260), leu2, cyhR, ura3,  trpl,  pms1::TRPl 
a, arg4-EcoRV (2-bp deletion at +260), leu2, cyhR, ura3,  trpl,  msh2::TnlOLUK7-7,  pms1::TRPl 
a, arg4-BglII (4bp insertion at +1274), leu2, cyhR, ura3,  trpl,  pms1::TRPl 
a, arg4-BglII (4bp insertion at +1274), leu2, cyhR, ura3,  trpl,  msh2::TnlOLUK7-7,  pms1::TRPl 

a, ho::LYS2,  lys2,  ura3,  leu2::hisG,  his4B 
a, ho::LYS2,  lys2,  ura3,  leu2::hisG 
a, ho::LYS2,  lys2,  ura3,  leu2::hisG,  his4B,  pmsl::LEU2 
a, ho::LYS2,  lys2,  ura3,  leu2::hisG,  pmsl::LEU2 
a, ho::LYS2,  lys2,  ura3,  leuZ::hisG,  pmsl::LEU2,  msh2::TnlOLLK7-7 
a, ho::LYS2,  lys2,  ura3, leu2::hisG, his4B,  pmsl::LEU2,  msh2::TnlOLLK7-7 
a, ho::LYS2,  lys2,  ura3,  leu2::hisG,  hislB,  msh2::TnlOLLK7-7 
a, ho::LYS2,  lys2,  ura3,  leu2::hisG,  msh2::TnlOLLK7-7 
a / a ,  ho::LYS2/ho::LYS2,  lys2/lys2,  ura3/ura3,  leu2::hisG/leu2::hisG,  his4B/his4X,  msh2::TnlOLLK7-7/MSH2 

The msh2,  msh3 and pmsl derivatives  of the AS4/As13, MGD and SK1 strains were constructed as described in MATERIALS AND METHODS. The 
location of the various ARG4 and HIS4 mutations is shown  with respect to the first nucleotide in  the initiating ATG. 

could explain why homeologous recombination  appears 
to  be  regulated differently in yeast and in E.  coli. We 
initially focused our analysis on MSH2 because msh2 
mutants display a severe defect in mismatch repair. As 
summarized below, our results suggest that  the yeast  mis- 
match repair system acts to control  the  length of het- 
eroduplex DNA tracts and provide a significant revision 
of models used to explain recombination in yeast. 

MATERIALS  AND  METHODS 

Media and chemicals: E.  coli strains  were  grown  in LB broth 
or on LB agar which  was supplemented with  100 pg/ml am- 
picillin  when required (MILLER 1972). Yeast strains  were  grown 
in either yeast extract, peptone, dextrose (WD) or minimal 
selective  media (SHERMAN et al. 1983). Selective  media  con- 
tained 0.7%  yeast nitrogen base,  2%  agar, 2% glucose and 

0.09% of a dropout mix that lacks the amino acid  used for 
selection. Sporulation medium (SPM) plates  were prepared as 
described previously (DETLOFF et al. 1991). When required, 
canavanine and cycloheximide  (Sigma) were included in mini- 
mal  selective media at 60 and 3 mg/liter, respectively  (ROSE 
et al. 1990). 5-Fluorc-orotic  acid was purchased from SCM 
Specialty  Chemicals,  Gainesville,  Florida, and used  as de- 
scribed  previously ( BOEKE et al. 1984). 

E. coli strains: RDK 1400 (thr, leuB6, thi, thyA, t r p C l l l 7 ,  
hsrkl2,  hsmkl2, st+, recAl3) was from our laboratory  collec- 
tion and used  to  amplify and manipulate all  plasmids de- 
scribed  in  this  study. 
S. cerevisiae strains: The genotypes of all  strains  used in 

these  studies are shown  in  Tables 1 and 2. A detailed descrip- 
tion of the plasmids  used  to disrupt the MSHZ,  PMSl and 
MSH3 genes is  shown  below. Three strain backgrounds were 
used in these studies; MGD (ROCCO et al. 1992), A!34/AS13 
(STAPLETON and F’ETES 1991) and SKI (KANE and ROTH 1974) 
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TABLE 2 

Matings used for tetrad analysis 

Strain Mating Relevant genotype  Experiment 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 

AS4 X PD73 
AS4 X PD74 
AS4 X PD76 
AS4 X PD77 
RKYl721 X RKYl452 
RKYl721 X RKYl453 
RKYl721 X RKYl455 
RKYl721 X “456 
“776 X RKYl783 
AS4 X PD22 
AS4 X PD24 
RKYl721 X RKYl742 
“721 X RKYl745 
ORT1045a X ORT118-2 
ORT1045a X ORT127 
ORT118-2 X ORT149-340a 
RKYl754 X RKYl756 
RKYl754 x RKYl759 
RKYl756 X RKYl762 
RKYl921 X RKYl923 
RKYl935 x RKYl939 
RKYl921 X RKYl926 
“929 X RKYl939 
AS4 X PD98 
AS13 X PD8 
PD8 X PD98 
RKYl104 X “146 
“794 X RKYl918 
RKYl799 X RKYl903 
RKYl908 X RKYl910 

MATa/MATa 
MATa/MATa,  msh2::TnIOLLK7-7/” 
MATa/MATa,  pmsl::LEU2/” 
MATa/MATa.  msh2::TnlOLLK7-7/”.  bmsl::LEU2/” 

AA/TT mispairs 
GG/CC mispairs 
GT/CA mispairs 
GA/CT mispairs 
AA/TT mispairs, msh2 
GG/CC mispairs, msh2 
GT/CA mispairs, msh2 
GA/CT mispairs, msh2 
GT/CA mispairs, msh2, msh? 
G insertion at + 1396 
G insertion at +2270 
G insertion at +1396, msh2 
G insertion at +2270, msh2 
-2 bp  at +260 
+4 bp  at +1274 
Co-conversion 
-2 bp  at +260, msh2 
+4 bp  at +1274, msh2 
Co-conversion, msh2 
-2 bp  at +260, pmsl 
-2 bp  at +260, pmsl,  msh2 
+4 bp  at +1274, pmsl 
+4 bp  at +1274, pmsl ,  msh2 
HIS4 X his4-3133 
HIS4 X his4-17 
his4-17 X his4-3133 
MAT conversion 
M A T  conversion, msh2 
M A T  conversion, pmsl 
M A T  conversion, msh2,  bmsl . 

Diploids were constructed  and  then  sporulated using the zero-growth sporulation regimen described by REENAN and KOLODNER (1992b). The 
relevant  genotype and  experiment columns  refer to  the HIS4 and ARG4 alleles that were used to  examine  the frequency of aberrant segregations 
in wild type, msh2,  msh3 and pmsl strain  backgrounds. 

(Table 1). The MGD, AS4/AS13, and SKI starting strains were 
kindly provided by A W N  NICOLAS, TOM PETES and NANCY 
KLECKNER, respectively. 

msh2::TnlOLUK7-7,  msh3A::hisG,  pmslA::LEU2 and 
pms1A::TRPl derivatives of  MGD and AS4/AS13 strains were 
all constructed by single step DNA transplacements The MGD 
msh2::TnlOLUK7-7pmslA::TRPl double mutantswere con- 
structed by  successive single step transplacements. The AS4/ 
AS13 msh2::TnlOLUK7-7  msh3A::hisGdouble mutants were 
constructed by methods  that allowed  successive single step 
transplacements using  only the URA3 marker (&I et ul. 
1987). First, Ura- derivatives of MATa and MATa msh3::hisG- 
URA3-hisC transplacements were obtained by selection on 
5-fluoro-orotic acid. This selection resulted in a “popout” of 
URA3 and hisG sequences, thereby allowing a subsequent 
transplacementwith the msh2::Tnl OLUK7-7mutation. These 
methods  ensured that the  mutant derivatives  were  isogenic  to 
the parental strains. 

All of the SK1 strains  used  in  this  study  were  derived  from 
RKYl794 (MATa, ho::LYS2,  lys2, ura3, leu2::hisG, his4B, 
msh2::TnlOLLK7-7), RKYl799 (MATa,  b::LYS2, 4s2, ura3, 
h2::hisG, his4B, pmslA::LEU2), and RKH104 (MATa, ho::LYS2, 
4s2, ura3, leu2::hisG). RKYl794 was obtained by sporulating and 
dissecting RKYl476 (MATa/a, ho::LYS2/ho::LYS2,4~2/4~2, ura3/ 
uru3, h2::hisG/h2::hisG, his4B/his4X msh2::TnlOLLK7-7/ 
MSH2, REENAN and KOLODNER 1992b).  RKYl799 was constructed 
by disruping the PMSl gene in RKYl146 using  single step trans 
placement  (see  below). RKYl918 (relevant  genotype MATa, 
mh2::TnlOLLK7-7) and RKYl903 (relevent genotype MATa, 
pnslA::LEU2) were obtained by sporulating diploids created by 
mating RKYl794 to RKYl104 and RKy1799 to RKYl104, respec- 

tively. MATa and MATa msh2::TnlOLLK7-7pnslA::LEU2double 
mutants (RKYl908,1910) were obtained by sporulating a diploid 
strain created by mating RKYl794 to RKy1903. The genotype of 
the mh2::TnlOLLK7-7pmslA::LEU2 double mutants was verified 
by polymerase  chain  reaction  (PCR)  (see  below). 

Genetic  techniques: Yeast  were tranformed with  DNA using 
the lithium acetate method as described by GIETZ and SCHIESTL 
(1992) with the exception of the experiments on homeolo- 
gous recombination, where transformation was performed by 
methods described by CULLIN and POMPON (1988). The geno- 
types  of  all transplaced loci  were confirmed by Southern blot- 
ting analysis or PCR (see below). 

Because msh2 mutants display a mutator phenotype, strains 
were mated and sporulated at 30” using the zero growth  regi- 
men described by REENAN and KOLODNER (1992b). Even under 
these conditions in  all strain backgrounds the msh2 mutation 
resulted in a 50% decrease in the number of tetrads that con- 
tained four viable spores as compared to  wild  type. Tetrads 
were  dissected on YPD plates immediately after zymolyase 
treatment and then allowed to germinate at 30”. After 3 days 
of growth at 30”, colonies derived from germinated spores 
were replica plated onto various dropout plates which  were 
then incubated at 30”. Aberrant segregations were scored 1 day 
after replica plating. Sectored colonies were confirmed by  mi- 
croscopic examination. 

For the MGD background, spore clones were replica plated 
onto Arg, Leu, Ade and His dropout plates and cycloheximide 
plates. Tetrads  that  contained an aberrant segregation at a 
locus other than ARG4 were discarded to eliminate all  possible 
false tetrads. In the u@RV X urg4-BgUZcwonversion  study, the 
ARG4 genotype of the meiotic  progeny was determined by allele 
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testing,  using  previously  described  methods (NICOLAS d al. 1989). 
For the AS4/AS13 background, spore clones  were  replica 

plated onto His, Trp, Tyr, Leu and Arg drop-out  plates. 
Because aberrant segregation at ARG4,  TYR7,  LEU2 and 
TRPl occur at high frequency in the A!34/AS13 background, 
tetrads that contained only a single aberrant segregation at 
one of these four loci  were  still included in the tetrad analysis. 
In the his4-17 X his4-3133 coconversion study, the HIS4 
genotype of the meiotic  progeny was determined by comple- 
mentation analysis, using  previously described methods 
(DETLOFF and PETES 1992). 

For the SK-1 background, spore clones  were  replica  plated 
onto His dropout plates and tested for mating type  by comple- 
mentation analysis  with mating type tester  strains.  Data from 
tetrads that contained aberrant segregations at both HIS4 and 
MAT  were discarded to eliminate possible  false tetrads. 

All tetrad data were evaluated  using contingency Chi 
squared (2) , or when  sample sizes  were  small,  with the Fisher's 
exact  test  (FLEISS  1981; MEHTA and PATEL 1983). For 2 tests, 
values > 3.6 (P < 0.05)  were interpreted as significant.  For the 
Fisher  exact  test,  because of the multiple tests run on each set 
of data, Pvalues should be interpreted conservatively.  Only P 
values ~0.005 are interpreted as significant, while those  be- 
tween 0.05 and 0.005 are considered suggestive. 

Determination of mutation  rates: Strains  to  be  tested  were 
streaked out from  frozen cultures onto WD  plates and then 
grown at 30" until they had formed colonies containing a p  
proximately lo7 cells.  Eleven  colonies  from  each strain were 
resuspended in water and then plated with the appropriate 
dilution onto arginine drop-out plates containing or lacking 
60 mg/liter canavanine.  Mutation rates were determined as 
described elsewhere (LEA and COUL~ON 1949; REENAN and 
KOLODNER 199213). 

Homeologous  recombination  studies: Plasmids p621/V8 
(Zp, URA3, PlcDNA) and p703/VGAL (2p, URA3,  LM4  cDNA) 
(MEZARD et al. 1992)  were  generously  provided by D. POMPON and 
AWN NICOLAS. Cetransformation of  BAL31-treated  p703VGAL 
with homologous  (LM4  cDNA),  homeologous  (P1  cDNA) and 
non-homologous (pUCl9) DNA fragments was performed as de- 
scribed  previously ( MEZARD et al 1992). p703VGAL was linearized 
with  BstEII and treated with  BAL31 to  create  internal  deletions 
that  ranged  from  approximately 200-1000 bp, as judged by  aga- 
rose  gel  electrophoresis. A 0.1-pg sample of  BAL31-treated 
p703VGAL and an  equal amount of either homologous,  home- 
ologous or non-homologous DNA hgments were  used for  each 
transformation. 

Nucleic  acid  techniques: All restriction  endonucleases, 
BAL31, T4 DNA  ligase and T4 DNA  polymerase  were purchased 
from New England  Biolabs and used  according  to  manufacturer's 
specifications. T q  polymerase was purchased  from  Perkin-Elmer 
Cetus.  Plasmid  DNA was isolated by alkaline lysis and all DNA 
manipulations,  including  Southern  blot  analysis,  were  performed 
as described  previously (MANIATIS d al 1982). 

Southern blotting analysis  was used  to  confirm the presence 
of the msh3::hisG-URA3-hisG insertion and was performed as 
described previously (MANIATIS et al. 1982). A DNA fragment 
containing hisG sequences was used  as a probe and was  32P- 
labeled using the random priming method (FEINBERG and 
VOCELSTEIN 1984). PCR (SAIKI et al. 1985) was performed to 
confirm the presence of the msh3::hisG,  rnsh2::TnIOLUK7-7, 
pms1::TRPI  andpms1::LEUZ insertions, using methods simi- 
lar  to  those outlined by REENAN and KOLODNER (1992a). In  all 
cases  PCR  was performed for 30  cycles  using a denaturation 
step of 1 min at 94", an annealing step of 2 min at 50" and a 
polymerization step of  4.5  min at 72".  Reactions were per- 
formed in 25 pl with 5 pmol of each primer and 1 pg  of  yeast 
DNA. The sequences of the primers used  to detect the 

msh2::TnlOLUK7-7 insertion were  described by REENAN and 
KOLODNER (1992a). The sequences of the primers used  to de- 
tect the msh3 and  pmsl insertions are available upon request. 
All of the DNA primers were  synthesized at  the Molecular 
Biology Core Facility, Dana Farber Cancer Institute. 

Plasmids: MSH2  disruptor: pZZ-2::TnlOLUK7-7  was de- 
scribed previously (REENAN and KOLODNER 1992a). It is a 21-kb 
YCPSO-derived plasmid that contains 7 kb  of  MSH2 sequence 
with a 6kb  Tnl OLUKinsertion (HUISMAN et al. 1987) at bp 185 
of the MSH2 coding region. This  plasmid was digested with 
SpeI prior to yeast transformation to  release a 9.5-kb 
msh2::TnlOLUK fragment containing 1.4  kb of  MSH2  se- 
quence upstream of the Tnl OLUK insertion and 2.1  kb  of 
MSH2 sequence downstream. 

MSH3  disruptor:  pEN33 is an 8.1-kb  plasmid that contains 
the MSH3 gene bearing a deletion of  2.5  kb  of  DNA located 
between CZaI and EcoRV sites.  This deletion resulted in the 
removal of the sequence encoding amino acids 212-1044 of 
the 1047 amino acid MSH3 coding region. The deleted se- 
quences were replaced by a 3.8-kb fragment containing h i d -  
URA3-hisG sequences.  pEN33 was digested with  EcoRI prior to 
yeast transformation to  release a 5.3-kb fragment containing 
0.4  kb of MSH3 sequence upstream of the hisGURA3hisC 
insertion and 1.1  kb of MSH3 sequence downstream.  pEN33 
was constructed using a plasmid containing the MSH3 gene 
that was generously  provided by G. CROUSE (NEW et al. 1993). 

PMSl disruptor: pEN37  is a 7.7-kb pUC19derived plasmid 
that contains the PMSl gene bearing a deletion of 2.1  kb  of 
DNA between  PstI  sites.  This deletion resulted in the removal 
of the sequence encoding amino acids  57  to  745  in the 904 
amino acid PMSl coding region (KRAMER et al. 1989b). The 
deleted sequences were replaced by a 2.8-kb fragment con- 
taining LEU2. pEN37  was digested with  Hind111 prior to yeast 
transformation to release a 3.4kb fragment containing 0.4  kb 
of PMSl sequence upstream of the LEU2 insertion and 0.15 
kb of PMSl sequence downstream. pEN37  was constructed 
using a plasmid containing the PMSl gene that was  kindly 
provided by J. ~ E R .  

pEN42:  pEN42  is a 5.7-kb pUGderived plasmid that con- 
tains the same internal deletion of PMSl sequence as  exists in 
pEN37.  However, in pEN42, the deleted sequences were re- 
placed by a 0.85-kb insert containing TRPl instead of LEU2. 
pEN42  was digested with SaZI prior to yeast transformation to 
release a 2.9-kb fragment containing 1.1  kb  of PMSl sequence 
upstream of the TRPl insertion and 0.9 kb of PMSl sequence 
downstream. 

RESULTS 

Experimental rationale: When diploid yeast strains 
that  are heterozygous for a mutant allele are sporulated 
and  the resulting tetrads dissected, the majority of the 
tetrads display 2:2 segregation of the wild-type and mu- 
tant alleles.  However, at a frequency dependent  on the 
allele tested, aberrant segregations are observed. Be- 
cause many  of the  aberrant segregations appeared to 
involve the segregation of two strands of heteroduplex 
DNA containing a mispaired base, according to conven- 
tion we classify  all tetrads with respect to the total num- 
ber of single strands. For example, we  will refer to a 2:2 
segregation pattern as a 4:4 event (Figure 1). Loci that 
undergo  recombination  at high frequency in wild  type 
strains show two major classes of aberrant segregations, 
6:2,2:6  gene conversions and 5:3,3:5 PMS events. Gene 
conversions yield spore clones that  are homozygous for 
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TABLE 3 

Distribution of aberrant segregations in wild-type  and msh2 AS4/AS13 strains heterozygous for single base pair substitutions  at  the 
initiating ATG of HIS4 

Wild type msh2::URAjr 

Strain  no.: 3 1 4 2 7  5 8 6 
Mismatch pairs: GT/CA AA/TT GA/CT GG/CC GT/CA AA/TT GA/CT GG/CC 

Aberrant events (%) 46 35 39 36 39 36 49  44 
PMS (%) 5.2 4.0  4.2 20 29  29 36 34 
Conversions (%) 41  31 35 17 11  7.5 13 10 
PMS/aberrants (%) 11 11 11 54 72  79 74 77 
Sectored (%)  1.3 1.5 1.6 5.4 8.0 8.9 9.3 8.3 
No. of tetrads 116 101 119 102 119 107 110 126 
Classes: 

62 ,  2:6 21, 23 7, 20 14, 21 13, 2 5, 7 4,  2 10, 4 6 ,  6 
5:3,  3:5 4, 2 3, 1 4, 1 6, 14 16, 11 18, 7 16,16 11, 20 
8:0, 0:8 2, 1 2, 2 6, 1 2, 0 0, 1 0, 2 0, 0 0, 1 
7:1,  1:7 0, 0 0, 0 0, 0 0, 0 1, 0 1, 0 1, 1 1, 1 
Ab44 0 0 0 0 5 4 5 6 
Ab6:2 +Ab2:6 0 0 0 0 0 1 1 3 
Other PMS 0 0 0 0 1 0 0 1 

Strains 1-8 (Table 2) were sporulated,  tetrad dissected and analyzed as described in MATERIALS AND METHODS. Aberrant events included all tetrads 
that deviated from 4:4 segregation (HZS4:his4) of HIS4 alleles; conversions included  the 62, 2:6, 8:O and 0:8 class of tetrads and PMS included 
the 5:3,3:5,7:1, 1:7, Ab4:4, Ab62, Ab2:6 and  other PMS class of tetrads. Other PMS refer to tetrads containing  more  than two PMS events. Percent 
PMS/aberrants  refers  to the  percentage of aberrant tetrads that were PMS. 

either wild-type or mutant  information. PMS events dis- 
play a sectored phenotype where one half  of a  spore 
clone contains wild-type information and  the  other half 
contains the  mutant allele. A  number of studies have 
indicated that  the sectored colony phenotype results 
from the failure to repair  heteroduplex DNA (WHITE 
et al. 1985;  WILLIAMSON et al. 1985; BISHOP et al. 1987, 
1989; DETLOFF and PETES 1992). More importantly these 
studies concluded  that  heteroduplex DNA represents  an 
intermediate step in the  formation of a  gene conversion 
event and that  an analysis  of gene conversion events can 
be used to examine the efflciency  of mismatch repair 
(WHITE et al. 1985;  BISHOP et al. 1987,1989; KRAMER et al. 
1989a; LICHTEN et al. 1990;  DETLOFF et al. 1991). 

Based on  the fact that  the  predicted  sequence of the 
MSH2 gene  product showed strong homology to the 
E.  coli mismatch repair  protein MutS and that msh2 
mutants displayed phenotypes consistent with a defect 
in mismatch repair  during  gene conversion, we used 
tetrad analysis to further  examine  the role MSH2 pro- 
tein plays in the  repair of heteroduplex DNA (REENAN 

and KOLODNER 1992a,b), By using heterozygous strains 
displaying high levels of meiotic gene conversion and 
containing specific his4 (DETLOFF et al. 1991) and arg4 
(Rocco et al. 1992) alleles, we were able to examine gene 
conversion events involving the potential formation of 
all  possible single base pair mismatches, as  well  as 1-4bp 
insertions and  deletions in wild  type and in a msh2 in- 
sertion mutant. Four different heterozygous strains were 
created and sporulated to examine gene conversion 
events  involving the  repair of  all  possible  base pair mis- 
matches at  the HIS4 ATG initiation codon (Tables 1 and 
2). It  should  be  noted  that due to the complementary 
nature of double-stranded DNA, each mutant allele can 

form two different mismatches depending  on which  mu- 
tant  strand pairs with a wild  type strand. For example, a 
diploid heterozygous for his4-ATC, a G to C  mutation 
at  the initiation codon of H I M ,  can form either  a GG 
or CC mismatch during  heteroduplex formation. Pre- 
vious studies by DETLOFF et al. (1991) showed that  the 
two possible mismatches that can form are  present in 
heteroduplex DNA intermediates  at  equal frequency. A 
tetrad was considered  aberrant when it showed segre- 
gation patterns  that deviated from  the 4:4 pattern. The 
observed aberrant tetrads fell into two major classes, 
those that displayed sectors, indicative of a failure to 
repair base pair mismatches, called PMS (5:3,3:5, Ab4:4, 
Ab6:2, Ab2:6,7: 1,1:7),  and those that displayed patterns 
consistent with mismatch repair, called gene conver- 
sions (6:2, 26,  8:0, 0:8) (Figure 1). 

msh2 mutants  display  a defect in mismatch  repair: As 
shown  in Table 3 and Figure 3, there was no significant 
difference in the frequency of aberrant events at  the 
HIS4 ATG in the wild  type and msh2 mutant strains; in 
all eight strain backgrounds approximately 40% of the 
tetrads displayed an  aberrant segregation. However, 
there were dramatic differences between  wild  type and 
msh2 mutants in the distribution of aberrant classes. In 
wild  type,  only 11 % of the  aberrant events in the GT/CA, 
GA/CT and AA/TT mismatch forming strains displayed 
a PMS phenotype, consistent with  previously published 
data (DETLOFF et al. 1991). The high frequency of  PMS 
events in the GG/CC mismatch strain was expected be- 
cause CC mismatches are poorly repaired in  yeast 
(BISHOP et al. 1989; KRAMER et al. 1989a;  LIGHTEN et al. 
1990; DETLOFF et al. 1991). From 72 to 79% of the ab- 
errant events observed in the msh2 mutant displayed a 
PMS phenotype, consistent with the msh2 mutation 
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FIGURE 3."msh2 mutants dis- 
play a defect in the repair of all 
base pair mismatches. (A) Dip 
loids heterozygous for base pair 
substitutions at  the ATG of HIS4 
were sporulated and scored for ab- 
errant segregations at HZS4. As de- 
scribed in the text, heteroduplex 
formation between a wild  type and 
a  mutant HIS4 allele resulted in 
one of  two possible  base pair mis- 
matches. The percentage of aber- 
rant events for each mismatch pair 
is displayed for MSH2 (strains 
1-4, Table 2) and msh2 (strains 
5-8, Table 2) strains. (B) The ab- 
errant events  shown in  A were  cat- 
egorized into those that displayed 
PMS (5:3, 3:5, 7:1, 1:7,  Ab4:4 and 
other PMS), and those that dis- 
played gene conversion (6:2, 2:6, 
8:0, 0:8). In MSH2 and msh2 
strains, we present for each mis- 
match pair the percent of aberrant 
events that displayed a PMS phe- 
notype, indicating a failure to  re- 
pair a base pair mismatch. The 
complete data set for these studies 
can be  found in Table 3. 

causing a  strong  defect in mismatch repair. Based on 
these data we conclude  that msh2 mutants display a se- 
vere defect in the  repair of  all  base pair mismatches. 
Tetrad dissections were  also performed on wild  type and 
msh2 strains heterozygous at HIS4 and ARC4 for 1-, 2- 
and  4bp insertion mutations, as  well  as for uncharac- 
terized mutations  at ARG4, TYR7,  TRPl and LEU2 
(Table 4, strains 10-13; Table 5,  strains 14-18). In all 
cases,  fewer than 10% of the  aberrant events in the wild 
type displayed a PMS phenotype while 30-90% of the 
aberrant events in msh2 strains were PMS, indicating 
that msh2 mutants  are also defective in the  repair of 
small base pair insertion/deletions. 

Recently NEW et al. (1993) identified MSH3, a  third 
mutS homolog in yeast. msh3 mutations cause a weak 
mutator  phenotype  compared to msh2 mutants. We con- 
structed  a msh2  msh3 strain that can form either  a GT 
or CA mismatch during  heteroduplex  formation to de- 
termine  whether  the  double  mutant would  show a  per- 
centage of PMS among  aberrant events that was even 
higher  than  in  the msh2 background. We found  no sig- 
nificant difference between msh2 and msh2  msh3 
double  mutants, suggesting that  the msh3 mutation  does 

not affect the residual gene conversion events seen in a 
msh2 mutant  (data  not shown). We have  also measured 
the  spontaneous  mutation  rate in msh2,  msh3 and msh2 
msh3 mutants (see Table 7) .  These results show that  the 
msh3 mutation  does  not increase the  spontaneous mu- 
tation frequency in msh2 mutants, suggesting that 
M S H 3  does not function in either  a msh2-dependent or 
independent  repair pathway. 

We observed that  the frequency of aberrant events at 
the HIS4 ATG  was essentially identical in both wild-type 
and msh2 strains (0.085 < P < 0.88). If the direction of 
repair of a mismatch to mutant  (gene conversion) or to 
wild  type (restoration) was random,  then  the frequency 
of aberrant events in msh2 strains should be twice that 
observed in  wild  type. The fact that  the frequency of 
aberrant events in  wild  type and msh2 strains was essen- 
tially the same indicated  that  the direction of mismatch 
repair in the wild-type background was  always in the di- 
rection required  for  gene conversion (see DISCUSSION). 

Ab44 tetrads  constitute a significant  class of aberrant 
tetrads in msh2 mutants: The distribution of different 
types  of aberrant events observed in the wild-type and 
msh2 AS4/AS13 tetrad dissections is presented in 
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TABLE 4 

Distribution of aberrant  segregations in wild-type  and msh2 AS4/AS13 strains  containing  heterozygous mutations at  several  loci 

Locus: HIS4, +1396 H I S ,  +2270 

Relevant genotype: wt msh2 wt msh2 

Aberrant events (%) 20 36 18 32 
PMS (%) 1.9 32 0 28 
Conversions (%) 18 4.0 18 3.6 
PMS/aberrants (%) 10  89 0 89 
Sectored (%) 0.5  7.1 0 7.9 
No. of tetrads 104 227 109 194 
Classes: 

6:2, 2:6 8, 11 3, 6 6, 12 1, 5 
5:3,  3:5 1, 1 30,  30 0, 0 16, 25 
8:0, 0:s 0, 0 0, 0 2, 0 1, 0 
7:1,  1:7 0, 0 0, 1 0, 0 0, 1 
Ab44 0 9 0 12 
Ab62 + Ab26 0 2 0 0 
Other PMS 0 0 0 1 

ARG4 

wt msh2 

8.9 23 
0 14 
8.9 
0 

9.1 
61 

315 883 

18, 10  41,  38 
0, 0 58, 49 
0, 0 0, 1 
0, 0 1, 0 

0 12 
0 3 
0 0 

TYR 7 TRPl LE CJ2 

wt msh2 wt msh2 wt msh2 

3.5 8.8 1.3 2.3 5.7  4.9 
0.3 5.2 0 0.7 0 2.7 
3.2 3.6 1.3 1.6 5.7 2.2 
9.1 59 0 30 0 44 

315 883 315 883 315 883 

6, 4 20, 11 3, 1 5, 9 7, 12 12, 12 
0, I 24, 19 0, 0 3, 3 0, 0 11,  7 
0, 0 1, 0 0, 0 0, 0 0, 0 0, 0 
0, 0 0, 0 0, 0 0, 0 0, 0 0, 0 

0 3 0 0 0 1 
0 0 0 0 0 0 
0 0 0 0 0 0 

Tetrads were  classified  as described in Table 3. The data for dissections  involving the his4 +1396 and +2270 mutations were obtained using 
strains 10-13 (Table 2). ARG4, TYR7, TRPl and LEU2 segregation data were obtained by pooling experiments involving strains heterozygous 
for these markers (1, 2, 3, 4, 10 and 11 for MSHP; 5, 6, 7, 8, 12 and 13 for msh2; Table 2). 

TABLE 5 

Tetrad  analysis of wild-type, msh2, pmsl  and p m s l ,  msh2 MGD strains containing  heterozygous mutations at ARG4 

arg4-EcoRV +260 arg4-BgMI + 1274 

Wild  type msh2  pmsl Wild  type msh2 pmsl msh2, pmsl 
~ ~ ~ ~ ~~ ~ ~ 

Aberrant events (%) 9.1 11.1 11.3 2.3 6.6  7.4  6.7 
PMS (%) 0 6.5  5.2 0 4.9  3.7  6.7 
Conversions (%) 9.1 4.6  6.1  2.3  1.8  3.7 0 
PMS/aberrants (%) 0 58 46 0 73  50 100 
No. of tetrads 253 216  231  306  226  216  210 
Classes: 

~~ 

6:2, 2:6 10, 12  3, 6 8,  6 2, 5 2, 2 4, 4 0, 0 
5:3,  3:5 0, 0 5, 8 5, 5 0, 0 5, 4 6, 2  4,  9 
8:0, 0:s 0, 1 1, 0 0,  0 0, 0 0, 0 0, 0 0, 0 
7:1,  1:7 0, 0 1, 0 0,  1 0, 0 0, 0 0, 0 0, 0 
Ab4:4 0 0 1 0 1 0 1 
Other PMS 0 0 0 0 1 0 0 

Tetrads were  classified  as described in Table 3. The data for the arg4-EcoRVallele  were obtained in wild-type, msh2 and pmsl backgrounds by 
dissecting strains 14, 17, and 20  respectively (Table 2). The data for the arg4-BgZII allele  were obtained in wild-type, msh2,  pmsl and msh2, pmsl 
background by dissecting strains 15, 18, 22 and 23, respectively. 

Figure 4. There was an inverse relationship between 
gene conversion and PMS events in the wild  type and 
msh2 strains (Table 3), consistent with the idea that  the 
6:2 + 2:6 gene conversion class resulted from the  repair 
of a  heteroduplex  intermediate  that could be scored as 
PMS events in mismatch repair defective msh2 mutants. 
In  the wild-type strains, 80% of the  aberrant events were 
6:2 or 2:6 gene conversions and  the remaining 20% were 
split evenly between 8:O or 0:8 gene conversions and 5:3 
or 3:5  PMS events. In msh2 mutants nearly two thirds of 
the  aberrant events were  5:3 or 3:5 PMS events and  the 
remaining one third consisted mostly  of 6:2 or 2:6 gene 
conversions and Ab4:4 PMS events. A small percentage 
( ~ 1 0 % )  of the wild-type and msh2 aberrant events were 
8:O or 0:8 gene conversions or 7:l or 1:7 PMS events. 
These  latter classes of tetrads (8:0,  0:8, 7:1, 1:7) are con- 
sistent with  having been  formed from multiple indepen- 
dent recombination events. The appearance of these 

events, which  were observed at  a similar frequency by 
DETLOFF et al. (1991), was not surprising considering 
that  the overall frequency of aberrant events was high. 
We did not observe a significant difference in the di- 
rectionality of gene conversions (parity) from wild  type 
to mutant, or vice  versa, in msh2 and wild  type strains. 
For example, as  shown  in Table 3, the  number of tetrads 
in the 6:2  class  was similar to that in the 2:6  class. The 
only exception was the identification of 13 6:2 us. 2 2:6 
events in the wild-type GG/CC mismatch pair; a similar 
result was obtained by DETLOFF et al. (1991). 

Ab4:4 tetrads form an interesting class of aberrant 
events because this class could be formed from DNA 
intermediates  containing regions of  symmetrical hetero- 
duplex DNA (Figure 2). All major recombination mod- 
els postulate the formation of a HOLLIDAY junction to 
explain how gene conversion events can be accompa- 
nied by a crossover (THALER and STAHL 1988). The for- 
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Distribution of aberrant events at H I S 4  

29 

m s h t  
100 

wild type 

1 3 3  

FIGURE 4.-A significant  propor- 
tion of aberrant  events in msh2 mu- 
tants  are Ab4:4 tetrads.  The  distribu- 
tion of aberrant HIS4 segregations 
in MSH2 (Table 2, strains 1-4, 10, 
11) and msh2 (Table 2 ,  strains 5-8, 
12, 13) is presented as a percent of 
the  total number of aberrant  events. 
The  total  number of aberrant events 
in each  class is displayed  above  the 
bar. 

5:3 6:2  Ab4:4  Ab6:2 6 0  7:l 
3 5   2 6  Ab2:6 0 8  1:7 

5 3  6:2 
3:s 2:6 

mation of a HoLLIDAYjunction followed by branch mi- 
gration will produce symmetric regions of heteroduplex 
DNA that could in principle be  the  precursor  to Ab4:4 
events. While  Ab4:4 tetrads have been identified in Sor- 
daria and Ascobolus,  they  have been rarely observed at 
a significant frequency in S .  cereuisiae. The low fre- 
quency of  Ab4:4 events that have been observed in S. 
cereuisiae have been explained as resulting from mul- 
tiple independent events rather  than from events involv- 
ing the formation of  symmetrical heteroduplex DNA 
(KITANI et al. 1962;  ROSSICNOL et al. 1984;  FOCEL et al. 
1981).  This observation has led all major recombination 
models to  incorporate  the paradoxical idea that HOL- 
LIDAYjunctions are  formed but  do  not branch migrate to 
form symmetric heteroduplex in S. cereuisiae. In msh2 
strains, an average of 13% of  all aberrant events at HIS4 
were  Ab4:4,  with  as high as 19% observed in some ex- 
periments (Tables 3 and  4). 

It is important to note  that Ab4:4 events could arise as 
the result of a single recombination event involving the 
formation of  symmetrical heteroduplex, or through two 
independent  aberrant segregation events each involving 
the  formation of  asymmetric heteroduplex (Figure 5). 
If the  latter were true  then we would  have expected  to 
observe a second class of tetrads  containing two inde- 
pendent  aberrant segregation events, Ab6:2, or Ab2:6, at 
a similar frequency (Figure 5). As shown in Figure 4 and 
Tables 3 and 4, this was not the case. When we examined 
all  of our data, Ab4:4 tetrads were  significantly more 
frequent  than Ab6:2 + Ab2:6 tetrads (60 us. 10, 95% 
confidence  level), rejecting the hypothesis that Ab4:4's 
are  the result of two independent events. We then com- 
pared  the frequency at HIS4 of  Ab4:4,  Ab6:2 and Ab2:6 
events to  the  frequency of 5:3 and 3:5 events. If all  of the 
Ab4:4 tetrads were strictly the result of  two independent 
asymmetric events, then  the frequency of  Ab4:4,  Ab6:2 
and Ab2:6 events should  equal  the  square of the fre- 
quency of 5:3 and 3:5  events.  After examining  the whole 
data set ( n  = 883), we found  that  the frequency ofAb4:4, 

Ab4:4 Ab6:2 8:0 7:1 
Ab2:6 0:8 I:? 

Ab6:2 and Ab2:6 events (5.4%) was approximately 
equivalent to the square of the frequency of 5:3 and 3:5 
events (24.5%). This analysis  of the relationship between 
5:3 and 3:5 and  Ab62, Ab2:6 and Ab4:4  events does not 
allow  us to disprove the independent event  hypothesis. 
However, the relationship between Ab44  and Ab6:2 and 
Ab2:6 events is supportive  of recombination mechanisms 
involving  symmetric heteroduplex DNA. 

msh2 mutants disrupt both ARG4 and HIS4 polarity 
gradients An interesting  feature of the ARC4 and HIS4 
genes is that  gene conversion events observed at these 
loci are  distributed in a polarity gradient, where markers 
at  the  5' end of these genes display  maximal  levels  of 
conversion and markers located progressively  down- 
stream from  the 5'  end show decreasing levels  (Re- 
viewed  in  FOCEL et al. 1981;  NICOLAS et al. 1989; DETLOFF 
et al. 1992). Using a variety  of  physical and genetic a s  
says, several groups have identified cis-acting sequences 
located near  the  promoter regions of HIS4 (AS4/AS13 
strains) and ARG4 (MGD strains) that  are  required for 
the high levels  of recombination observed at  the  5' end 
(NICOLAS et al. 1989; WHITE et al. 1991).  In  addition,  at 
early times in meiosis a double-strand break was tran- 
siently observed near  the cis acting sequences located at 
HIS4 and ARG4 (SUN et al. 1989;  NAG and PETES 1993). 
The generally accepted interpretation of these results is 
that  recombination is initiated at a specific  site by the 
formation of a double-strand break followed by the pro- 
cessing  of double-strand breaks into  intermediates  that 
can form heteroduplex DNA. Based on this model, po- 
larity gradients simply reflect the processivity and het- 
erogeneous  termination of a mechanism that  extends 
heteroduplex DNA. Our results, summarized below, are 
consistent with this idea with the modification that mis 
match repair  proteins  control  the processivity  of het- 
eroduplex extension and establish polarity gradients by 
preventing heteroduplex extension when a base pair 
mismatch is encountered. Initial studies by REENAN and 
KOLODNER (1992b) showed that  the SK-1 HIS4 polarity 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/137/1/19/6012565 by guest on 25 M

ay 2023



30 E. Alani, R. A. G. Reenan  and R. D. Kolodner 
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FIGURE 5.-A  model that  describes  the  formation of Ab4:4, 

Ab6:2 and Ab2:6 tetrads. Using  the  recombination  models  de- 
scribed  in  Figure 2, Ab4:4  tetrads  can  result  from  symmetric 
heteroduplex DNA or from two independent asymmetric 
events.  Ab62  and  Ab26  tetrads  can  form  only from two in- 
dependent asymmetric  events. If one  assumes  that  Ab4:4 tet- 
rads  are  the  result of asymmetric  events,  then  one would ex- 
pect  an  equal  frequency of  Ab6:2 + Ab2:6  events  in the case 
that  chromosomes can donate or receive  information  only 
once  and  either  the  transcribed or non-transcribed  strand is 
transferred. Much more complicated  conditions  can  be  pro- 
posed,  such  as  the  case  where  the  same  strand is always trans- 
ferred  and  chromosomes can donate  information  once  and 
receive  information  once.  However,  in  all  cases  that  invoke 
models  similar to those  shown in Figure 2, the  frequency of 
Ab4:4  tetrads is always less  than  or equal to  the  frequency of 
Ab6:2 + Ab2:6  tetrads. 

gradient was disrupted  in msh2 mutants with the level of 
gene conversion at  the 3' end of the  gene being nearly 
the same as observed at  the 5' end. In order to verify and 
extend these results, we examined  the effect of the msh2 
mutation at two well characterized loci that display  po- 
larity gradients, ARG4  (MGD strain background; ROCCO 
et al. 1992) and HIS4 (AS4/AS13 background; DETLOFF 
et al. 1992b). 
As shown  in Figure 6, the polarity gradients were not 

as steep in msh2 mutants as  they  were in the wild-type 
control strains; at  both  the  HIS4  and ARG4 loci, the 

frequency of aberrant segregations at  the 3' end of the 
gene was almost the same as that observed at the 5' end. 
In Tables 3 and 4 we present  the distribution of aberrant 
segregations for alleles located throughout  the HIS4 
gene in  wild-type and msh2 strains. In wild  type, the per- 
cent  of  aberrant segregations decreased from approxi- 
mately 40% at  the ATG alleles to 18% at  the bp 2270 
allele. In msh2, the  percent of aberrant segregations re- 
mained nearly constant  throughout HZS4; 32% aberrant 
segregations were observed at  the  bp 2270 allele, which 
is significantly greater  than observed  in the wild-type 
strain [ P  = 0.01  (x")]. Interestingly, in msh2mutants the 
percentage of aberrant events that were PMS at the bp 
1396 and 2270 alleles was significantly higher  than o b  
served at  the ATG alleles; 75% of the  aberrant events at 
the ATG alleles  were PMS events while 89% were PMS 
events at  both  the  bp 1396 and 2270 alleles [0.05 < P > 
0.01 (2) for ATG us. bp 1396 and for ATG vs. bp 22701. 

The distribution of aberrant segregations for alleles 
located at  bp 260 (arg4-EcoRV) and  bp 1274 (arg4- 
BglII) of  ARC4  wild-type, msh2 and pmsl  strains is pre- 
sented in Table 5 and Figure 6B. At the arg4-EcoRV 
allele, the frequency of aberrant segregation was similar 
in  wild-type, msh2, and pmsl  strains. However at  the 
arg4-BglZIallele, the frequency of aberrant segregations 
in msh2,  pmsl and msh2  pmsl mutants was significantly 
higher  than wild  type so that  the polarity gradient was 
almost entirely eliminated in the  mutant strains, with 
values ranging from 6.6 to 7.4% [compared to wild type, 
0.05 > P > 0.005 ( x 2 ) ] ,  Because of the small number of 
aberrant events in this data set, we could not  determine 
if the distribution of aberrant events at  the two alleles 
was different in msh2 and pmsl  mutants. 

One possible explanation for the results described 
above is that  the mismatch repair defective mutations 
result in an increase in independent recombination 
events at  the 3' end of the genes examined. Conse- 
quently, it was important to determine  whether  the in- 
crease in aberrant segregation in msh2 mutants ob- 
served at the 3' end of the polarity gradient was due to 
the  formation of heteroduplex  intermediates  that 
spanned  both  the 5' and 3' markers and  hence were 
not  the result of multiple independent events. Co- 
conversion of arg4-EcoRVand arg4-BglIZwas examined 
using a strain that was heterozygous for both  the  arg4- 
EcoRV and arg4-BglZI alleles to address this question 
(MATERIALS AND METHODS). As shown  in Table 6, we o b  
served that  the majority  of the  aberrant events at  the 3' 
arg4-BglZZ allele coconverted with the 5' arg4-EcoRV 
allele in msh2 mutants, indicating that  the recombina- 
tion events at  the 3' end of the  gene were the result of 
heteroduplexes  that also covered the  marker  at  the 5' 
end of the  gene  [compared  to wild type, P = 0.01 ( x 2 ) ] .  

MSH2 and PMSl are in the  same  epistasis  group: 
The phenotypes observed for pnsl mutants are similar to 
those  observed for m h 2  mutants; pnsl mutants showed  an 
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A. 
H I S 4  polarity  gradient 
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HIS4 location (bp) A R G 4  location (bp) 
FIGURE 6 . T h e  msh2 mutation disrupts both the ARG4 and HIS4 polarity gradients. (A) MSH2 and msh2 strains heterozygous 

for HIS4 alleles located at  the initiation ATG (Table 2, strains 1,3,4,5,7 and 8), +688 (Table 2, strain 25), + 1396 (Table 2, strains 
10 and 12) and “2270 (Table 2, strains 1 1  and 13) were sporulated, tetrad dissected and examined for aberrant segregation. The 
percent aberrant segregation for HIS4 alleles located at the initiation ATG  was obtained by averaging the data from the GA/CT, 
M/TT and GT/CA  mismatch  pairs. The  percent  aberrant events  as a function of the position of the allele examined is presented. 
The distribution of aberrant events and  the total number of tetrads examined are shown  in Tables 3 and 4. (B) Wild-type ( W), 
msh2 ( m ) ,   p m s l  ( p )  and msh2,   pmsl   (m,p)  strains heterozygous for ARC4 alleles located at +260 (Table 2, strains 14, 17 and 
20, respectively) and +1274 (Table 2, strains 15, 18, 22, and 23, respectively)  were sporulated, tetrad dissected and examined for 
aberrant segregation. The percent of aberrant events, as a function of position of the allele examined is presented as a histogram. 
The distribution of aberrant events and  the total number of tetrads examined are shown  in Table 5. 

TABLE 6 

Analysis of coconversion events at ARC4 m wild-type 
and msh2 mutants 

arg4-EcoRV/arg4-BgllI 

Analysis  Wild  type msh2 

EcoRV aberrant  segregation (%) 9.6  5.4 
Bglll aberrant  segregation (%) 1 .O 2.2 
Co-segregation (%) 0 3.2 
Crossovers (%) 1 .o 1.3 
Multiple  events (%) 0.6  1.6 
No. of tetrads 31 1 315 

Data for wild  type  (strain 16, Table 2) is  from Rocco ef al. (1992). 
Strain 19 (Table 2) was sporulated, tetrad dissected,  and  tested for 
the  presence of individual alleles as described in MATERIA= AND METH- 
ODS. We displayed  only  the  percent  aberrant  segregation  data  because 
it was extremely  difficult  to  distinguish gene conversion  from PMS 
events  using  the  mitotic  recombination allele testing technique. This 
difficulty  resulted  in  an  underrepresentation of co-segregation 
events; we estimate that  at  least 50% of the arg4-Bglll aberrant seg- 
regations  in msh2 were  actually co-segregations. 

increased  rate  in  spontaneous  mutation,  were  defective  in 
the repair of  all  base  pair  mismatches, and showed an in- 
creased  frequency of aberrant segregations  in  meiosis  at 
some  loci but not others (WILLIAMSON d al. 1985; BISHOP 
et al. 1987,  1989; KRAMER d al. 1989a).  Furthermore, in 
Table 5 we showed that  the msh2and pnsZ mutations  have 
similar  effects on polarity  gradients. The defects  in  spon- 
taneous  mutagenesis,  mismatch  repair and polarity  gradi- 

TABLE 7 

Rate of spontaneous  mutations in AS4/M13, SKI and MGD 
strains as measured by resistance  to  canavanine 

Rate ( X 10”) 
Relevant 
genotype As4/AsI 3 MGD SKI 

Wild  type 1 .O 1.3 4.5 
msh2 16 30  48 
pms l  32  44 
msh2,   pmsl  24  68 
msh3 1 .o 
msh2,  msh3 14 

Canavanine  resistance  was determined as described in MATERIALF 
AND METHODS. The mutation  rate,  expressed as the  mutation  rate/cell 
generation, was calculated  using  methods  described by LEA and  Coul- 
son ( 1949). 

ent formation  in msh2, pnsZ and msh2 pnsl mutants  have 
been  directly  compared in order to  determine  whether 
these two genes are in the same  epistasis group (Tables  5 
and 7). As shown  in  Table  7, we found that the frequency 
of spontaneous  mutation  to  canavanine  resistance in  msh2, 
pmsZ and  msh2pnsl  mutants was indistinguishable in both 
the MGD and SK1 strains.  Furthermore,  the  single  and 
double  mutants  all  disrupted the ARG4polarity gradient  to 
the same extent. While a  large  percentage of aberrant 
eventswere PMS events  in both  the  msh2andpnsl  mutants, 
all of the aberrant events  observed  in the  double  mutant 
were PMS events.  Since  only fourteen events  were o b  
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served, more tetrads  must be analyzed to determine if this 
represents a significant  increase  in the proportion of  PMS 
events compared to the single mutants. 

Coconversion  analysis  at ARG4 and HIS4 is consis- 
tent with a heteroduplex  rejection  model: In this study 
we have  shown that  both  the ARG4 and HIS4 polarity 
gradients  are  disrupted in msh2 mutants. Using palin- 
dromic markers that  are  not recognized by mismatch 
repair (NAG et al. 1989), DETLOFF and PETES (1992) 
found a similar disruption of the HIS4 polarity gradient. 
Two models have been  proposed to explain this phe- 
nomenon (see the  Introduction).  The first model, based 
on experiments where heteroduplex track lengths were 
measured using palindromic markers, proposed  that 
heteroduplex DNAnormally spans the  entire HIS4 gene 
during recombination (DETLOFF and PETES 1992). Con- 
sequently the polarity gradients  are not  the result of the 
formation of a gradient of heteroduplex DNA. Rather, 
this model proposes that  the polarity gradient is the re- 
sult of the  direction of repair at different regions of the 
heteroduplex  intermediate. When a base pair mismatch 
is repaired, it can  be  repaired to restore the original 
sequence  information or repaired  to  produce a gene 
conversion. Consequently, this model suggests that at 
the  5'  end of the polarity gradient, all  base pair mis- 
matches are  repaired toward conversion (as observed in 
our data,  Table 3)  and  at  the 3' end most  base pair 
mismatches are  repaired toward restoration. This model 
argues that  the elevated level  of recombination at  the 3' 
end of the polarity gradient in msh2 mutants is due to 
lack of restoration repair of the underlying heterodu- 
plex tract. A second model, which proposes that mis- 
match repair acts to control  the  length of heteroduplex 
DNA during  recombination (REENAN and KOLODNER 
1992b), is reminiscent of the observation that mismatch 
repair prevents recombination in E.  coli between DNA 
sequences that  are 10-20% divergent (RAYSSIGUIER et al. 
1989). We  will refer to this as the  heteroduplex rejection 
model. In this model  the polarity gradient is the result 
of a gradient of heteroduplex DNA formation which is 
regulated by MSH2. It is important  to  note  that this 
model differs from models used to explain recombina- 
tion between divergent sequences in E .  coli because it 
involves  essentially  perfectly paired DNA sequences and 
that a single mispair can act as a signal to trigger the 
process that regulates heteroduplex tract length. 

While both models predict  that polarity gradients 
would be disrupted  to  the same extent in the absence of 
mismatch repair, they offer different predictions in the 
case where a marker  that  produces a well repaired mi- 
spair is placed upstream of a palindromic marker that 
produces a mispair that escapes detection by mismatch 
repair. The first model predicts that  the presence of an 
upstream well repaired mispair would  have no effect on 
the frequency of aberrant segregations of the poorly re- 
paired downstream marker, provided that excision  re- 

pair tracks do not span the distance between the two 
markers. The second model predicts that  the presence 
of an upstream well repaired  marker would prevent het- 
eroduplex DNA from extending to the poorly repaired 
marker, resulting in a decrease in the frequency of ab- 
errant segregation at the downstream marker. 

To distinguish these two possibilities we performed a 
co-conversion experiment using strain 26 (Table 2),  a 
diploid created by mating a His4KBfC+ strain contain- 
ing a single base pair substitution at  bp 688  of the HIS4 
coding  region,  to a His4A+B+C- strain containing a 
26bp palindromic insertion at  bp 2327  of the HIS4 cod- 
ing region. We chose these alleles because the distance 
between them is larger than  the  length of the excision 
repair tracts associated with mismatch repair (DETLOFF 
and PETES  1992;  BISHOP and KOLODNER 1986). We note that, 
even if excision repair tracts spanned both markers,  in a 
model in  which recombination was initiated by the for- 
mation of asymmetric heteroduplex followed by a switch  to 
symmetric heteroduplex, such repair would  alter the type 
of aberrant events at a poorly repaired downstream  marker 
but  not affect the overall  frequency of events. As shown  in 
Tables 8 and 9, a strain  heterozygous  for the bp 688  mu- 
tation  displayed 19% aberrant segregations, the majority of 
which  were gene conversions. A strain  heterozygous  for the 
bp 2327 palindromic mutation displayed an elevated  level 
of aberrant segregations compared to a well repaired allele 
at a similar  location [bp 2327,28% us. bp 2270 IS%, 0.05 
> P > 0.01 (?)I, and the majority of the aberrant segre- 
gations at the bp 2327  allele  were  PMS  events. 

When a strain containing  both his4 markers was ana- 
lyzed, two results were obtained  that  are consistent with 
the  heteroduplex rejection model. First,  as  shown  in 
Table 8, when the  bp 688 allele was placed upstream the 
frequency of aberrant segregations at  the  bp 688 allele 
did not change. However, there was a modest but sig- 
nificant decrease in the frequency of aberrant segrega- 
tions at  the  bp 2327 allele, from 28 to 21% [0.05 > P > 
0.01 ($)I. The percentage of aberrant events that were 
PMS did not change significantly for  the  bp 688 and 
2327 alleles, suggesting that  the decrease in the  fre- 
quency of  the  bp 2327 allele in the co-conversion  ex- 
periment was not  due to excision repair extending 
through  both markers. Second,  the frequency of Ab4:4 
alleles observed at the  bp 2327 allele dropped dramati- 
cally, from 10 to 1.2% [0.01 > P > 0.005 (x2)], when the 
bp 688 allele was placed upstream (Tables 8 and 9). 
Interestingly, Ab4:4 events comprised approximately 
50% of the increase in aberrant events that was observed 
when the segregation of the bp 2327 allele was analyzed 
in the absence of the  bp 688 allele. Although it was 
shown  previously in this strain background that excision 
repair tracts rarely extend  more  than 1.5  kb (DETLOFF 
and PETES 1992),  it is  still  possible thatAb4:4 tetrads were 
formed  at  bp 2327 in the co-conversion experiment  but 
were obscured by excision repair involving both markers 
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TABLE 8 

Tetrad analysis at HIS4 of AS4/AS13 strains containing well  repaired  and poorly repaired  markers 

MSH2  msh2 
Base 
pair %Ab %PMS/Ab %Ab44/Ab N %Ab %PMS/Ab %Ab44/Ab N 

1 40.0 11 0 336 41 75 10 336 

1396 20.0 10 0 104 36 89 11 227 
2270 18 0 0 109 32  89  19 194 
2327  28  74  10.0 566 
688 18 20.0 1.4 403 

2327  21 68 1.2 403 

Tetrads were  classified for each allele as described in Table 3. %Ab4:4/Ab refers to the % of aberrant tetrads that were  Ab4:4. The strains used 
(Table 2) were as follows: strains 1, 3, 4 (bp 1, M S H 2 ) ;  strains 5, 7, 8 (bp 1, msh2);  strain 25 (bp 688); strain 10 (bp 1396, MSH2);  strain 12 
(bp 1396, msh2);  strain 11 (bp 2270, M S H 2 ) ;  strain 13 (bp 2270, rnsh2); strain 24 (bp 2327); strain 26 (bp 688 X 2327). 

688 19 14 0 222 

X 

TABLE 9 

Tetrad analysii at HIS4 for strain 26, containing a  well  repaired  marker  located upstream of a  poorly  repaired  marker 

Aberrant events at h i d - 1  7 (+688) 
Aberrant events at 
h i d - 3 1 3 3  (+2327) 5:3 3:5  6:2  2:6 Ab44  Other 4:4 Totals 

5:3 3 2 (2) 8 9 22 
3:5 2 10 1  (1) 19  (2) 32 
6 2  11 1 7 19 
2:6 6 1  1 (1) 8 
Ab4:4 1(1)  1 
Other 1 1 1 (1) 3 

Totals 9  5 28 28 0 4  329 403 
4 4  6 2 9  6 2 293=  318 

Strain 26 (Table 2) was sporulated and tetrads were  classified by allele testing (MATERIALS AND METHODS). N = number of tetrads analyzed. The 
number of tetrads in parentheses refers to aberrant events that displayed genotypes consistent with a crossover  between mutant alleles. “Other” 
refers to Ab2:6, 7:1, and 0 8  class  of tetrads. 
‘ There were four crossover events between mutant alleles in this experiment. 

located on the same chromatid. Even if such co-repair 
occurred,  our  data would  still  favor a heteroduplex re- 
jection type model because in the absence of hetero- 
duplex  rejection, such co-repair would not decrease the 
frequency of aberrant events at  bp 2327 and would  only 
cause a shift from Ab4:4 events to 5:3  type  of events. This 
is in contrast  to  the results observed. 

The msh2 mutation does  not  affect  homeologous 
plasmid repair or MAT conversion: Recently, BAILIS and 
ROTHSTEIN (1990) and RESNICK et al. (1992) reported 
that mismatch repair  does not play an important  role in 
preventing homeologous  recombination in S.  cerevi- 
siae. Since our analysis suggested that msh2 and pmsl  
acted in the same epistasis group, we were interested in 
whether a msh2 mutant would  show an effect in home- 
ologous recombination. We tested this hypothesis using 
a homeologous  recombination assay developed by MEZ- 
ARD et al. (1992) In this assay, a ARS CEN URA3 plasmid 
containing  the  rabbit cytochrome P450 gene is linear- 
ized within P450 and treated with  BAG31 to create 200- 
1000-bp  gaps. This substrate was then co-transformed 
into yeast  with either  the 1.6kb rabbit P450 gene  or  the 

73% homologous 1 .&kb mouse P450 gene. MEZARD et al. 
(1992) showed that  the majority of  stably transformed 
plasmids displayed discrete recombination junctions at 
short regions  of  homology  between the homeologous sub 
strates. We performed this assay in wild  type and msh2 mu- 
tant strain backgrounds and the results are presented in 
Table  10. In wild  type, our results  were  similar  to  those 
obtained by MEW et a1 (1992) ; homeologous  recombi- 
nation was about 25fold less frequent than homologous 
recombination. m h 2  mutants were  indistinguishable  from 
wild  type in  this assay, suggesting that m h 2  does not affect 
homeologous recombination. 

We also examined  the effect of msh2,  pmsl and msh2 
pmsl  mutations on meiotic conversion of the MAT lo- 
cus. In MATa/a diploids, the 2.4kb MATa and 2.5-kb 
MATa loci are homologous with the exception of an 
approximately 700-bp internal region that  encodes  the 
mating type  specific Y sequences (reviewed in Om- 
WEAVER and SZOSTAK 1985). In meiosis, conversions at 
MA  T,  as measured by mating to MA  Ta and M A   T a  tester 
strains, have been  reported  at  frequencies  ranging  from 
0.6-1.4% (FOGEL et al. 1981). We observed mating type 
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TABLE 10 

Homeologous transformation experiments in wild-type  and msh2 SKI strains 

Relevant 
genotype Exp. Homologous Homeologous Non-homologous Homeologous Non-homologous 

No. of Ura+ transformants 
Homologous/ Homologous/ 

MSH2 1 13,300  516 
MSH2 2 5,560 234 

80 

msh2 1 7,200 273 
75 

2 5,320 msh2 190 56  28  95 
86 

166 
74 
84 

26 
24 
26 

Homeologous transformation experiments were performed as described in MATERIALS AND METHODS. Two independent transformation experi- 
ments were performed and  are presented. The MSH2 and msh2 strains were RKYl104 and RKYl918,  respectively (Table 1) .  

conversions in wild type at a frequency  of  1.5%.  None  of 
the mutant combinations showed a significant  difFerence 
in  conversion  frequency as compared to wild  type (data  not 
shown). 

DISCUSSION 

We used a genetic approach  to show that in S.  cere- 
uisiae the MSH2 gene is required for the  repair of  all 
combinations of  base pair mismatches as  well as 1-, 2- and 
4 b p  insertions/deletions.  Double  mutant analysis 
indicated  that MSH2 and PMSl, a previously identi- 
fied  mismatch  repair gene,  act  in  the same epistasis 
pathway. These findings are analogous to those found 
in E. coli for  the mutS and mutL genes. Biochemical data 
also provide support  for a direct  role of  Msh2 in mis- 
match repair; MIRET et al. (1993) identified a mismatch 
binding activity in yeast crude extracts that is dependent 
on  the MSH2 gene  product.  Furthermore,  the MSH2 
coding region shows  extensive homology to Mus ,  an E.  
coli mismatch repair protein that binds to base pair mis 
matches in vitro (REENAN and KOLODNER 1992a; MODRICH 
1991). Together these data provide strong evidence that 
MSH2 is the major  mismatch recognition protein in yeast. 

Mutations in the MSH2 and PMSl genes allowed  us 
to  examine meiotic recombination  intermediates  that 
would be normally obscured by mismatch correction.  In 
msh2 mutants,  the majority  of aberrant segregations at 
five different loci were PMS, consistentwith the  idea  that 
most gene conversion events in yeast  involve a hetero- 
duplex  intermediate. From 10  to  19% of these aberrant 
tetrads were Ab4:4 events. The msh2 mutation was also 
shown to affect both  the ARG4 and HIS4 polarity gra- 
dients. When combined with  co-conversion  analysis, 
these studies suggest that mismatch repair regulates 
both  the  length of heteroduplex DNA and  the forma- 
tion of symmetrical heteroduplex DNA. 

Recombination  events  in S. cerevisiae involve  a  het- 
eroduplex  intermediate: A central  feature of the HOL- 
LIDAY and MESELSON-RADDING models is that  gene con- 
versions result from the  repair  of  heteroduplex 
intermediates  that  contain base pair mismatches. Strong 
evidence for a heteroduplex  intermediate in S .  cereui- 
siae was provided using pmsl mutations that caused a 
reduction in 6:2, 2:6 gene conversions and  an increase 

in 5:3,  3:5  PMS events, and  the  subsequent demonstra- 
tion that PMSl functions in mismatch repair (WILLIAM- 
SON et al. 1985; BISHOP et al. 1987,  1989; KRAMER et al. 
1989a).  Furthermore,  heteroduplex DNA has been de- 
tected by physical  analysis at loci that  undergo high lev- 
els of gene conversion and  recent studies on MAT 
switching indicated that  the majority  of  alleles  as  close 
as 10 bp from a double-strand break initiation site are 
present in heteroduplex DNA (NAG et al. 1989; LIGHTEN 
et al. 1990; HABER et al. 1993). Our results provide fur- 
ther  support for the idea that  gene conversion involves 
a heteroduplex  intermediate, as we observed a large per- 
centage of  PMS events in msh2 mutants heterozygous for 
mutations at ARG4,  HIS4,  TYR7,  TRPI and LEU2. In 
msh2 strains nearly 80% of aberrant events at the HIS4 
ATG, which is located approximately 200 bp from a mei- 
otically induced double-strand break site, were PMS 
events. These  data suggest that extensive double-strand 
gaps are  not  created  at initiation sites for recombination. 
However, the  remaining 20%  of aberrant events were 
gene conversions, and this proportion  did not change in 
msh2  msh3 double mutants. The residual gene conver- 
sion events could be due to a MSH2,  MSH3 indepen- 
dent mismatch repair pathway or though  repair of a 
double-strand gap  that  extended past the HIS4 ATG. 

Base  pair  mismatches  at  the 5’ end of the  polarity 
gradient  are  almost always repaired  toward  conversion, 
rather than restoration: Our data  demonstrated  that  the 
majority  of aberrant segregations at  the HIS4 ATG in- 
volved the  formation and subsequent  repair of a het- 
eroduplex  intermediate. If the direction of repair of a 
base pair mismatch was random,  then  the frequency of 
aberrant segregations in msh2 should be twice the value 
observed in wild  type, assuming that  the msh2 mutation 
does not affect the frequency of initiating a recombi- 
nation event. This is because repair  of  heteroduplex 
DNA could lead at  equal frequency to either a restora- 
tion to wild-type sequence, which  would not be  detected, 
or to a gene conversion. In  mutants defective in mis- 
match repair all unrepaired mispairs  would appear as 
aberrant segregations. As shown in Figure 3A, the fre- 
quency of aberrant segregation at  the HIS4 ATG, lo- 
cated at the  high end of the HIS4 polarity gradient, was 
indistinguishable in msh2 and wild  type.  Similar results 
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were observed at ARG4 (Table 5) ; however the resultwas 
not as clear because the arg4-EcoRVmarker was slightly 
affected by its location within the conversion gradient 
(NICOLAS et al. 1989). Taken together, the results at HIS4 
and ARG4 demonstrate that mismatch repair is directed 
toward  conversion at  the high end of the polarity gradient. 

Strand specific repair has been observed in E.  coli, 
Drosophila and  human  in vitro mismatch repair sys- 
tems, where repair of a base pair mismatch is directed 
by the  presence of a nicked strand (MODRICH 1991; 
HOLMES et al. 1990). In yeast, WER et al. (1993) showed 
that  the invading 3’ strand involved in HO switching is 
preferentially subject to  repair, and PORTER et al. (1993) 
observed strand-specific repair in studies involving high 
and low  PMS alleles at HIS4. A double-strand-break 
model (Figure 2A) that invokes a MutHLS  type  mis- 
match repair mechanism can be used to explain both 
our data and  the above  yeast studies. In such a model, 
base pair mismatches formed within the  region of pair- 
ing between the invading 3’ single-strand and sequences 
in the  donor  are repaired using the end of the 3’ in- 
vading strand to mark it for excision and  the  donor 
strand as a template  for resynthesis. 

The Ab4:4 class of tetrads  are  observed only in the 
absence of mismatch  repair: Ab4:4 events have been ob- 
served in Ascobolus (ROSSICNOL et al. 1984) and Sor- 
daria (KITANI et al. 1962),  although  at  frequencies lower 
than for 6:2,2:6 or 5:3,3:5 events.  Ab4:4 events are rarely 
observed in S. cereuisiae,  which has led to recombina- 
tion models in which HoLLIDAYjunctions can be  formed 
and resolved to form crossovers but  cannot  branch mi- 
grate  to  produce symmetric regions of heteroduplex 
DNA (SZOSTAK et al. 1983; MESELSON and RADDINC 1975; 
RADDINC 1982). Our analysis indicates that Ab4:4 events 
were not detected at high frequency in S. cereuisiae  be- 
cause they were obscured by mismatch repair. Experi- 
ments  performed by DETLOFF and PETES (1992), in  which 
they observed a significant number of  Ab4:4 tetrads in 
strains containing poorly repaired palindromic alleles, 
also support this idea. At HIS4, approximately 13% 
(range  from 10 to 19%) of  all aberrant events in msh2 
mutants were Ab4:4.  Statistical  analysis  showed that 
these segregations occurred  more frequently than 
Ab6:2/Ab2:6 events, which are  predicted  to have 
formed from two independent asymmetric events. We 
observed Ab4:4 events at a frequency of  4.3% at  the 5’ 
end of HIS4  and 6.2% at  the 3’ end. We did  not analyze 
enough events to  determine  whether this represents a 
statistically significant gradient of  Ab4:4 events that is 
opposite  the polarity gradient, as predicted by most re- 
combination models and as was observed in  Ascobolus 
(ROSSICNOL et al. (1984). However, this apparent reverse 
gradient is  of the same magnitude as the 4-10% gradi- 
ent observed in Ascobolus. 

The presence of  Ab4:4 events in S. cereuisiae  is con- 
sistent with recombination mechanisms involving the 

formation of a HoLLIDAYjunction intermediate followed 
by branch migration to form symmetric heteroduplex. 
Resolution of the HoLLIDAYjunction would then result 
in a gene conversion or a gene conversion associated 
with a crossover (Figure 2). In S. cereuisiae gene con- 
version events are associated with  crossovers approxi- 
mately  20-50% of the time (reviewed  in  PETES et al. 
1991). Based on these numbers,  the frequency of  Ab4:4 
events that we detected  at HIS4 appears to be  too low 
to support a model in  which  all gene conversion events 
are associated with the  formation of symmetric hetero- 
duplex. However, we believe that our estimate of  sym- 
metric heteroduplex is limited by our ability to  detect 
Ab4:4 tetrads. In msh2 mutants, gene conversions were 
observed at all positions within the  HIS4 polarity gra- 
dient  at a frequency ranging from between 11 and 28% 
of aberrant events, suggesting that  there may be some 
residual mismatch repair (Tables 3 and  4). Based on 
these numbers, residual mismatch repair in msh2 mu- 
tants could result in an  underestimate of the  number of 
Ab4:4 events by 20-50%, depending  on  the  experiment. 
Second,  the  chance  that any  given allele will be  included 
in  an Ab4:4 tetrad is a function of the probability that  the 
HoLL1DAY junction is formed and resolved before that 
marker is included in the heteroduplex and at present we 
cannot provide an estimate for this  value. Third, in either 
of the recombination models presented in  Figure 2, ex- 
tension of the single-stranded gap by a 5’  to  3’  exonuclease 
into regions containing a marker will prevent that marker 
from ever being scored as an Ab4:4  event  even if it had 
originally been present in  symmetric heteroduplex. 

It is important to note  four caveats  in our analysis. 
First, it is possible that a proportion of  HoLLIDAYjunc- 
tions are  formed and resolved without the  branch mi- 
gration steps that would be  required  to form symmetri- 
cal heteroduplex.  Second, it is possible that we did  not 
detectAb6:2/2:6 events because there is a restriction on 
the  freedom of initiating a second independent event on 
a sister chromatid, even though Ab4:4 events formed by 
two independent asymmetric events should involve  simi- 
lar events. Third, we did not look for  the presence of an 
excess number of  two-strand double crossovers at HIS4. 
This class  of events should be frequent if symmetrical 
heteroduplex was formed via a double-strand-break 
model (Figure 2A) and repaired  independently on each 
strand (FOGEL et al. 1981). However, the absence of such 
events does not preclude models involving  symmetric 
heteroduplex and their absence can be explained in the 
context of our models of  how mismatch repair interacts 
with recombination  intermediates (see below). Finally, 
we cannot evaluate aberrant segregations at ARG4  with 
respect to symmetrical heteroduplex formation because 
we do  not have a large enough  data set. 

Branch  migration is controlled by  mismatch  repair: 
An important aspect of  all  of the major recombination 
models is that  the initial strand invasion event results in 
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FIGURE 7.-Model  for heteroduplex  rejection by  Msh2 and 
Pmsl. In  the  double-strand-break-repair  model  (Figure 2A), 
asymmetric heteroduplex is formed between an exposed 
single-strand  on a chromosome  containing a double-strand 
break  and a single-strand  provided from a donor  chromosome. 
Branch  migration  and DNA synthesis  steps  result  in the for- 
mation of symmetric heteroduplex,  or  the  extension of asym- 
metric  heteroduplex. We propose  that  Msh2  and Pmsl do not 
act to regulate the initial  stages of heteroduplex  formation  but 
act to regulate  branch  migration.  According  to  this  proposal, 
when a base  pair  mismatch  within a region of symmetric het- 
eroduplex is encountered  during  branch  migration (as 
shown), Msh2 and Pmsl will act in concert with recombination 
enzymes to reverse  the  process or to terminate  the  recombi- 
nation event by resolving  the HOLLIDAY junction  (gene con- 
version  without  crossover  shown). 

the formation of asymmetric heteroduplex DNA. 
Branch migration followed by  HoLLIDAYjunction forma- 
tion then results in  a switch from asymmetric to sym- 
metric heteroduplex DNA (Figure 7). This  idea is cen- 
tral to all generally accepted  recombination models 
because it provides both  a mechanism for the initial 
stages of a  recombination event, as  well  as an explana- 
tion for  the association of gene conversion and crossover 
events through  the  formation  and  resolution of a 
HOLLIDAY junction  intermediate.  This type  of mecha- 
nism was proposed to explain aberrant segregation  events 
in  Ascobolus, where a gradient of  Ab4:4 events was ob 
served opposite to the polarity gradient (ROSSIGNOL et al. 
1984). The inability to detect Ab4:4 events in S. cerevi- 
siae led to a modification of recombination models by 
postulating that HoLLIDAYjunctions are resolved as soon 
as they are  formed (MESELSON and RADDING 1975; 
ROSSIGNOL et al. 1984). 

The co-conversion experiments shown in Tables 8 
and 9  are  consistent with the idea  that mismatch repair 
acts to control  both  branch migration and  the switch 
from asymmetric to symmetric heteroduplex DNA. In 
msh2 mutants,  the  percent of aberrant segregations in- 
creased for  both HIS4 and ARG4 alleles located at  the 
3' end of the polarity gradient.  Coconversion experi- 
ments at ARG4 demonstrated  that  the increase in con- 
version at  the 3' end of the  gene was due to formation 
of longer  heteroduplex tracts in msh2 mutants,  rather 
than  the initiation of multiple independent events. At 
HIS#, when a well repaired  marker was placed upstream 
of a poorly repaired  marker, the frequency of aberrant 
events at  the poorly repaired  marker  decreased to the 
level that would have been seen if only a well repaired 
marker was present at  the 3' end. Also, the  frequency of 
Ab4:4 events decreased to a  much  larger  extent  than was 
observed for the total frequency of aberrant segrega- 
tions (10 to 1.4% for Ab4:4,28 to 21% for aberrant seg- 
regation). We could not perform  a similar analysis at 
ARG4 because it was possible that  the  length of an ex- 
cision repair  tract would prevent an  independent ex- 
amination of repair of the arg4-EcoRV and arg4-BglII 
alleles for many  of the events examined. Our analysis at 
HIS4 and ARG4 suggests that the effect of mismatch repair 
on polarity gradients is a general phenomenon. However 
we cannot exclude the idea that different types  of recom- 
bination mechanisms are acting in S. mm'siaebecause our 
analysis at ARG4 was not as extensive as at HIS4. 

Our  data  are consistent with the idea that polarity gra- 
dients are  the result of an interaction between mismatch 
repair enzymes and  the recombination machinery 
and/or recombination  intermediates. We envision a 
mechanism by which mismatch repair enzymes are 
coupled to proteins  that  extend symmetrical heterodu- 
plex DNA. Heteroduplex DNA formation is initiated by 
the  formation of asymmetric heteroduplex  and switches 
to symmetric heteroduplex  formation. When a mis- 
match and symmetrical heteroduplex DNA are  de- 
tected, an interaction between mismatch repair and 
recombination enzymes  would prevent  further  hetero- 
duplex  extention  and  then target the  recombination 
event toward resolution. This mechanism would explain 
how an upstream  marker would reduce the frequency 
that  heteroduplex DNA, and in  particular symmetric 
heteroduplex DNA, would be  extended  through  a down- 
stream  marker. It explains how mutations  that  eliminate 
mismatch repair, such as msh2 and p m s l  eliminate po- 
larity gradients,  but do  not affect the frequency of ab- 
errant segregations at  the 5' end of the polarity gradient, 
where recombination is thought to initiate through  the 
formation of asymmetric heteroduplex. Finally, it ex- 
plains why Ab4:4 segregations and closely linked appar- 
ent double crossovers are  not observed in wild  type 
S. cerevisiae. 
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For such a mechanism to  account  for polarity gradi- 
ents, it must act in a way to reduce  the  aberrant segre- 
gation of a  marker  once  that  marker has been  included 
in symmetrical heteroduplex DNA. There  are two  ways 
in which this could  occur. In  one model,  the  direction 
of branch migration could  be reversed once  a mispair 
was detected  to remove the symmetric heteroduplex re- 
gion (Figure 7). According to this model, Ab4:4 events 
and closely linked  apparent  double crossovers are  not 
observed due to the rejection of  symmetric heterodu- 
plex DNA  by mismatch repair  proteins.  In  the second 
model  the  detection of a mispair would result in the 
termination of heteroduplex extension by resolution of 
the HoLLIDAYjunction followed by symmetric repair of 
both  recombinant molecules. This type  of  symmetric  re- 
pair could be targeted by the  recombination enzymes 
that  are driving strand  exchange or  it could be targeted 
by the symmetric breaks that would result after cleavage 
of the HoLLIDAY junction.  In symmetric heteroduplex, 
such repair would result in either two compensating 
gene conversion events or two compensating restoration 
events depending on which pairs of strands (donor  or 
recipient) were repaired. Such compensating repair 
events would result in an  apparent wild  type segregation 
for  the affected marker when the flanking markers are 
not  monitored. According to this model, Ab4:4 events 
are not observed in wild  type S. cerevisiae due to the 
repair of  symmetric heteroduplex DNA  by mismatch re- 
pair proteins.  Furthermore, if repair of  symmetric het- 
eroduplex is directed by HOLLIDAY junction cleavage, 
then two strand  double crossovers  would not be ob- 
served at high frequency because the  strand  directed 
repair  that would lead to  apparent compensating con- 
version  events (apparent double crossovers)  would  also  re- 
sult  in a crossover;  such a resolution  would  prevent the 
observation of  two stranded double crossovers  (Figure 7). 
In both models, aberrant segregations would be  reduced 
only in regions covered by symmetric heteroduplex, and 
polarity gradients would reflect a  gradient of  switching 
from asymmetric to symmetric heteroduplex.  Further- 
more,  both models argue  that  the  gene conversion 
events observed at  the low end of a polarity gradient  are 
due to  the  formation of asymmetric heteroduplex DNA. 

Unusual  features of the HIS4 polarity  gradient: In 
the HIS4 co-conversion experiment  the  bp 688 allele 
reduced  the  frequency of aberrant events at the bp 2327 
allele. However,  while the  frequency of  Ab4:4 events at 
the  bp 2327 allele was dramatically reduced,  the total 
frequency of aberrant events at  the  bp 2327 allele was 
not reduced  to close to zero as might  be  predicted by 
recombination models in which a mismatch acts  as a 
signal to limit the  extent of heteroduplex  formation. 
Furthermore, approximately 50% of the  aberrant events 
observed in  the cross between the  bp 688 and 2327  al- 
leles displayed co-segregation; for  example 10 tetrads 
displayed 6:2 segregation for  the bp 688 allele and 3:5 

segregation for  the bp 2327 allele (Table 9). This is the 
expected result if asymmetric heteroduplex  extended 
through  both markers and was then followed by a mis- 
match repairdirected excision tract that initiated at  the 
bp 688 allele but terminated  prior  to  reaching  the  bp 
2327 allele. This idea is also consistent with the known 
length of  excision repair tracts (BISHOP and KOLODNER 
1986;  DETLOFF and PETES 1992).  A similar level  of  co- 
segregation was observed at HIS4 in strains that con- 
tained a  mutation in the  promoter region of HIS4. This 
mutation destroyed the  binding site for RAP1, a tran- 
scriptional activator, and also eliminated the HIS4 po- 
larity gradient, resulting in a 20%  level  of aberrant seg- 
regation throughout  the  gene (WHITE et al. 1991; 
PORTER et al. 1993). PORTER et al. (1993) suggested that 
this frequency reflected a basal  level of recombination 
that was independent of the HIS4 polarity gradient. Our 
results and those obtained by PORTER et al. (1993) sug- 
gest that  the basal  level events are not subject to the 
proposed mechanism that limits the  extent of hetero- 
duplex extension. 

The above observations suggest the following features 
for  recombination  at HIM.  First, recombination events 
at HIS4 can be  separated  into RAPldependent events 
that  are  distributed in a polarity gradient and RAPl- 
independent events that reflect a basal  level  of recom- 
bination  created by the formation and  repair of  asym- 
metric heteroduplex DNA. This model proposes that 
the RAPldependent events are initiated by a double- 
strand break within the HIS4 promoter region and lead 
to the  formation of  symmetric heteroduplex. The fact 
that Ab4:4 events comprised approximately 50% of the 
increase from the basal  level  of aberrant segregation at 
the  bp 2327 allele provides support for this idea. Fur- 
thermore,  the level of double-strand breaks observed at 
HIS4 (NAG and PETES 1993) is high enough  to  account 
for  the W l d e p e n d e n t  events but  not high enough to 
account for both  RAPldependent  and  independent 
events, suggesting that  the basal  level  of recombination 
may be initiated by another mechanism. Second, mis- 
match repair  proteins  are involved  in the  repair of  base 
pair mismatches created  during  both RAP1-dependent 
and RAP1-independent recombination events. How- 
ever, they act to regulate only heteroduplex DNA tract 
length in W l d e p e n d e n t  recombination events, pos- 
sibly because only those events involve the formation of 
symmetric heteroduplex DNA. 

Proposal: MshZ and Pmsl are  involved  in  modulating 
recombination  events  to  prevent  crossovers  between se- 
quences  lacking homology: What role might a mis- 
match repair system that limits the  extent of genetic ex- 
change in response to mispaired bases  play in the cell? 
Mismatch repair could act  to prevent crossovers, but  not 
gene conversions, from occurring between homeolo- 
gous DNA sequences imbedded in otherwise non- 
homologous sequences. Such a mechanism would  allow 
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the asymmetric repair of a double-strand break using a 
homeologous template embedded in non-homologous 
DNA as a last resort, but would prevent the  formation of 
symmetric heteroduplex  that  could lead to a transloca- 
tion (Figure 7). A number of  previously published stud- 
ies are also consistent with this hypothesis but do  not 
prove  it. (1) BAILIS and ROTHSTEIN (1990) showed that 
the pmsl  mutation  does not affect the frequency of ho- 
meologous recombination in S.  cerevisiae when only 
gene conversion events are  monitored and we showed  in 
this study that  the msh2 mutation  does not affect ho- 
meologous recombination in plasmids or the frequency 
of gene conversion at  the mating type locus. (2) 
WHEELER et al. (1990) demonstrated  that  gene conver- 
sions, but  not crossovers, can occur between  polymor- 
phic sequences and (3) RESNICK et al. (1992) showed 
that homeologous chromosomes can act as templates 
for DNA repair even though they cannot  undergo re- 
ciprocal recombination.  It is important to note  that 
crossover events can occur between homologous DNA 
sequences embedded in non-homologous regions (LI- 
GHTEN et al. 1987;JINKSROBERTSON and PETES 1986). The 
frequency of these ectopic events, which result in trans- 
locations, is nearly equal to the frequency observed for 
homologous sequences present in homologous loca- 
tions, suggesting that  control of such recombination 
events by mismatch repair may be limited to those events 
involving  small regions of homology and/or a crucial 
level  of sequence divergence. The crucial test of our 
proposal is whether mismatch repair prevents crossing 
over  between homeologous sequences and this remains 
to be  demonstrated. 
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