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ABSTRACT 
The Saccharomyces  cerevisiae SGSl gene is homologous to Escherichia  coli RecQ  and  the  human BLM 

and WRN proteins  that  are defective in the cancer-prone disorder Bloom’s syndrome and  the  premature 
aging disorder Werner’s  syndrome, respectively. While recQmutants are deficient  in  conjugational  recom- 
bination  and DNA repair, Bloom’s syndrome cell lines show hyperrecombination. Bloom’s and Werner’s 
syndrome cell lines both exhibit  chromosomal instability. sgslA strains show mitotic hyperrecombination, 
as do Bloom’s cells. This was manifested as an increase  in the frequency of interchromosomal  homolo- 
gous  recombination,  intrachromosomal excision recombination,  and ectopic  recombination. Hyperrec- 
ombination was partially independent of both RAD52 and RADI. Meiotic recombination was not in- 
creased in sgslA mutants,  although meiosis I chromosome missegregation has been shown to be elevated. 
sgslA suppresses the slow growth of a t q 3 A  strain lacking topoisomerase 111. Although there was an 
increase in subtelomeric Y’ instability in sgslA strains due to hyperrecombination, no evidence was 
found  for  an increase  in the instability of terminal  telomeric  sequences  in  a top3A or a sgslA strain. 
This  contrasts with the telomere maintenance defects of Werner’s  patients. We conclude  that  the SGSI 
gene  product is involved in the  maintenance of genome stability in S. cermisiae. 

M UCH  of our knowledge  of the enzymes  involved 
in catalyzing the key events  in genetic recombi- 

nation has come from an analysis  of mutants of bacteria 
or yeasts  displaying an  altered frequency of recombina- 
tion. The most extensively characterized recombina- 
tion-deficient mutants have been derived from Esche- 
richia  coli, in which  several overlapping recombination 
pathways  have been  defined by genetic studies (re- 
viewed  in WEST 1992, 1994). Less  is known about  the 
protein constituents of recombination pathways  in eu- 
karyotes, although a substantial number of genes in- 
volved in mitotic and/or meiotic recombination have 
been identified in both  budding  and fission  yeast.  While 
most  of these yeast genes show no significant primary 
sequence similarity to their E. coli counterparts,  there 
are  notable exceptions, such as the Saccharomyces  cereuis- 
iaeRad51 and Dmcl  proteins, which appear to be struc- 
tural and functional homologues of E. coli  RecA protein 
(BISHOP et al. 1992; SHINOHARA et al. 1992). 

The  product of the E. coli recQgene is the prototypical 
member of a family  of  highly  conserved DNA helicases 
presumed to participate in recombination processes 
( N ~ Y A M A  et al. 1984). Homologues of RecQ have been 
identified in budding yeast (Sgslp)  and in human cells 
(the RECQL, BLM and WRN proteins) (GANGLOFF et al. 

Molecular  Medicine, john Radcliffe  Hospital,  Oxford OX3 SDU, 
Corresponding authur: Edward J. Louis,  Yeast Genetics,  Institute of 

United  Kingdom.  E-mail: elouis@molbiol.ox.ac.uk 
‘Present address: Institute of Child  Health  Research,  University of 

Western  Australia,  Perth 6008, Australia. 

Genetics 144: 935-945 (November, 1996) 

1994; PURANAM and BLACKSHEAR 1994; SEKI et al. 1994; 
ELLIS et al.  1995; WATT et al.  1995; YU et al. 1996). The 
SGSl gene was isolated independently in two labora- 
tories, although in each case  in conjunction with studies 
on DNA topoisomerases. A mutant allele of SGSl was 
identified as a suppresser of the slow-growth phenotype 
of tup3 mutants deficient in  topoisomerase 111, and  Sgslp 
was shown subsequently to interact with topoisomerase 
I11 in S. cereuisiae (GANGLOFF et al. 1994). We identified 
SGSl during a search for proteins that could interact 
with  topoisomerase I1 protein,  and we have  shown pre- 
viously that sgsl strains  display a reduction in the fidelity 
of chromosome segregation during both mitotic and 
meiotic  cell  divisions (WATT et al. 1995). The SGSl gene 
was already in the databases under the designation TPSl 
(GENEMB7870 deposited by  R. STERNGLANZ) and was 
isolated  in  this  case by virtue of genetic interactions with 
topoisomerase I (R. STERNGLANZ, personal communica- 
tion). 

BLM, one of three  human recQlike genes, has been 
identified recently as the  gene defective  in individuals 
suffering from the cancer-prone condition, Bloom’s 
syndrome (ELLIS et al. 1995). Cell  lines derived from 
Bloom’s syndrome individuals display a high degree of 
genomic instability, including  an elevated frequency of 
recombination between both sister chromatids and ho- 
mologous chromosomes (GERMAN 1974). Although sig- 
nificant sequence similarity is evident within the con- 
sensus helicase domains present in the RecQ and BLM 
proteins,  the  predicted size  of the BLM protein is 159 
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kDa  compared to 63 kDa  for RecQ, suggesting  that 
the BLM protein may  perform one or more  roles not 
performed by its  bacterial homologue. In contrast, the 
BLM and Sgsl  proteins  differ  in  length by only 30 resi- 
dues,  and  the  structural  similarity  between  Sgslp  and 
BLM includes a serine-rich,  highly  charged  575-amino- 
acid  N-terminal  domain that is absent  from  both the E. 
coli RecQ and human  RECQL proteins (ELLIS et al. 
1995; see WATT a n d  HICKSON 1996 for a review of the  
members  of  this  protein  family).  Similarly, the WRN 
protein is 162 kDa,  differs  in length from  Sgslp by 
only 16 residues, and has a highly  charged  N-terminal 
domain. SGSl is the  only  structural homologue of BLM 
a n d  W i n  S. cermisiae and may  be a functional  homo- 
logue of o n e  or both human  genes.  

To compare  the  phenotype  of a yeast  strain  lacking 
functional  Sgslp  with  those  of E. coli recQ mutants and 
Bloom’s and Werner’s  syndrome  cell  lines,  we  deleted 
a portion of the SGSl gene in  a variety  of  genetic  back- 
grounds. We found  that  sgs lA  strains,  like  Bloom’s syn- 
d rome  cell  lines,  show a n  elevated  frequency  of  mitotic 
recombination  between  homologous  sequences.  Unlike 
Werner’s  syndrome, sgs la  strains do no t  have any te- 
lomere  maintenance  defects.  Other  phenotypes  similar 
to Werner’s  were  not  tested. We compare  and  contrast  
the phenotypes  of  cells  deficient  in  the  different  mem- 
bers  of  the  RecQ family  of  helicases and discuss  possible 
ways in  which  helicases and topoisomerases  might  coop- 
erate to maintain  genomic  stability  in  eukaryotes. 

MATERIALS  AND METHODS 

Plasmids and S. cereviSiae strain  construction: Gene disrup 
tions (one-step gene transplacements) (ROTHSTEIN 1983) and 
plasmid integrations into  the yeast genome were achieved 
using linearized plasmid DNA and  the modified lithium ace- 
tate  transformation  protocol of GIETZ et al. (1992). 

The plasmid pPWASGSl (WATT et al. 1995) was used to 
disrupt SCSl with  LEU2 (deleting from HpaI to EcoRV in the 
coding  sequence) using restriction enzymes NcoI and Psi1 in 
all  of the strain  backgrounds. sgslA strains were identified by 
Southern analysis. In some cases the LEU2 gene used  in SGSl 
disruptions was disrupted with LYS2 using pRHB142. This 
is a pGEMJzf(-) vector with the 2230-kb XhoI-to-SalI  LEU2 
fragment  at  the SalI site. The LYS2 gene was inserted at  the 
ClaI site within the LEU2 coding sequence.  Correct replace- 
ment of the markers was checked genetically by screening 
Lys+ transformants for a Leu-  phenotype. 

TOP? was disrupted using plasmid pWJ258, kindly provided 
by Dr. R. ROTHSTEIN, using NotI. The disruption  contains the 
LEU2gene. Transformants were checked by Southern analysis 
as  well  as  by  PCR using primers  flanking the TOP3 gene  and 
within LEU2.  top3A  was also confirmed genetically by the 
ability  of the sgslA disruption to rescue the slow growth of 
the top3A strains (GANGLOFF et al. 1994).  This also confirmed 
the sgslA phenotype. 

radlA  and rad52A were generated using plasmids pL962 
obtained  from  Dr. R. KEIL (KEIL and MCWII.LIAMS 1993) and 
pSM20 obtained  from Dr. D. SCHILD (SCHILD et al. 1983), 
respectively. Transformants were confirmed by Southern anal- 
ysis and checked for UV and y-ray  sensitivity, respectively. 

The plasmids pJH2.57 and pRHB152 contain  a single copy 

of MATa in pBR322 between the EcoRI and Hind111 sites. 
URA3 is inserted at  the AvuI site (BORTS and HABER 1987). 
pRHB152 is the same with CYH2 at  the NruI site of pBR322 
in  addition.  These were integrated  into MATa strains using 
restriction enzyme BglII to create  a MATa-URA3MATa struc- 
ture or integrated  at  the opposite  mating type using BglII and 
PVuII to create MATa-URA3MATa as described previously 
(BORTS et al. 1984). 

The Y’ :: URA3-SUP11 structures at  the right end of chromo- 
some XV and  the left end of chromosome ZX were created 
using pEL2 (LOUIS and HABER 1989). Strains containing these 
marked  chromosomes have been used  in previous recombina- 
tion  studies and  are well characterized  (LOUIS and HABER 
1990; LOUIS et al. 1994). 

The necessary combinations of gene disruptions and mark- 
ers were obtained by genetic crosses using an isogenic series 
of strains with the  appropriate backgrounds. Strains with mul- 
tiple disruptions using LEU2 were confirmed by Southern 
analysis. 

Growth of microorganisms and DNA manipulation: Growth 
of E. coli and yeast and standard  recombinant DNA techniques 
were  as described previously (SAMBROOK et al. 1989; SHERMAN 
and HICKS 1991; SHERMAN 1991; AUSUBEI. et al. 1994). CHEF 
gel electrophoresis and  Southern blotting methods were  essen- 
tially as described in SAMBROOK et al. (1989) and AUSUBEI. et 
al. (1994). 

Mitotic  recombination (loss) of UR.43 from  a h4AT”AT 
interval: Haploid strains PWlO and PW20 and  the corre- 
sponding sgslA strains were cultured in SC medium lacking 
uracil. Single colonies were resuspended  in water and plated 
onto nonselective YPD medium. From the YPD media, individ- 
ual colonies of each  strain were resuspended  in water and 
dilutions were plated on SC medium with and without 5- 
fluoroorotic acid (5-FOA) at 1 mg/ml. Dilutions were chosen 
such that between 50 and 500 colonies were counted  on  each 
plate. The rate of loss of the URA3 and vector sequences 
between the flanking MATS was calculated using the median 
method of LEA and COUISON (1949). At least 24 colonies 
were analyzed. 

In  the isogenic series of YP1 strains in which CYH2  is also 
in the interval between flanking MAT loci, a similar calcula- 
tion of marker loss rates was performed.  The strains had  the 
recessive resistant cyhp mutation at  the  normal locus with the 
dominant CYH2 gene in the MAT interval, which therefore 
confers sensitivity to cyclohexamide. In this case, screens for 
loss of the interval were performed by plating  dilutions of 
resuspended  colonies on YPD medium  containing cyclohexa- 
mide. In one  experiment, measurements were done as de- 
scribed above on  16 colonies for each  genotype, with dilutions 
plated on whole plates. In a  second experiment, 16  colonies 
for  each genotype were used in the calculation and 10+1 
drops of the serial dilutions were plated in an array. Dilutions 
that resulted in five to 50 colony forming  units per  drop were 
used for counting. 

Recombination  (intracbromosomal  and ectopic) involving 
URA3 embedded in subtelomeric Y’ sequences: The Y’ : : URA3- 
Slip1 1 structure has been used in several recombination assays 
(Lours and HABER 1990; LOUIS et al. 1994). Loss  of URA3 can 
occur by recombination with other Y‘ elements (interchromo- 
somal ectopic interactions; see Figure 2, A and B for details) 
or by recombination between the flanking TG1.3 sequences (in- 
trachromosomal deletion; see Figure 2, C and D  for details). 
The rate of URA3 loss was measured for two marked Y’s, one 
with flanking TG,.? at the right end of chromosome W a n d  
the second without the  internal tract of TG1.3 at the left end 
of chromosome ZX. The loss rate was calculated by the  median 
method as described above on 24 colonies for each genotype. 
Whole colonies were suspended in water and serial l@fold 
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dilutions were made. Ten-microliter drops of each  dilution 
were plated on hoth SC and  5FOA media such that five to 
50 colony forming unit5 were countable in the  appropriate 
dilution. 

Mitotic heteroallelic recombination: Freshly constructed 
PM'1180,  PM'D80DSGS1,  PMrDHOARAD.52 and PMD80ASGSI- 
ARAD.52 diploids were plated on nonselective W D  media. 
Individual  colonies were then  resuspended  in water and dilu- 
tions were plated on SC -methionine, SC -lysine and SC 
media. Colony numhers were analyzed according to the me- 
dian  method described above. The tests were repeated  four 
times with seven to  15 colonies resuspended  for  each test of 
a given strain. 

Statistical  analysis of mitotic  recombination: Statistical 
comparisons between different strains within an isogenic se- 
ries, for  example SGSl us. sg.rlA or rnd52ASGSl us. 
rad52Asg~lA  for  the MAT-MATinterval, were made hy rank 
order  (see  for  example MrlERDl. rt nl. 1996).  The  frequencies 
for  each colony of the two strains  being  compared  (equal 
numbers of colonies are  used) were converted to rates  using 
the  median  method  equation  (LEA  and Coursox 1949) and 
ranked  together. A  chi-squared analysis was performed  to test 
whether  one strain had significantly more colonies ranked in 
the  top half of the  rate values than  the  other strain. If the 
two strains had  equal rates, then  the  expected  number of 
colonies in the  upper half of the  rank  order  for a given strain 
is half of the colonies.  A  chi-squared value of >S.85 ( P  < 
0.05) indicates a significant deviation from  the  expected 50% 
and  therefore a significant difference in rates between the 
strains. 

Sporulation, spore viability,  and meiotic recombination: 
The  diploid yeast strains PM'D80 (SGS1) and PMrD8OASGSl 
(sgslA) were sporulated  and asci were dissected as described 
in SHERMAN and HICK.. (1991). Dissected spores were scored 
as viahle if they produced a visible colony after 3 days of 
growth on YPD agar. Meiotic recombination was assayed at 
two heteroallelic loci using random  spore analysis. Random 
spore analyses were performed as previously descrihed ( RORTS 
rt nl. 1986) with the  sporulated  culture  treated with glusulase, 
sonicated,  and  then plated on canavaninecontaining me- 
dium as well as on SC -methionine  +canavanine  and SC 
-lysine +canavanine media. The  rate of meiotic  recomhina- 
tion was calculated  from the  ratio of Met' Can'r/Can" and 
Lys' Can"/Can". 

The diploidsY55-Dl06,  Y55D107 and RHB2180 were spor- 
ulated and asci were dissected. Those  tetrads with three  and 
four viable spores were scored  for  marker configurations at 
HIS4, MAT and a centromere. Ditypes and tetratypes of the 
sgslA  strains (YFi5-Dl06 and Yli5D107) were compared with 
those of RHB2180 (an isogenic SGSl strain)  for  the HIS4-CKV 
and CEN-MAT intervals. 

Diploids Y55-Dl08 and Y55-Dl09 were spondated  and ran- 
dom  spores were selected on SC -uracil -tryptophan 
+cyclohexamide medium.  These strains are isogenic with the 
strains previously used for studying missegregation of chromo- 
some n r i n  sgslA  strains (WAIT rt a/. 1995). In addition to 
the  marked  centromeres of chromosome  nfallowing  for  the 
identification of meiosis I missegregations, a d d  segregates 
>200 cM distal to the  centromere.  The disomic random 
spores were scored for adenine auxotrophy. If there were n o  
relationship between recombination on chromosome N a n d  
the missegregation of W, 25% of the disomic spores would 
he Ade-. 

Telomere and  subtelomere  structure: The  stnlcture of the 
telomeres in sgslA and /@3A strains were assessed by Sonth- 
ern analysis. Genomic DNA from SGSl  TOf3,  sgslA TOf3, 
SGSl top3A, and  sgdA tof13A strains was digested with Xhol 
and  the  resultant  fragments were separated on a 0.8% agarose 

No. of aa 

RecQ - 607 
Sgsl I h i s  1447 

REXQL - 659 
BLM -) 1417 

- 1  I I I I I  I I  I !!lllullrmmD 1431 

H 
Helicase motifs 

FIGURE  l."Schematic  representation of memhers of the 
RecQ family of helicases (as indicated on the  left).  The pro- 
teins are aligned by the positions  of the seven helicase motifs, 
which are shown as vertical lines and  are laheled helow. The 
N-terminal and  Gterminal  domains  unique  to  the  Sgsl, BLM 
and MRN proteins  are shown with different shading patterns. 
The N-terminus of each of these are similar in composition 
(serine rich and highly charged). W, the region of Sgslp  that 
interacts with topo I1 in viuo. Thc  numher of amino acid 
residues in each protein is shown on the right. 

gel. The most distal XhoI site at many chromosome  ends is - 1 
kh from the  terminus, making i t  ideal for assessing changes in 
the -350-hp TG,.? telomere tract. Long-term (> 100 genera- 
tions) and short-term (-20 generations) cultures of geno- 
typed spore colonies were tested. Prohing with pELB0, which 
contains TG,.:% and Y' sequences, was used to assess the length 
of thc  TGl.3 tracts as well as the  general  structwe of the 
telomere. 

RESULTS 

SGSZ, a yeast  homologue of the E. coli re@ and hu- 
man BLM and WWgenes: Figure 1 shows a schematic 
representation of the  structural relationship between 
the five  known members of the RecQ family  of proteins. 
The most  highly conserved regions of these five pro- 
teins correspond to the seven "signature" motifs found 
in a wide  variety of DNA and RNA helicases (GORRA- 
LXNYA d nl. 1989; KOONIN 1991). The helicase subfamily 
to which the Sgsl protein belongs contains the 
"DEAH"  box  in motif I1 (Figure 1).  The region of 
Sgslp that  interacts with topoisomerase I1 is indicated 
in Figure 1. 

To investigate the roles of Sgslp in vivo, mutant 
strains were constructed in which a large portion of the 
SGSl gene had been deleted  (see  Table  1 for a list  of 
strains used). The construct used to make the SGS1 
deletion  contains  the ZJ<U2 gene inserted after codon 
407 and includes the removal  of 540 bp of the SGSI 
coding  sequence. The possibility  of downstream read- 
through  producing a Leu2:Sgsl  fusion protein can  be 
eliminated due to the  presence of intervening termina- 
tion codons. The truncated Sgsl polypeptide that might 
be expressed in strains carrying a deletion of S G $ I  
would be expected to lack all of the residues conserved 
in RecQ including  the seven helicase motifs, as well as 
the  domain of interaction between Sgslp  and topoisom- 
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TABLE 1 

Strains 

Strain name 
~ 

Y55 congenic background 
PWlO 

PWlOASGSl 

F'WlOARAD52 
PWlOASGSlARAD52 

PW20 
PW2OASGS1 

PW80 

PWSOASGSl 

PW8OARAD52 

PWSOASGSlARAD52 

Y55 background 
RHB2 180 

Y55D106 

Y55-Dl07 

Y55-Dl08 

Y55-D 1 09 

YP1 background 
EJL605-2D 
PW 100 
EJL6IO-1C 
EJL605-3B 
PW120 
EJL609-2B 
EJL610-2A 
EJL611-13A 
EJL601-6A 
EJL601-5D 
EJL612-3C 
EJL613-1D 
EJL602-7C 
EJL602-6C 

Markers 

h i s 4 - C l e u 2 - R  MATa-URA3-MATa m e t 1 3 - 4  ~ y h 2 ~  TRP5 l y s 2 - d   u r a 3 - l  CANl a d e l  - 1  t r p l  -H 
h i s 4 - C l e u Z - R   M A T a - U R A 3 - M A T a m e t l 3 - 4  cyhZR TRP5 l y s 2 - d   u r a 3 - l  CANl a d e l  - 1  t r p l  - H  

h i s 4 - C   l e u 2 - R  MATa-URA3 MATa m e t 1 3 - 4  ~ y h 2 ~  TRP5 l y s 2 - d   u r a 3 - l  CANl a d e l  - 1  t r p l  -H 

h i s 4 - C   l e u 2 - R  MATa-URA3-MATa m e t 1 3 - 4   c y h Z R   T R P 5   l y s 2 - d   u r a 3 - l  CANl a d e l  - 1  t r p l  - H  

H I S 4   l e u Z - K M A T a - U R A 3 - M A T a   m e t 1 3 - 2   c y h Z R   t r p 5 - 1   l y s 2 - c   u r a 3 - l   c a n l R   a d e l  - 1  TRPl 
H I S 4   l e u 2 - K M A T a - U R A 3 - M A T a   m e t 1 3 - 2  ~ y h 2 ~   t r p 5 - l   l y s 2 - c   u r a 3 - l   c a n l R   a d e l - 1  TRPl 

h i s 4 - C   l e u 2 - R  MATa-URA3-MATa m e t 1 3 - 4  ~ y h 2 ~  TRP5 l y s 2 - d   u r a 3 - l  CANl a d e l  - 1  t r p l  -H 
H I S 4   l e u 2 - K M A T a - U R A 3 - M A T a   m e t 1 3 - 2   c y h Z R   t r p 5 - l   l y s 2 - c   u r a 3 - l   c a n l R a d e l - l   T R P l  
h i s 4 - C   l e u 2 - R  MATa-URA3-MATa m e t 1 3 - 4  ~ y h 2 ~  TRP5 l y s 2 - d   u r a 3 - l  CAN1 a d e l  - 1  t r p l  - H  
HIS4   l eu2-KMATa-URA3-MATa   me t13-2  ~ y h 2 ~  t r p 5 - 1   l y s 2 - c   u r a 3 - l   c a n l R   a d e l - l  TRPl 

sgsl : : LEV2 

r a d 5 2 :  : LEU2 

s g s l :  :LEU2 r a d 5 2 :  :LEU2 

sgsl: :LEU2 

" " 

" 

s g s l  : : LEU2 
sgsl : : LEU2 

h i s 4 - C   l e u 2 - R  MATa-URA3-MATa m e t 1 3 - 4  ~ y h 2 ~  TRP5 l y s 2 - d   u r a 3 - l  CANl a d e l  - 1  t rp l  -H 
H I S 4   l e u Z - K M A T a - U R A 3 - M A T a   m e t l 3 - 2  ~ y h 2 ~  t r p 5 - 1   l y s 2 - c   u r a 3 - l   c a n l R   a d e l  - 1  TRPl 

" 

r a d 5 2  : : LEV2 
r a d 5 2  : : LEU2 

h i s 4 - C l e u 2 - R  MATa-VRA3-MATa m e t 1 3 - 4   c y h Z R  TRP5 l y s 2 - d   u r a 3 - l  CAN1 a d e l  - 1  t r p l - H  
H I S 4   l e u 2 - K M A T a - U R A 3 - M A T a   m e t 1 3 - 2   c y h Z R   t r p 5 - l   l y s 2 - c   u r a 3 - 1   c a n l R   a d e l  - 1  TRPl 

" 

s g s l :  :LEU2 r a d 5 2 :  :LEU2 
s g s l : : L E U 2   r a d 5 2 : : L E U 2  

h i s 4 - R   l e u 2 - R  MATa THR4 m e t 1 3 - 4  L Y S 2   u r a 3 - N  CAN1 a d e l  - 1 

H I S 4  LEU2 MATa t h r 4 - A  MET13 l y s 2 - D   u r a 3 - N c a n l R A D E l  
h i s 4 - R   l e u 2 A  MATa t h r 4 - A m e t l 3 - 4  u r a 3 - N   c a n l R   a d e l  - 1  
H I S 4   l e u 2 A  MATa THR4 m e t 1 3 - 4  u r a 3  -N  CANl  ADEl 

TRPl sgsl: :LEV2 
t r p l  - B  sgsl: :LEV2 

H I S 4   l e u 2 A  MATa m e t 1 3 - 4   L Y S 2   u r a 3  -N 
h i s 4 - R   l e u 2 A  MATO m e t 1 3 - 4   l y s 2 - C u r a 3 - N  

" 

t r p l  - B  sgsl: :LEU2 
TRPl s g s l  : :LEU2 

l e u 2 A  MATa MET13114 CYH2 L Y S 9   u r a 3 - N  
l e u 2 A  MATa m e t l 3 o r 1 4 c y h 2 R   l y s 9 - 1   u r a 3 - N  

" 

T R P l   a d e 8 - 1   s g s l :  :LEU2 
t r p l : : U R A 3 A D E B   s g s 1 : : L E U Z  

1 e u 2 A  MATa MET13114 CYH2 L Y S 9   u r a 3 - N  
l e u 2 A  MATa m e t 1 3  o r  1 4   c y h 2 R   l y s 9 - 1   u r a 3 - N  

" 

TRPl   ade8  - 1 

t r p l  : : URA3 ADE8 

h i s 4 - R   l e u 2 A  MATa-VRA3-MATa u r a 3 - 5 2   a d e 2 - 1 0 1   l y s 2  
h i s 4 - R   l e u 2 A  MATa-URA3-MATa u r a 3 - 5 2   a d e 2 - 1 0 1   l y s 2   s g s l : : L E U 2  
h i s 4 - R   l e u 2 A  MATa-VRA3-MATa u r a 3 - 5 2   a d e 2 - 1 0 1   l y s 2   r a d l :  :LEU2 
h i s 4 - R   l e u 2 A  MATa-URA3-MATa u r a 3 - 5 2   a d e 2 - 1 0 1   l y s 2   r a d 5 2 : : L E U 2  
h i s 4 - R   l e u 2 A  MATa-URA3-MATa u r a 3 - 5 2   a d e 2 - 1 0 1   l y s 2   s g s l : : L E U 2   r a d 1 : : L E U Z  
h i s 4 - R   l e u 2 A  MATa-URA3-MATa u r a 3 - 5 2   a d e 2 - 1 0 1   l y s 2   s g s l : : L E U 2   r a d 5 2 : : L E U 2  
h i s 4 - R   l e u 2 A  MATa-URA3-MATa u r a 3 - 5 2   a d e 2 - 1 0 1   l y s 2   r a d l :   : L E V 2   r a d 5 2 :  :LEU2 
h i s 4 - R   l e u 2 A  MATa-URA3-MATa u r a 3 - 5 2   a d e 2 - 1 0 1   l y s 2   s g s l : : L E U 2   r a d l : : L E U 2   r a d 5 2 : : L E U 2  
H I S 4   l e u 2 A M A T a   u r a 3 - 5 2   a d e 2 - 1 0 1   l y s 2   Y ' : : l J R A 3  SUP11 @ X V R  
H I S 4   l e u 2 A  MATa u r a 3 - 5 2   a d e 2 - 1 0 1   l y s 2   Y ' : : U R A 3  SUP11 @ X V R   s g s l : : L E V 2  
h i s 4  -R l e u 2 A  MATa u r a 3   - 5 2   a d e 2 - 1 0 1   l y s 2  Y' : : URA3 SUPl 1 @ XV R t o p 3  : :LEU2 
h i s 4 - R   l e u 2 A  MATa u r a 3 - 5 2   a d e 2 - 1 0 1   l y s 2   Y ' : : U R A 3  SUP11 @ X V R   s g s 1 : : L E U Z   t o p 3 : : L E U Z  
H I S 4   l e u 2 A  MATa u r a 3   - 5 2   a d e 2  - 1  01 l y s 2  Y' : I URA3 SUPl 1 @ IX L 
H I S 4   l e u 2 A  MATa u r a 3 - 5 2 a d e 2 - 1 0 1   l y s 2   Y ' : : U R A 3  SUP11 @ I X L   s g s l : : L E U 2  
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erase 11. Further evidence that the sgslA strains lack 
functional Sgslp comes from  the observation that  the 
phenotype of an sgslA strain is the same as that of sgsl 
point mutants, which are all considered  to be effective 
nulls ( GANGLOFF et al. 1994). 

Mutation of SGSl causes  a  mitotic  hyperrecombina- 
tion  phenotype: Because  of the involvement of RecQ 
in genetic recombination in E. coli, and the  apparent 
hyperrecombination phenotype of  Bloom’s syndrome 
cell lines, the effect of deleting  the SGSl gene on the 
frequency of different forms of mitotic recombination 
in S. cerevisiaewas analyzed. The structures of the various 
substrates used in the  recombination assays are dis- 
played in Figure 2. 

Intrachromosomal  recombination: To analyze  in- 
trachromosomal “excision” recombination,  the rate of 
loss of a genetic marker was quantified in three assays 
using the median method of LEA and COULSON (1949). 
In the first  assay, the  rate of loss of the U ! 3  gene 
(monitored by the acquisition of resistance to 5-FOA), 
integrated between two homologous MAT loci, was 
quantified in strains PWlO and PW20 (see Figure 2A). 
Table 2 shows that  deletion of SGSl caused a 3.3-fold 
increase in the  rate of  loss  of URA3 at  the MAT locus 
in PWlO, and a 12-fold increased rate of  loss in PW20 
(both increases being significant). The difference in 
rate reflects an apparent  general difference in recombi- 
nation rates between MATa and MATa cells.  While de- 
letion of RAD52 reduced  the background rate of URA3 
loss by approximately fourfold, a sgslA rad52A double 
mutant showed a level  of marker loss comparable to 
that of a sgslA mutant, and nearly 10-fold  above that 
of the rad52A mutant (Table 2). We conclude,  there- 
fore,  that  the rate of  loss  of URA3 at MAT is elevated 
in a sgslA strain and that this elevated frequency of 
marker loss occurs predominantly via a RAD52-indepen- 
dent pathway. 

To  determine  whether  the increased rate of loss in 
an sgslA mutant was seen with a second marker located 
at  the same locus in a  different genetic background, 
the rate of  loss  of the CYH2 gene from the MAT-MAT 
interval was quantified by measurement of the induc- 
tion of cycloheximide resistance in the YP1 strains (see 
Figure 2B). In this  case, deletion of SGSl caused a 
smaller, but  reproducible, increase in the rate of 
marker loss (Table 2). This difference between recom- 
bination rates in the  experiments described in Table 2 
could be due to  the fact that MATa cells  have a lower 
rate of recombination in general,  that  the strain back- 
grounds  are  different, or that  the assay structure is dif- 
ferent between the strains. In  the YPl genetic back- 
ground,  the effects on recombination frequencies of 
mutations in both  the RAD1 and RAD52 genes were 
also determined. Table 2 shows that while mutation of 
either R A D 1  or RAD52 had  a small  negative effect on 
the frequency of CYH2 excision from the MATinterval, 
deletion of these two genes together  produced  a 20- 

fold reduction in the rate of marker loss. However, the 
sgslA radlA rad52A triple mutant showed a rate of 
CYH2 gene loss fourfold above that of a radlA rad52A 
double  mutant  (a significant increase), indicating that 
at least a  proportion of the elevated recombination asso- 
ciated with mutation of SGSl is independent of both 
R A D 1  and RAD52. Since the strain used in this study 
had URA? as  well  as CYH2 between the MAT loci, it was 
possible to  monitor  gene conversions between the c y h p  
allele on chromosome WI and the CYH2 gene in the 
MAT interval (genetically scored as cyhR Ura’) . There 
was no effect of sgslA on the rate of these gene conver- 
sion events (rates of 1.18 X lo” in SGSl us. 1.54 X 
10” in sgslA ) . 

In  a  third analysis  of  possible intrachromosomal re- 
combination,  the  rate of  loss  of the URA? gene from a 
subtelomeric site was determined (see Figure 2C). In 
previous studies of Y’ stability, it was found  that loss 
of the URA3 could occur  either by intrachromosomal 
excision  of the whole Y’ element via recombination 
involving the flanking TGI-3 repeats, or by ectopic re- 
combination with unmarked Y’ elements at  other chro- 
mosomal locations (LOUIS and HABER 1990).  In previ- 
ous studies it was found  that excision recombination 
represented at most 10% of the URA3loss events (LOUIS 
and HABER 1990; LOUIS et al. 1994). Deletion of SGSI 
caused a 10-fold increase in the rate of URA3 gene 
loss from the end of chromosome XV or the end of 
chromosome X. It  should be noted  that excision using 
flanking TGl.s sequences was not possible from the end 
of chromosome IX. The similar increase in URA3 gene 
loss from both  the  right end of chromosome XVand 
the left end of chromosome IX (Table 3) thus indicates 
that ectopic interactions with other Y’ elements (rather 
than excision) was a major cause  of URA3 gene loss  in 
sgslA strains. Thus,  the stimulation of recombination 
in sgslA strains is not specific for the MAT locus and 
involves both intrachromosomal excision and inter- 
chromosomal ectopic events. 

Interchromosomal  mitotic  recombination  between 
heteroalleles: Strains PWlO and PW20 (Table 1) were 
constructed such that recombination between heteroal- 
leles in a diploid ( i e . ,  PWD80 and its corresponding 
homozygous isogenic sgslA mutant, PWD8OASGSl) 
could be  detected via a restoration of  lysine and methio- 
nine  prototrophy (BORTS et al. 1986). A consistent stim- 
ulation in the average recombination rate (an average 
14fold  for  the met13 locus and 3.2-fold for the lys2 lo- 
cus) was observed for diploid PWD80ASGS1, when 
compared to the isogenic control diploid PWD80 (Ta- 
ble 4). This level  of hyperrecombination was also ob- 
served in a second PWD8OASGSl diploid strain made 
by mating independently  constructed PW20ASGSl and 
PWlOASGSl haploids (Table 4). This increase in proto- 
troph formation was not  due to reversions  of the met13 
and lys2 alleles as there was no increase in prototroph 
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MAT URA3 in pBR322 MAT 

loss of pBR322::URA3 

B 

MAT CYHZ URA3 in pBR322 MAT 

loss of pBR322::URA3 CYHZ - 
2 kb 

C 

XV R 

lntrachromosomal loss - 
2 kb 

or  ectopic  recombination (see 

D 

X ectopic  recombination 

any  other Y' 

/x L 

FIGURE 2.-A schematic  representation of the  structure of the  recombination assays used is shown. (A) The MAT-URA?"AT 
interval in which intrachromosomal loss of the  intervening  sequences was monitored. (B) The  same interval with the  addition 
of the CYH2 gene. ( C )  The  structure of the  marked Y' at the  right  end of chromosome W i n  which both intrachromosomal 
loss and  interchromosomal  ectopic  recombination  can occ1Ir. (D) The  structure of the  marked Y' at  the left end of chromosome 
IX in which only interchromosomal  ectopic  recombination  can  lead to marker loss. 
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TABLE 2 

Loss of markers  at  the  MATinterval 

Strain  Genotype Rate of FOAR ( X  lo6) 

PWlO Wt  6.0 
PWlOASGSl sgsl A 19.8 *”( >wt) 
PWlOARAD52 rad52A 1.4 
PWlOASGSlARAD52 sgslA rad52A 13.0 *(>rad52A) 
PW20 Wt 0.8 
PW20ASGSl sgslA 10.0 *(>wt) 

Strain  Genotype Rate of CyhR ( X  lofi) 

EJL6052D wt 13.4 

EJL610-IC radlA 5.2 
PW100 sgslA 22.3 

PW120 sgslA radlA 14.0 *(>radlA) 
EJL605-3B rad52A 8.2 
EJL609-2B sgsl A radi2A 8.6 
EJL6 1 0-2A radlA rad52A 0.8 *(<wt, radlA and rad52A) 
EJL611-13A sgslA radla  rad520 3.2 *(>radlArad52A) 

a Significantly different from  the strain  indicated (*P < 0.05; see MATERIALS AND METHODS). wt, wild type. 

94 1 

formation in  any of the haploid sgsla strains (data  not 
shown). 
As expected,  mutation of RAz)52 in PWD80 dimin- 

ished the level  of heteroallelic recombination at MET13 
and LYS2 to below the level  of detection of our assay. 
In  contrast, while deletion of  RAD52 in a sgslA strain 
reduced  the  rate of interchromosomal recombination 
by -20-fold compared to wild-type PWD80, a measur- 
able level  of residual recombination was evident in the 
sgsl rad52 double  mutant (Table 4), indicating that at 
least a  proportion of the SGSI-dependent interchromo- 
somal hyperrecombination was RAD52-independent. 

Sporulation of homozygous sgslA diploids  results in 
reduced  meiotic viability, but  no  apparent  associated 
recombination  defect: We have reported previously 
that sgslA strains show reduced  tetrad formation and 
spore viability compared to isogenic controls. To assess 
whether this inviability was associated  with  any recombi- 
nation defects (in addition to the previously described 
segregation defects), several experiments were per- 
formed. 

TABLE 3 

Rate of Y’::URA3 loss 

Strain  Genotype Rate of FOAR ( X  10‘) 

EJL601-6A W t  (XVR)” 3.6 
EJL601-5D sgslA (XVR) 36.5 *b(>wt) 
EJL612-3C t@3A (XVR) 2.8 
EJL613-1D sgslAtop?A(XVR) 10.0 
EJL602-7C W t  (ZX L) 0.6 
EJL602-6C sgslA (ZX L) 5.4 *( >wt) 

“The chromosome ( m o r  ZX) and  the  end (left or  right) 
at which the Y’:: U ! ?  is integrated is indicated. wt, wild type. 

’Significantly different from  the strain  indicated (*P < 
0.05; see MATERIALS AND METHODS). 

Random spore analysis was performed to assess the 
rates of heteroallelic recombination at the MET13 and 
LYS2 loci. The frequency of generation of Met+ proto- 
trophy in SGSl strains was 0.59% of spores, translating 
to a rate of  0.0236 prototrophs  per meiosis,  which 
agrees with  previous studies using these heteroalleles 
(BORTS et al. 1986). From an average of seven experi- 
ments with the sgsla strain, a Met’ frequency of 0.9% 
of spores was obtained. This marginally  elevated rate is 
not significant. Similarly, the frequencies of Lys+ proto- 
trophs were 0.22% and 0.18% in SGSl and sgslA 
strains, respectively. 

Tetrads from diploids Y55-Dl06,  Y55-Dl07 and 
RHB2180  were  dissected to assess the effects of sgslA 
on crossing over  in the HIS4 to CEN and CEN to MAT 
intervals on chromosome III. For the HIS4 to milinter- 
Val, there were 42/82 ditypes (51%) in the  combined 
sgsla strains us. 121/241 (50%) in the SGSl strain. 
Similarly, there was no difference in crossing over  in 

TABLE 4 

Mitotic  rate of heteroallele  recombination 

Rate Rate 
of Met’ of Lys’ 

Strain Genotype (XlO’)  (XlO’) 

pWD80 W t  5.8 24.0 
PWD80ASGSl-A sgslA 76.0*“ 72.0* 
PWD80ASGSl-B sgs I A 83.0* 88.0* 
PWD80ARAD52 rad52A <O.l’ C0.l’ 
PWD80ASGSlARAD52 sgslA rad52A 0.5 1.1 

wt, wild type. 
“Significantly different from  the strain  indicated (*P < 

bThe assay should have detected a  rate of 0.1 X lo7 given 
0.05; see MATERIALS AND METHODS). 

the  number of cells plated. 
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the CEN to MAT interval, where there were 61/92 
(66%) and 160/257 (62%) ditypes  in the  spZA  and 
.%SI strains, respectively. 

Strains Y55-DlOS and Y55-Dl09,  which are isogenic 
to the strains used to show meiotic missegregation in 
sgslA strains (WATT et al. 1995), were constructed with 
a distal auxotrophic marker to assess the recombination 
status of missegregated chromosomes. Random spores 
of these strains showed the same increase in disome 
production as  previously described ("Am et al. 1995), 
hut  no difference in recombination status of the dis- 
omes. In both the  sgdA  and the SGSZ strains, the dis- 
omes produced were  homozygous for  the distal auxo- 
trophic ade8 marker in -25% of the cases (32/141 or 
23% and 72/360 or 20% for  the sp lA and SGSl strains, 
respectively), which is the expected frequency for ran- 
dom association  of recombination and missegregation 
of chromosome N. 

SGSl and TOP3 have no apparent role in the mainte- 
nance of telomere  integrity: Topoisomerase I11 has 
been shown  previously to form a complex with Sgslp 
in S. rmwizine, indicating that these two proteins proba- 
bly act in concert. Consistent with there  being  a func- 
tional association  between Sgslp  and topoisomerase 111, 
a mutant allele of  SGSl has been identified that acts  as 
a suppressor of the slow-growth phenotype of a tq3A 
mutant (GANGLOFF et al. 1994). Based on  our finding 
that SGSI influences recombination within subtelom- 
eric sequences, together with the previous observation 
of K I M  et al. (1995) that telomere structure and stability 
are  altered in topjmutants,  the effect on telomere integ- 
rity  of deletions in the SGSl and TOP3 genes was ana- 
lyzed. To achieve this, sgsZA and top3A derivatives  as 
well ;IS it sgslA top3A double  mutant were constructed 
in the YPl background (Table 1). In agreement with 
the data of GANGLOFF et al. (1994), in which a  point 
mutant of SGSZ was analyzed, deletion of SGSl sup  
pressed the slow-growth phenotype of a top3A strain 
(data  not shown). However, in contrast to the stimula- 
tory  effects  of a TOP3 gene  deletion on the frequency 
of  excision recombination within repetitive S elements 
and rDNA (WALLIS et al. 1989), no evidence was ob- 
tained for  an effect of deleting TOP3 on  the rate of 
loss of URA3 from the  right end of chromosome XV 
telomeric locus (Table 3).  Moreover, the integrity of 
telomeric sequences appeared  to  be  unaltered by dele- 
tion of either TOP3 alone, or TOP3 and SGSl together. 
Figure 3 shows that  deletion of these genes did not 
influence either  the  number of copies of subtelomeric 
Y' elements, or the length of the TG1,9 tracts, even  when 
these strains were  grown for over 100 generations. 

DISCUSSION 

Using a two-hybrid cloning strategy, we have pre- 
viously reported  the isolation of a  gene from s. cermisiue, 
designated SGSZ, encoding  a  member of the  RecQfam- 

M1  M2  1 2 3 4 5 6 7  

I 

3 Y' unit 

Terminal - fragment 
~~ ___ 

FIGURE 3.-The structure of the  telomere tracts and Y' 
elements in s e l A  and top3A strains as assessed by Southern 
blotting analysis. XhoI fragments of genomic DNA from wild- 
type (lanes 3 and 6),  @A (lanes 1 and 4), top3A (lanes 2 
and 5) and @A top3A (lane 7) strains were separated on 
an 0.8% agarose gel. Markers in lanes M1 and M2 are lambda 
DNA digested with Hind111 and BstEII, respectively. The DNA 
in lanes 1-3  and 7 was isolated after -20 generations, while 
the DNA in lanes 4-6 was isolated only after  culture propaga- 
tion for over 100 generations. pEL30,  which contains both 
ends of Y' elements and -150 bp of  TGI.J sequences, was 
labeled with digoxigenin-lldUTP (Boehringer  Mannheim) 
and used as a probe according to the manufacturer's intstruc- 
tions. The typical 1 .l- to 1.4-kb diffuse terminal telomeric XhoI 
fragments are indicated on the right, as are the 5.4 and 6.7 
kb Y' homologous  fragments arising from tandem Y' tracts. 
The top3A disruption  contains vector homology resulting in 
the extra 3.7-kb fragment in lanes 2, 5 and 7. 

ily of  DNA helicases  (WATT et al. 1995). More recent 
data indicate that  the closest structural homologues to 
SGSl are  the BLM and M g e n e s ,  which are defective 
in individuals  with  Bloom's syndrome (ELLIS et al. 1995; 
reviewed in W A ~  and HICKSON 1996) and Werner's 
syndrome (Yu et al. 1996), respectively. We have  shown 
here  that strains lacking a functional SGSl gene exhibit 
abnormally high rates of mitotic recombination. 

The RecQ protein is not  required for genetic recom- 
bination in a wild-type E. coli background. However, a 
recQ+ genotype is required for recombination in certain 
mutant backgrounds. For example, in recBC  sbcA, or 
recBC  sbcBC backgrounds, RecQ  is required for intram- 
lecular plasmid recombination and conjugation medi- 
ated recombination (NAKAYAMA et al. 1984,  1985; LUISI- 
DELUCA et al. 1989). These results and  others suggest 
that RecQ participates in the RecF recombination path- 
way (reviewed in WEST 1992, 1994). The RecQ helicase 
may cooperate with the RecJ nuclease in generating 
the single-stranded DNA necessary for initiating strand 
transfer during genetic recombination and/or repair 
processes ( KUSANO et al. 1994). 

Deletion of SGSl causes  mitotic  hyperrecombinat- 
ion: The phenotype of the yeast strain lacking func- 
tional Sgsl protein is clearly distinct from that of an E. 
coli recQ mutant. Far from being deficient in genetic 
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recombination, sgsl mutants display a hyperrecombina- 
tion phenotype during mitotic growth. In this respect, 
the phenotype of a sgsl strain closely resembles that of 
a Bloom’s syndrome cell line, providing evidence that 
Sgslp  and BLM are functional as  well  as structural ho- 
mologues. The hyperrecombination observed in sgslA 
strains is manifested as an increase in both  intra- and 
interchromosomal  homologous  recombination  at  more 
than one locus. We also confirmed previous data (GAN- 
GLOFF et al. 1994) showing that sgsl strains have an 
elevated rate of marker loss from the rDNA locus (data 
not  shown).  The observed increase in  intramolecular 
excision at  the MAT locus indicates that, unlike topo- 
isomerase 11, with  which Sgslp interacts, the action of 
Sgsl in “suppressing” excessive excision recombina- 
tion is not  confined  to  the highly repetitive rDNA gene 
cluster. 

A proportion of the  hyperrecombination  in sgsl 
strains is independent  of  the RAD52 and RADl path- 
ways: Mutation of RAD52 eliminates most meiotic re- 
combination (GAME et al. 1980; BORTS et al. 1986) and 
results in  a very substantial reduction  in  the frequency 
of mitotic heteroallelic homologous  recombination at 
several loci (reviewed in PETES et al. 1991). However, a 
minor  fraction of heteroallelic recombination persists 
in rad52 strains, suggesting that  at least one RAD52- 
independent recombination pathway  exists in S. cereuis- 
zae. Recent evidence suggests that  both  gene conver- 
sions and reciprocal crossover events at  tandem duplica- 
tions are generally RAD52-dependent. However, a 
nonconservative, RAD52-independent pathway for in- 
trachromosomal excision recombination also exists, 
and  the  frequency of many such excision events is  only 
partially reduced in rad52 mutants (THOMAS and 
ROTHSTEIN 1989; reviewed in KLEIN 1995). For exam- 
ple,  the stimulation in excision frequency  at  the rDNA 
locus in many hyperrecombination  mutants, such as 
rrm? and top1 (CHRISTMAN et al, 1988; KEIL and MCWIL 
LIAMS 1993), is not eliminated by a  mutation  in RAD52 
(KLEIN 1995). Many of these RAD52-independent 
events require  a  functional RADI gene,  and  Radlp is 
generally thought to participate  in single-stranded DNA 
annealing processes. Elimination of both RAD1 and 
RAD52 generally gives a synergistic reduction  in  the 
frequency of intrachromosomal excision recombina- 
tion (LIEFSHITZ et al. 1995), as was found in our study. 

Our  data indicate  that  deletion of SGSl causes a hyp- 
errecombination  phenotype  that is at least partially in- 
dependent of RAD52 for heteroallelic recombination, 
and of both R A D l  and RAD52 for  intrachromosomal 
recombination. This suggests that  Sgslp is unlikely to 
act solely  as a  participant  in these two  well characterized 
recombination pathways in S. cereuisiae. The lack of sen- 
sitivity to ionizing radiation in sgslA mutants (our un- 
published data) indicates that  recombinational  repair 
of DNA double-strand breaks is still functional in the 
absence of Sgslp.  Further work  is needed to ascertain 

whether the Sgsl protein is  involved in removal  of other 
classes of DNA lesion requiring  recombinational  repair. 
However, unlike E. coli recQ mutants, sgslA strains are 
not hypersensitive to W light (our unpublished data). 

Deletion  of SGSl has  no  apparent effect on meiotic 
recombination: A significant level  of spore  death was 
observed  with sgsIA diploids in tetrad dissection experi- 
ments. This is consistent with the observation that mei- 
otic missegregation (both meiosis I nondisjunction and 
precocious sister segregation were measured) is greatly 
elevated in sgslA strains (WATT et al. 1995). However, 
this  nonviability and increased aneuploidy was not ac- 
companied by any measurable change of rate in recombi- 
nation among  the viable spores both at heteroalleles and 
in standard genetic intervals. Furthermore,  the  aneu- 
ploids produced in sgsIA strains show no difference in 
recombination frequency compared  to SGSI strains. 
Clearly the meiotic recombination analyses presented 
here  cannot take into account the levels  of recombina- 
tion in nonviable progeny. It is a formal possibility, there- 
fore,  that an abnormal level  of recombination was re- 
sponsible for some of the reduction in meiotic  viability. 

SGSl and TOP3 have no apparent role in telomere 
maintenance: We have  shown that loss  of URA? from 
a subtelomeric site occurs at  an elevated frequency in 
sgsl strains, although  the  structural integrity (loss ofY’ 
elements and TGl.s tract  length) of the telomeres is not 
obviously influenced by loss  of Sgslp function.  In  the 
light of a previous study on  the role of topoisomerase 
111 in  the  maintenance of telomere integrity (KIM et al. 
1995), we were surprised to find no evidence for  an 
elevated rate ofY’ element loss or TGls tract shortening 
in either  a t o p 3 A  strain or a tq?A sgsIA double  mutant. 
The explanation  for these conflicting results remains 
elusive, although one possibility is that  the  deletion of 
TOP3 made by KIM et al. (1995) caused an  inadvertent 
inactivation of the  adjacent, divergently transcribed, 
ESTl gene. Mutations in ESTl lead to Y’ element loss 
and TGI.J tract shortening (LUNDBLAD et al. 1989). 

Is the  association of Sgslp and  topoisomerases of 
functional  significance  in  genetic  recombination? To- 
poisomerase I1 may  have  evolved a means of recruiting 
one of the  nuclear DNA helicases ( i e . ,  Sgslp) to a site 
where it could be used more efficiently to facilitate the 
resolution of  newly replicated chromosomes (described 
in WATT et al. 1995).  It is also clear from studies in E. 
coli that  a type I1 topoisomerase is needed to remove 
knots and catenanes  generated during recombination 
processes (BLISKA and COZZARELLI 1987; ADAMS et al, 
1992).  Thus, an interaction between the Sgsl and topo- 
isomerase I1 proteins  might  be an integral part of the 
mechanism by which the respective roles of these two 
proteins are coordinated  during  both late-stage replica- 
tion and mitotic recombination. However, it is not clear 
if any connection exists between the stimulation of  mi- 
totic intrachromosomal excision observed in sgslA mu- 
tants, and  the hyperrecombination seen in top2 mu- 
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tants. Mutations in either TOP1 or TOP2 (and 
synergistically in the  double  mutant) cause hyperrec- 
ombination only at  the rDNA locus (CHRISTMAN et al. 
1988; KIM and WANG 1989).  It has been postulated that 
this stimulation of recombination is due to a build-up 
of  DNA supercoils as a result of the unusually high 
rate of  rDNA gene transcription. Sgsl protein  might 
participate in the suppression of  rDNA excision events 
and/or act to facilitate the  reintegration of rDNA rings. 
If the association of the Sgsl protein and topoisomerase 
I1 proteins was specifically required  for this purpose, it 
is difficult to explain why a similar effect on hyperrec- 
ombination  at  the telomeric, MATand  the rDNA loci 
was observed in sgs lA strains, particularly since the te- 
lomeric and MA?‘ loci might not be expected to be as 
supercoiled as the highly transcribed rDNA locus. 

Recently, GANGLOFF et al. (1994) reported  that  the 
slow growth phenotype  of top? mutants is suppressed 
by a  mutation  in SGSl. We have confirmed that this 
suppression phenomenon results from loss  of function 
of SGSl and  not from the expression of an abnormal 
Sgslp  encoded by the sgsl allele reported by GANGLOFF 
et al. (1994). The function of topoisomerase 111 remains 
unclear,  although it would appear to perform an im- 
portant cellular role because top? strains grow more 
slowly than  their wild-type counterparts.  In  the absence 
of the topoisomerase I11 (an enzyme  with very poor 
DNA relaxation activity), recombination of 6 repeat se- 
quences (WALLIS et al. 1989), rDNA repeats (GANGLOFF 
et al. 1994) and SAMrepeats (BAILIS et al. 1992) is stimu- 
lated.  It is possible that  the similar phenotypes of top3 
and sgsl mutants could be  due to a  common,  perhaps 
concerted, mechanism of action of these gene products. 
The pleiotropic effects of a loss  of Sgsl helicase on 
interchromosomal as  well  as intrachromosomal recom- 
bination  could,  therefore, result from a failure to un- 
wind inappropriately paired DNA strands. Such a reso- 
lution  function could in  principle be coordinated with 
a topoisomerase acting on plectonemically intertwined 
DNA,  as proposed by WANC et al. (1990). 

Possible roles of SGSl and the BLM and WRN pro- 
teins: Based on the  phenotype of sgsl mutants and  the 
known defects in the synthesis of full-length replicons 
in Bloom’s syndrome cell lines, we have postulated else- 
where that  the elevated frequencies of both recombina- 
tion and chromosome missegregation in s g s l 0  strains 
could arise via one of two mechanisms (WATT and HICK- 
SON 1996). Briefly, one mechanism is that Sgslp is re- 
quired  during late stage replication to unwind topologi- 
cally constrained  domains ( i .e . ,  converging replication 
forks), allowing completion of replication, before deca- 
tenation by top0 11. In  the absence of Sgslp, these in- 
completely replicated sister chromatids would be bro- 
ken during  an  attempt to segregate sister chromatids 
that remain intertwined. This might be the mechanism 
by which recombinogenic lesions are  generated. A sec- 
ond possible mechanism is that blocked or collapsed 

replication forks (BIERNE  and MICHEL 1994) might re- 
quire  recombination  functions to restore replication 
elongation, and  that  Sgslp participates in this recombi- 
nation  “repair” pathway. In  the absence of Sgslp, repli- 
cation fork breakage might lead to persistence of re- 
combinogenic strand breaks at replication forks and to 
a decrease in cell viability. 

Although WRN cell lines are  not known to show a 
dramatic elevation in homologous recombination, 
WRN cells do have a  shorter replication life (associated 
with abnormal  telomere  maintenance),  a  decreased ef- 
ficiency  of ligation and a possible abnormal replication 
(see Yu et al. 1996 and references therein). In humans, 
it appears  that  the BLM and WRN proteins have  evolved 
to perform distinct but possibly overlapping functions, 
while in yeast Sgslp,  the single RecQ family member 
in this organism, presumably performs a wide range 
of functions. Based upon  sequence comparisons and 
phenotype comparisons of mutants, it appears  that 
Sgslp is more functionally homologous to BLM than 
to WRN, yet the  functions of WRN could still be  related 
in mechanism if not in phenotypic outcome. 

In summary, we have identified a role for  the S. cerevis- 
iar SGSl gene in the maintenance of genome stability. 
The challenge now  is to  understand  the biochemical 
basis for the defect in genetic recombination in sgsl 
strains and to ascertain whether  abnormal recombina- 
tion is responsible for  the observed chromosome mis- 
segregation phenotype of these mutants. 
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