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ABSTRACT 
The structures of  two unusual deletions from the yeast Saccharomyces cerevisiae are described. These 

deletions extend from a single Tyl retrotransposon to an endpoint near a repetitive tRNA‘.’’ gene. 
The deletions suggest that unique sequences flanked by two nonidentical repetitive sequences, or 
bordered on only one side by a transposable element, have the potential to be  mobilized in the yeast 
genome. Models for  the formation of these two unusual deletions were tested by isolating and 
analyzing  32 additional unusual deletions of the CYCl region that extend from a single Tyl 
retrotransposon. Unlike the most  common class of deletions recovered in this region, these deletions 
are not attributable solely to homologous recombination among repetitive Tyl or delta elements. 
They arose by  two distinct mechanisms.  In an SPT8 genetic background, most  unusual deletions arose 
by transposition of a T y l  element to a position adjacent to a tRNA‘”’ gene followed by T y l - T y l  
recombination. In an spt8 strain, where full-length Tyl transcription and,  therefore, transposition are 
reduced, most deletions were due to gene conversion of a 7-kb chromosomal interval flanked by a 
Tyl element and a tRNA‘”’ gene. 

H OMOLOGOUS  recombination  among  members 
of  dispersed  repetitive  DNA  sequence  families 

appears to be a major  source  of  chromosomal re- 
arrangements in those  eukaryotic  organisms  that  have 
been  studied.  Events  such  as  deletions,  duplications, 
inversions,  transpositions  and  translocations  have  the 
potential to serve  as  the  raw  material  for  evolutionary 
change.  Furthermore,  homologous  recombination 
and  chromosomal  rearrangements  have  been  hypoth- 
esized to contribute  to  the diversification and  homog- 
enization  of  multigene  families  (EDELMAN and  GALLY 
1970; SLIGHTOM,  BLECHL and SMITHIES 1980; BAL- 
TIMORE 198  l),  and  have  been  implicated  in  the etiol- 
ogy of a variety  of  human  diseases. One  recently 
described  instance  of  familial  hypercholesterolemia 
has  been  attributed  to a partial  deletion  of  the  LDL 
receptor by recombination  among  members  of  the 
Alu repetitive sequence family (LEHRMAN et al. 1985). 
Similarly,  certain  a-globin  thalassemias (NICHOLLS, 
FISCHEL-GHODSIAN and HICCS 1987),  and Philadel- 
phia  chromosome-positive  chronic  and  acute  leuke- 
mias (DE KLEIN et al. 1986;  CHEN et al. 1989) are due 
to Alu-Ah recombination. 

Recombination  among  dispersed  repetitive  DNA 
sequence  families  has  been well studied in the yeast 
Saccharomyces  cerevisiae (reviewed  in  LIEBMAN and PI- 
COLOGLOU 1988; PETES and  HILL  1988).  Two  repeti- 
tive  families,  consisting  of  dispersed  copies of (1) the 
transposable  element T y l ,   a n d  (2) tRNA  genes,  are 
most  germaine to our   work.   Tyl  is a 5.9-kb retrotran- 
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sposon,  consisting  of a 5.2-kb  internal  epsilon se- 
quence  flanked by long  terminal  repeats  of  approxi- 
mately 335 bp called  deltas (6) (CAMERON, LOH and 
DAVIS 1979; ROEDER and  FINK  1983; WILLIAMSON 
1983).  There  are  approximately  30 T y l  elements  and 
100 6 elements  dispersed  throughout  the  haploid yeast 
genome  (CAMERON, LOH and DAVIS 1979; EIBEL et al. 
1980). T y  elements  transpose via an  RNA  intermedi- 
ate (BOEKE et al. 1985)  at  frequencies  of  approximately 
1 O-’-lO-’ per locus per cell  (PAQUIN and WILLIAMSON 
1984; BOEKE et al. 1985; GIROUX et al. 1988; PICOL- 
OGLOU, BROWN  and LIEBMAN  1990).  Recombination 
among T y  and 6 elements is more  common  than 
transposition,  occurring  at  frequencies  as  high  as 1 0-5 
per cell for a  given  element  (LIEBMAN,  SHALIT and 
PICOLOGLOU 198 1 ; ROEDER and FINK 1983;  LIEBMAN 
and PICOLOCLOU 1988). 

There  are  an  estimated  350-400  tRNA  genes  per 
haploid  genome  in S. cerevisiae (SCHWEIZER,  MACKE- 
CHNIE and HALVORSON 1969).  Hybridization  and  ge- 
netic  studies  suggest  that  most  tRNA  genes  are  rep- 
resented by 1 to  perhaps  20  dispersed  copies (BECK- 
MANN, JOHNSON and ABELSON 1977; GUTHRIE and 
ABELSON 1981; HINNEBUSCH and LIEBMAN 1991). 
Low level ectopic  (nonallelic)  recombination  among 
dispersed  tRNASer  genes  has  recently  been  observed 
during  both meiosis (MUNZ et al. 1982; AMSTUTZ et 
al. 1985)  and mitosis  (SZANKASI et al. 1986) in the 
fission  yeast, Schirosaccharomyces  pombe. 

Here, we describe  two  unusual  deletions in the well 
defined COR (CYCl ,OSMl,RAD7)  region of chromo- 
some X in yeast  (SHALIT et a l .  198 1 ; BARRY et al. 1987) 
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that were recovered  among 19  independent cycl dele- 
tions obtained during mitotic growth (DOWNS, BREN- 
NAN and LIEBMAN  1985). While most deletion  mutants 
recovered in strain  A364a extended  from a T y l  ele- 
ment  centromere-proximal to  the CYCl locus to a 
delta (6) element 13 kb distal and included the linked 
genes CYCl, OSMl, sup3  and RAD7, the unusual 
deletions extended  from  the Tyl element  to  end- 
points just proximal to  the s u p 3  tRNAG'y gene. These 
unusual deletions were genetically distinct from  the 
more commonly recovered classes as they remained 
wild-type for RAD7. 

Sequence  comparison of the  endpoints  from  the 
two deletions that remained RAD7 with cognate pa- 
rental sequences suggest that  the unusual deletions 
arose by two distinct mechanisms. One  mutant, L- 
96  1, appears to have arisen by transposition of a Tyl 
element to a position 170  bp proximal to suf23 fol- 
lowed by recombination between the newly trans- 
posed Tyl element  and  the  element proximal to 
CYCl. According to this transposition/recombination 
model, homologous exchange between the two Tyl 
elements gave rise to a  deletion of the intervening 
unique  sequence  DNA,  including CYCl and OSMl, 
and left a single T y l  element  upstream of su.3.   The 
other  mutant, L-972,  arose by gene conversion of the 
7-kb sequence between the Tyl element  and s u p 3  by 
a 4.2-kb chromosome XVZ interval, similarly flanked 
by a Tyl element  and a tRNAG'y gene. In  the  event 
that gave rise to  the L-972 mutant,  gene conversion 
was associated with reciprocal exchange  (ROMAN 
1957; FOGEL, MORTIMER and LUSNAK 198  l), resulting 
in a reciprocal translocation. 

The two deletions that remained wild-type for 
RAD7 were recovered  among 19  independent dele- 
tion  mutants, suggesting that  events due  to transposi- 
tion/deletion and Tyl-tRNAG'Y gene conversion con- 
stitute  a significant proportion of chromosomal  re- 
arrangements in this region of the yeast genome. We 
therefore decided to measure the frequency of similar 
events and  further elucidate the mechanisms respon- 
sible for  their  formation. Our strategy was to geneti- 
cally mark the CYCl-RAD7 interval by interrupting 
the OSMl locus with two easily identifiable  genes, 
CANl and URA3. Multisite mutants  spanning CYCl, 
CANl and URA3 were isolated and screened  for the 
presence of  RAD7. Deletion mutants  that  remained 
wild-type for RAD7 and  thus  ended in the vicinity  of 
the tRNAG'y gene were analyzed in molecular detail. 

The transposition/recombination model requires 
the transposition of a T y l  element to a position just 
upstream of the s u p 3  tRNAG'y gene.  Transposition, 
in turn, is dependent  on  the nearly full-length tran- 
scription of T y  elements (BOEKE et al. 1985; BOEKE, 
STYLES and FINK 1986). Mutations of the SPT8 gene 
are known to significantly reduce  transcription origi- 
nating  from  the 5 '4  of T y l  elements (WINSTON et al. 

1987). While the effect of spt8 mutations on transpo- 
sition has not  been directly tested, spt3 mutations, 
which have a nearly identical effect on T y  transcrip- 
tion (WINSTON, DURBIN and FINK 1984), dramatically 
reduce T y  transposition (BOEKE, STYLES and FINK 
1986). Since an spt8-disruption was available when 
these experiments were conducted,  the  role of trans- 
position in the formation of the deletion  mutations 
that  remained wild-type for RAD7  was investigated by 
performing  the  mutant  screen in two genetic back- 
grounds: SPT8 and spt8. 

The results presented below demonstrate  that cycl- 
cunl-uru3-RAD7 mutants  comprise  15-20% of dele- 
tion mutants  recovered in the CYCl-RAD7 region of 
the yeast genome. The majority of these events are 
due  to transposition/recombination or Tyl-tRNAG'Y 
gene conversion. While deletions of this sort have not 
been previously described, they can be  accounted  for 
by extensions of existing recombination models. 

MATERIALS  AND METHODS 

Strains  and  genetic  manipulation: Standard media and 
techniques  were  used  for the  growth  and  manipulation of 
yeast strains (SHERMAN, FINK and LAWRENCE 1979). Yeast 
strains  were  routinely  cultured in the complex  glucose  me- 
dium, YPD. Nutritional  markers were  scored  on  synthetic 
complete  glucose  medium  (SC)  lacking a specific  nutritional 
requirement; e.g., SC-Ura was SC  medium  lacking  uracil. 
Mutations  of the CYCl locus were detected by their  inability 
to  grow  on  complete  synthetic  lactate  medium 
(SL+12)(SHERMAN et al. 1974).  Canavanine  resistant mu- 
tants  were  detected by their ability to grow  on  SC-Arg+Can 
plates,  consisting of SC medium  lacking  arginine  and  con- 
taining  60  mg/liter of the arginine  analog  canavanine 
(GRENSON et al. 1966; WHELAN, GOCKE  and MANNEY 1979). 
Synthetic  glucose  medium  containing  5-fluoro-orotic  acid 
(5-FOA)  at a concentration of  750  mg/liter was  used to 
detect ura3 mutants (BOEKE, LACROUTE and FINK 1984). 
MMS plates,  used to score  the rad56-1 allele (GAME and 
MORTIMER 1974),  contain YPD with 0.01% (v/v) of  the 
radiomimetic  methyl  methanesulfonate  (Kodak). 

The Saccharomyces  cerevisiae strains used  in  this  study are 
listed  in Table  1.  Strains  L-961  and  L-972  contain  sponta- 
neous  deletions  that  encompass CYCl and OSMl but  do  not 
span RAD7, isolated  from  A364a  on  chlorolactate-contain- 
ing  medium (SHERMAN et al. 1974). The isolation  and  pre- 
liminary  characterization of these  mutants has  been de- 
scribed (DOWNS, BRENNAN and LIEBMAN 1985).  Strain 
A364a ura3 is a spontaneous ura3 mutant  derived  from 
A364a  to  facilitate  cloning by integration/excision (STILES 
1983; WINSTON, CHUMLEY and FINK 1983): first, Ura+ 
revertants of the u r d  allele  were  obtained by plating on 
SC-Ura; a resulting Ura' revertant was plated  on  5-FOA  to 
isolate  mutations at the URA3 locus. A364a ura3 was chosen 
from  among  several  5-FOA-resistant  mutants ( u r d  by  com- 
plementation)  because of its low frequency of reversion to 
Ura+.  Similarly,  L-961 u r d  and  L-972 u r d  are sponta- 
neous u r d  mutants  derived from L-961  and  L-972,  respec- 
tively. The three ura3 mutants are named  L-1120  (A364a 
u r a j ) ,  L-112 1 (L-96 1 u r d )  and  L-1122  (L-972 u r d )  in the 
laboratory collections. 
S. cerevisiae strain PS24-5D  contains the chromosome X 

CYCl, O S M l ,  RAD7 region of strain  A364a (DOWNS, BREN- 
NAN and LIEBMAN 1985) crossed  into a ura3-52, can1 genetic 
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TABLE 1 

835 

Yeast  strains 

Strain Genotypes Source' 

A364a 
A364a ura3 

L-961 ura3 

L-972 ura3 

L-96 1 

L-972 

STX  143-6C 
PS24-5D 

a adel  ade2  gall his7 lys2 tyrl  ural 
a adel  ade2  gall his7 lys2 tyrl  ura3 
a adel  ade2  gall his7 lys2 tyrl  ural cycl osml 
a adel  ade2  gall his7 lys2 tyrl  ura3 cycl osml 
a adel  ade2  gall his7 lys2 tyrl ural cycl osml 
a adel  ade2  gall his7 lys2 tyrl  ura3 cycl osml 
a adel arg4 aro7 his2 his6 leu1 trpl  ura3  rad56-1 
a canl  leu2  ura3-52 

YGSC 
This study 
DOWNS 
This study 
DOWNS 
This study 
YGSC 
This study 

' YGSC, Yeast Genetics Stock Center,  Berkeley, California; DOWNS refers to DOWNS, BRENNAN and LIEBMAN (1985). 

background; the relevant genotype of  PS24-5D is CY ura3- 
52, canl ,  leu2. Strain PS24-5D was transformed to uracil 
prototrophy with a 6.3-kb PvuII fragment of  plasmid 
pOL42 by the lithium acetate method (ITO et al.,  1983). 
Plasmid pOL42 contains the OSMl coding region inter- 
rupted with gene fragments encoding the URA3 and CANl 
genes (Figure 1 D). 

Plasmid pOL42 was constructed in  several steps. First, 
the 3.0-kb EcoRI-Hind111 fragment of  pCIY (MONTGOMERY 
et al.  1978), containing suj23 and portions of OSMl and 
RAD7, was cloned into pBS' (Stratagene). The resulting 
plasmid was named pOL40. 

Next, a 1.1-kb HindIII  fragment containing URA3 from 
pSM22 (provided by DAVID SCHILD) was gel-purified. The 
ends of the purified fragment were filled-in  with deoxynu- 
cleotides and  the large fragment of Escherichia  coli  DNA 
polymerase I. The filled-in 1.1-kb HindIII fragment was 
then ligated into  the filled-in  BamHI site at position  -96 
relative to  the 5'-end of the CANl gene of pSH2 (HOFFMAN 
1985; WILKE et al. 1989). The resulting plasmid was named 
pOL45. 

Plasmid pOL45 was digested with SalI and  the 2.85-kb 
SalI fragment containing CANl and URA3 was purified and 
filled-in  as described above. Digestion  with SalI removed 3  1 
amino acids from  the carboxy terminus of the predicted 
590-amino acid CAN1 protein. As reported by HOFFMAN 
(1985), however, plasmids containing this fragment fully 
complemented canl mutants. The purified and filled-in 
2.85-kb SalI fragment of pOL45 was ligated into  the PstI 
site of pOL40  that had been blunt-ended by treatment with 
T4 DNA polymerase (O'FARRELL  198 1). The resulting plas- 
mid, pOL42, consists  of the yeast OSMl gene interrupted 
by CANl and URA3. Transcription of URA3 and CANl  is 
from right  to left as diagrammed in Figure lD, opposite to 
the direction of transcription of OSMI. Transformation of 
PS24--5D  with the 6.2-kb PvuII-fragment of pOL42 re- 
sulted in strain PS24-5D::pOL42. A partial restriction map 
of PS24-5D::pOL42 is shown  in Figure 1D. The structure 
of  all  yeast transformants was confirmed by SOUTHERN 
(1975) blot. 

The SPT8 locus of PS24-5D::pOL42 was disrupted 
(ROTHSTEIN 1983) by transformation to leucine prototrophy 
with  pCJEC1, a plasmid containing LEU2-disrupted spt8 
(provided by CHRISTINE CHAPON and FRED WINSTON). The 
resulting strain was named PS24-5D::pOL42 spt8. Northern 
analysis (THOMAS 1980) of total RNA from PS24- 
5D::pOL42 spt8, hybridized with radiolabeled pTy,  a 1.6- 
kb EcoRI-BglII internal fragment of a T y l  element cloned 
in pUC9 (WILKE 1989; WILKE et al. 1989), confirmed that 
full-length transcription of genomic T y l  elements was 
greatly reduced in this strain (data not shown). 

Cloning of the L-961 and L-972 deletion  junctions: The 

deletion endpoints from L-961 ura3 and L-972 ura3, along 
with the cognate parental sequences from A364a ura3, were 
cloned by integration/excision (STILES 1983; WINSTON, 
CHUMLEY and FINK 1983). The 6.2-kb integration/excision 
vector, pOL4, was used to clone sequences adjacent to  the 
chromosome X tRNA';'Y gene. Plasmid pOL4 was con- 
structed by ligating the 1.3-kb XhoI-Hind111 fragment of 
RAD7 from pCIY (MONTGOMERY et al. 1978) into SalI- 
HindIII-cut YIp5-RI.  Plasmid  YIp5-RI was constructed by 
digesting YIp5 (STRUHL et al. 1979) with  EcoRI,  filling  in 
the single-stranded ends with E. coli DNA  polymerase I 
(large fragment) and  dNTPs followed by blunt-ended reli- 
gation. Plasmid pOL4 was digested at the unique BglII site, 
within the region of  yeast  homology, and used to transform 
A364a ura3  to uracil prototrophy by the lithium acetate 
procedure (ITO et al. 1983). The sequences contiguous with 
the  integrated plasmid  were cloned by digesting genomic 
DNA from pOL4 transformants with EcoRI, religating at 
low DNA concentrations to  promote intramolecular events, 
and transforming E.  coli to ampicillin resistance. 

The cloned deletion endpoints and corresponding paren- 
tal sequences cloned as described above are shown  in Figure 
1, A-C.  Excision products include: plasmid pOL5, contain- 
ing parental sequences cloned from A364a ura3::pOL4; 
plasmid pOL7, including the  right deletion junction from 
L-972 ura3::pOL4; and plasmid pOL6, which contains the 
deletion endpoint from L-961 ura3::pOL4. Plasmid POL1 5 
was isolated by partial digestion of L-972 ura3::pOL4 DNA 
with BglII, followed by religation and transformation of E.  
coli. 

The left deletion junction from L-972 ura3 and  the 
corresponding parental fragment from A364a ura3 were 
cloned with  pCW6 (WILKE 1989). Plasmid  pCW6 contains 
a 2.7-kb HindIII-BamHI fragment (located just  to  the left 
of the  chromosomeXTy1) from pYeCYCl(2.7) (MONTGOM- 
ERY et al. 1978) ligated into HindIII-BamHI-cut YIp5; the 
unique HindIII site of the resulting plasmid was subse- 
quently removed as described above. Plasmid  pCW6, di- 
gested at  the unique XhoI within the region of yeast homol- 
ogy, was integrated by homologous transformation in A364a 
ura3 and L-972 ura3. Excision products were recovered 
following digestion of pCW6-transformed strains with 
HindIII. Plasmid pOL13 contains the left deletion junction 
from L-972 ura3::pCW6, while pOL12 contains the  corre- 
sponding parental fragment from A364a ura3::pCWG  (see 
Figure 1,  A  and B). 

Chromosome XVZ cloning: Plasmid pOL7, cloned from 
yeast strain L-972::pOL4, was shown to contain chromo- 
some XVZ sequences as  well  as the expected chromosome X 
sequences (see RESULTS). Plasmid pOL41,  a unique 0.35-kb 
Sau3A chromosome XVZ fragment from pOL7, subcloned 
in pUC19, was radiolabeled and hybridized to  a blot of 
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FIGURE 1.-Restriction maps  of parental  strains  and  deletions 
showing  positions  of  clones and  probes. A shows the  A364a  parental 
chromosome X and XVI regions which participated in the L-972 
translocation/deletion.  Dotted lines indicate a complete T y l  ele- 
ment which was not  cloned,  but  inferred  from  the  structure of 
pOLl5  in B. B shows the  translocation/deletion L-972 ura3. A 5.6- 
kb Xhol fragment which hybridized with a  synthetic oligodeoxynu- 
cleotide  homologous  to an internal T y l  sequence (5't in Table 2) 
was found within the  pOL15  insert.  This  5.6-kb XhoI fragment was 
interrupted by BglII, EcoRl and  Kpnl sites at  positions which are 
highly conserved in T y l  elements,  indicating  the  presence of  a 
complete T y l  element 4.2 kb  from  the tRNA'''' breakpoint in clone 
pOL15.  Note  that  the  orientation of the T y l  element relative to 
the tRNA'"' gene in pOL15 is the  same  as in the  parental  chromo- 
some X COR  region. The  tRNA'"'  shown  linked to CENIO was not 
cloned,  but  inferred  from  the  structure  of  pOL54 in A. C shows 
the simple deletion L-961 u r d .   T h e  transcriptional  orientation of 

EcoRI-HindIII-cut  genomic DNA from  A364a.  This identi- 
fied a  unique  3.5-kb  restriction fragment in the  parent  that 
contained  the  chromosome X V I  Sau3A  fragment.  This 3.5- 
kb EcoRI-Hind111 fragment was cloned  directly into 
M 13mpl9  from a size-selected subgenomic  library (HAMP- 
SEY, DAS and  SHERMAN  1986). Recombinant plaques con- 
taining the desired 3.5-kb EcoRI-Hind111 chromosome X V I  
fragment were  identified from duplicate  plaque lifts (BEN- 
TON and DAVIS 1977) by hybridization with radiolabeled 
insert-DNA  from pOL4 1. The  resulting  clone was named 
m19R/H44 (see Figure 1A). Plasmid YIpOL44 is an inte- 
gration/excision vector,  constructed by subcloning the  chro- 
mosome X V I  3.5-kb EcoRI-Hind111 fragment  from  m19R/ 
H44  into YIp5. Plasmid YIpOL44 was targeted  to its region 
of  chromosome X V I  homology by digesting the plasmid with 
XhoI and  transforming strain A364a  uru3  to uracil prototro- 
phy. Plasmid pOL54 is a 20.3-kb excision product  obtained 
following partial BglII digestion of A364a  ura3::YIpOL44 
(see Figure  1A). 

Pulsed-field gel electrophoresis: Pulsed-field gel electro- 
phoresis  (PFGE) (SCHWARTZ  and CANTOR 1984;  CARLE  and 
OLSON 1984) was carried  out in a  Pulsaphor apparatus 
(LKB) using a  hexagonal electrode  array (CHU, VOLLRATH 
and DAVIS 1986). A 1% SeaKem GTG (FMC) agarose gel 
was run in 0.5 X TBE  at 6 V/cm for  40  hr  at a  buffer 
temperature of 1 O " ,  stained in 0.5 pg/ml EtBr, and  de- 
stained for l hr in distilled deionized  water.  Chromosome 
length DNA samples were prepared  for PFGE by the 
method of CARLE  and OLSON (1 985). 

Mutant isolation: Frequencies of canavanine  resistant 

T y l  elements  and tRNA"" genes is from left to  right as indicated. 
In A-C lines underneath  the restriction  maps show the  extent of 
regions cloned. The  centromeres linked to  the described regions 
are indicated at  the left. Bold lines indicate chromosome XVI 
sequences,  thin lines depict  chromosome X .  D shows a  partial 
restriction map of the genetically marked CYCl region from  the 
yeast strain PS24-5D::pOL42. The  13-kb  region from  the Tyl 
element  to  the 6 element  (containing CYCI ,  OSMI,  the s u p 3  
tRNA"" gene  and RAD7) was marked by transforming PS24-5D 
with a PvuII fragment of plasmid pOL42,  disrupting OSMl and 
resulting in PS24-5D::pOL42. The  Pvull sites lie within the pBS+ 
vector sequences, flanking the EcoRl and Hind111 sites of the yeast 
DNA insert by 1 15  and 21 6 bp, respectively. These flanking  vector 
sequences were destroyed  during yeast transformation, as shown by 
Southern blot (data  not shown). Restriction sites depicted below the 
plasmid fragment shown at  the  top  of D were lost during plasmid 
construction. E, Maps of cycl-canl-ura3 deletions  that  remained 
RAD7 isolated from PS24-5D::pOL42. The  upper  map  depicts a 
deletion with a single Tyl element located at  -105 with respect to 
the  +1  nucleotide of sup3 (deletion number P34-C). The  lower 
map shows a deletion with two Tyl elements also  located at  -105 
with respect to s u p 3  (deletion  number P41-4).  A  restriction map 
of deletion P153-1  isolated from  PS24-5D::pOL42 spt8 is shown in 
F. A  bold line extending  from  the EcoRI site  distal to the T y l  
element  to  the tRNA';" gene  at  the deletion endpoint indicates that 
this sequence is not  derived  from  the  parental CYCl region. The 
broken bold line extending proximal from this EcoRI site to  the 
T y l  element indicates that  the this  region was not cloned and its 
precise size not  determined. The  position of synthetic  oligodeoxy- 
nucleotide  UCl is shown. In A-F the black triangles denote 6 
elenlents; the bullet symbols indicate the position of  the 
tRNA'"' gene. Restriction endonucleases  are  abbreviated as follows: 
BamHI, B; BglIl, G; Hindlll, H; Kpnl K; Pstl ,  P; PvuII,  pv; SalI ,  s; 
EcoR1, R; Xhol, X.  Additional  restriction  sites are  omitted. A 
representative 6 element is shown in part G along with the relative 
positions and  orientations of the 6 element-specific  synthetic  oligo- 
deoxynucleotides used in this  study  (see Table 2). 
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mutations were determined in four  independent experi- 
ments for PS24-5D::pOL42 (SPT8 strain)  and PS24- 
5D::pOL42 sptS by plating approximately 5 X 10"  cells on 
each of 10 SC-Arg+Can plates and incubating them at 30 O . 
The frequency of canl deletions was determined by testing 
all the canl mutants  for growth on  SL+12, SC-Ura and 5- 
FOA media. Mutants incapable of growth on SL+12 and 
SC-Ura, but able to grow on 5-FOA and SC-Arg+Can were 
scored as deletions spanning the CYCl, URA3 and CAN1 
loci. T o  isolate CYCl-URA3-CAN1 deletions that remain 
wild-type for RAD7 and  to determine  their frequency, single 
colonies from YPD plates were replica-plated to SC- 
Arg+Can. Colonies  gave rise to zero to several  papillae 
within the colony imprint. To  assure independence, only 
one canavanine-resistant papilla per colony was picked to a 
SC-Arg+Can master plate and  then replica-plated to SL+ 12, 
SC-Ura, 5-FOA, SC-Arg+Can and YPD plates. The YPD 
plates were subjected to  a fluence of 120 Joules/m2 of UV- 
light, which  killed rad7,  but  not RAD7 strains (LIEBMAN, 
SINCH and SHERMAN 1979). The frequency of deletion 
mutants  that do not encompass the RAD7 locus was esti- 
mated by multiplying the frequency of  all  types  of canl 
deletion mutants by the fraction of canl deletions that do 
not encompass RAD7. In addition to the  10 cycl-canl-ura3- 
RAD7 mutants recovered from PS24-5D::pOL42 as de- 
scribed above, l l more independent deletions that re- 
mained RAD7 were isolated as follows. Strain PS24- 
5D::pOL42 was streaked onto YPD plates to obtain single 
colonies. Single colonies were grown on 2-ml  YPD slants for 
2 days, then approximately 5 x 10"  cells were plated on SC- 
Arg+Can plates. Canavanine resistant mutants were picked 
to SC-Arg+Can plates, then tested for cycl, canl,  ura3 and 
RAD7 as described above. At most, one cycl-canl-ura3- 
RAD7 mutant was obtained from each of the original single 
PS24-5D::pOL42 colonies, assuring independence. 

To  ensure  that  the deletions occurred as single mutational 
events and were not due  to mutation to canavanine-resist- 
ance followed by secondary mutation to uracil auxotrophy, 
only those canavanine-resistant colonies that were entirely 
auxotrophic  for uracil and capable of growth on 5-FOA 
were scored as deletions. By contrast, a canavanine-resistant 
mutant  that subsequently underwent a secondary mutation 
to uracil auxotrophy would  have grown on both SC-Ura 
and 5-FOA. Such mutants were not detected. 
DNA manipulations  and  sequencing  analysis: DNA  iso- 

lation, ligation, electrophoresis and blot analyses were by 
standard methods as previously described (SUTTON 1992). 
DNA fragments of interest were routinely subcloned into 
pUC18  and pUCl9 plasmids and M13mp18 and mp19 
vectors (YANISCH-PERRON, VIEIRA and MESSING 1985) and 
sequenced by the chain termination method (SANGER, NICK- 
LEN and COULSON 1977). Synthetic oligodeoxynucleotides 
used as hybridization probes and sequencing primers in this 
study are listed  in Table 2. 

Endpoints from PS24-5D::pOL42-derived deletions were 
amplified by the polymerase chain reaction (PCR) (SAIKI et 
al. 1985,  1988)  and directly sequenced according to  the 
following protocol. Approximately 1 pg genomic yeast  DNA 
was amplified for  25 1-min extension cycles  in a Perkin- 
Elmer Cetus Thermocycler using GeneAmp reagents. 
Primer SWLO26 corresponds to unique sequence DNA 
centromere-proximal to  the sup3  tRNA"'Y gene and primes 
synthesis toward the  centromere (see Figure 1 D). The other 
primer, US-in (NATSOULIS et al. 1989), is homologous to  the 
U3 (5'-end) region of 6 elements and primes synthesis to- 
ward the 3'-end of the element (see Figure lG). 

Although each primer was present in equimolar amounts 
at  the beginning of the reaction (50 pmol each primer), 
PCR  with this primer pair resulted in the asymmetric am- 

plification  of the DNA strands extending from SWLO26 
toward US-in. This suggests that  the US-in primer was 
involved  in a secondary amplification reaction that reduced 
the effective concentration of the US-in primer. In fact, a 
minor band of approximately 1 kb of uncharacterized iden- 
tity was frequently observed in ethidium bromide-stained 
gels  of PCR products. It is likely that this band represents 
amplification directed by  US-in from two  closely spaced 
inverted 6 elements. Amplified  DNA was ethanol precipi- 
tated, dissolved  in TE and electrophoresed in a  2% NuSieve 
GTG,  0.5% SeaPlaque GTG agarose (FMC)  gel  in 1 X TAE 
buffer with 0.5 pg/ml ethidium bromide. The rapidly mi- 
grating single-stranded amplification products were  visual- 
ized  with a low-intensity, short-wavelength UV light source 
(Fotodyne) and excised  as 10-30 pl gel  slices. Identity of 
the single-stranded amplification products was verified by 
their ability to be sequenced with the complementary U5- 
out primer and  their inability to provide a sequencing tem- 
plate for US-in  (see Table  2  and NATSOULIS et al. 1989) 

Amplified  DNA was sequenced directly in melted agarose 
slices. An aliquot of 5 pl of single-strand DNA-containing 
a rose was melted at  70"  and incubated with 1 pmol 5'- 
E P-labeled sequencing primer U5-out (NATSOULIS et al. 

1989)  and 1.5 pI 10 X sequencing buffer (10 X buffer was 
200 mM HEPES, pH  7.5,  100 mM MgC12, 500 mM NaCI), 
in a final  volume  of 15 PI. The annealing mixture was heated 
to 95 O for  5 min  in a Thermocycler and slow-cooled to 40' 
over a 10-min period. Aliquots  of the annealing mixture (3 
pl) were added  to  7 p1 of each of four termination solutions 
(prewarmed to  40") containing 0.5 PI 1:200 freshly diluted 
2-mercaptoethanol (Sigma), 0.7 p1 10 X sequencing buffer, 
1 pl 10 X deoxynucleotide/dideoxynucleotide solutions 
(containing 2 mM each dNTP plus 0.2 mM either  ddGTP, 
ddATP, ddTTP or ddCTP) (Pharmacia) and  1 ~l Sequenase 
modified T7 DNA  polymerase (U.S. Biochemicals) diluted 
8 X in  ice-cold TE. Reactions were extended  for 8-10  min 
at  40" and stopped with the addition of 5 p1 formamide plus 
dyes (xylene cyano1 and bromphenol blue). The sequencing 
reactions were heated at  90 " for  2 min and  3 p1 immediately 
loaded onto  a 8% acrylamide, 8 M urea sequencing gel. 

The endpoint of a deletion obtained in the spt8 mutant 
genetic background was directly cloned as a 2.4-kb EcoRI- 
Xhol fragment in EcoRI-SalI-digested M 13mpl9 (HAMPSEY, 
DAS and  SHERMAN 1986). The resulting clone, pOL55, was 
identified by hybridization of radiolabeled SWLO21 to du- 
plicate plaque lifts (BENTON and DAVIS 1977). The DNA 
sequence of the tRNA';'Y gene and  the centromere-proximal 
sequences was then determined using primer SWL060. 

RESULTS 

Characterization of the L-972 translocation/dele- 
tion/duplication: The restriction  maps of the L-972 
rearrangement isolated from  strain  A364a (DOWNS, 
BRENNAN and LIEBMAN 1985) and its parent are 
shown  in  Figure 1 ,  A and B. Oligodeoxynucleotide 
probes  homologous to parental  sequences  flanking  the 
chromosome X T y l  element (SWLO18 and SWLO27) 
and tRNAG'y gene (SWLO20 and SWLO2 1) were  used 
to  further  define  the limits of the L-972 deletion  (see 
Table 2 and  Figure 1). All four  synthetic  probes 
hybridized  with the  expected  parental  restriction  frag- 
ments. SWLO27 and SWLO20, however,  failed to 
hybridize  to L-972 genomic  DNA (data not  shown), 
demonstrating  that  sequences  from  the 3' end  of  the 
chromosome X T y l  element  to  just  proximal  to  the 
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TABLE 2 

Synthetic oligodeoxynucleotide probes 

Name 

SWLO18 
SWLO20 
SWL02l 
SWLO26 
SWLO27 
SWL060 
US-in 
U5-in 
U5-out 
UCI 
SWL003 
5’r 

Sequence 

5”CTCTGATATCTGTAGCCCTAG-3’ 
5”GTAACTGTACACATAATTGACAC-3’ 
5’-GGAATAAAGGATTGGGACGAAG-3‘ 
5”GTGTCAATTATGTGTACAGTTAC-3’ 
5’-CTGTTTAAATTCTTCTGGG-3’ 
5’-CGTCCCAATCCTTTATTCC-3’ 
5”ATATTATCATATACGGTGTT-3’ 
5”ATTGTTGGGATTCCATT-3’ 
5’-AATGGAATCCCAACAAT-3’ 
5’-CTGTCATACTGTTATGCAG-3’ 
5”TTGATAATGTAAAAGG-3’ 
5“CTAACGGATCTTGATTT-3’ 

Position’ 

-62 to -42 5’ of T y J  
-39 to -1 7  5’ of tRNA 
+55 to +76 3’ of tRNA 
-17 to -39 5’  of tRNA 
+ I  to +I9 3’ of T y l  
+76  to  +55 3’ of tRNA 
+53  to  +72 of 66 
+309  to +293 of 
+293  to  +309 of 
+57  to  +39 5’ of tRNAC 

Internal Tyl probed 
-170 to -155 5’  of tRNA 

’ Positions are reported relative to the sequences of the parental chromosome X T y l  element or sup3 tRNACIy gene sequences unless 

These primers, kindly provided by JEF BOEKE (NATSOULIS et al. 1989), refer to positions within a 334-bp 6 element as reported in BOEKE 

Position is reported relative to  the chromosome X tRNAcitY  gene of deletion P153-1 isolated from strain PS24-5D::pOL42 spt8. Kindly 

The 5’c probe is homologous to conserved sequences in the  internal epsilon portion of T y l  elements and corresponds to the complement 

otherwise noted. 

et al. (1 988). 

synthesized by PAUL  GARDNER of the Howard Hughes Medical Institute, The University of Chicago. 

of nucleotides 376-393 according to  the sequence of CLARE and FARABAUCH (1 985). 

tRNA‘;’Y were  deleted in the translocation/deletion. 
T o  more precisely define  the  deletion  endpoints 

from  the L-972 translocation/deletion, sequences 
flanking the  endpoints  and  the cognate  parental se- 
quences were cloned by integration/excision (see MA- 
TERIALS AND METHODS) and subjected to DNA se- 
quence analysis. The DNA sequence  flanking the  right 
6 of the T y l  element  bordering  the deletion in L-972 
ura3 (clone pOLl3 in Figure 1B) is compared  to its 
cognate  parental  sequence (clone POL1 2) in Figure 
2A. The parental  sequence beyond the 3’ 6 element 
was deleted in the  translocation/deletion. The new 
sequence  found distal to  the  breakpoint  at  the T y l  
element was subsequently shown to have originated 
from  parental  chromosome XVZ (see below and Figure 
2A). The 6 element  from  the  translocation/deletion 
was identical to  the chromosome X 6 element  from 
the  parent  A364a  over  the  224  bp which were se- 
quenced.  However, the two 6 elements  differed in the 
unsequenced  portion since only the translocation/ 
deletion 6 element  contained an XhoI site. Many  of 
the 6 elements in the yeast genome  contain XhoI sites 
at  the same position (EIBEL et al. 1980; ROEDER and 
FINK  1983;  HAUBER, NELBOCK-HOCHSTETTER and 
FELDMANN  1985). The presence of the XhoI restric- 
tion site polymorphism, together with the identifica- 
tion of the 3’ end of the T y l  element as the left 
deletion  endpoint, suggests a  recombination mecha- 
nism involving 6-6 and possibly T y l - T y l  homology in 
the generation of the translocation/deletion. 

The DNA sequence of the region  including the 
tRNAG’y that  borders  the  deletion in L-972 ura3 
(clone pOL7 in Figure 1B) is compared to  the  corre- 
sponding  parental  region (clone pOL5) in Figure 2B. 
The two sequences are identical beginning with the A 

residue one nucleotide  5’ to  the beginning of the 70- 
bp tRNAG’y gene.  This  sequence  identity is maintained 
over  the  length of the tRNAG’y and  into  the RAD7 
open  reading  frame  (data  not shown). The DNA 
sequence to  the left of the tRNAG’y gene  from  the 
translocation/deletion  (pOL7) shares no  extended ho- 
mology with the  corresponding  parental  sequence  on 
chromosome X and was subsequently shown to reside 
on chromosome XVZ in the  parent (see below and 
Figure 2B). Thus,  the  right translocation/deletion 
breakpoint  occurred  1  bp 5’  to  the  +1 position of the 
chromosome X tRNAGIy or,  more likely, within the 
repetitive  tRNA  gene itself. These  data suggest that 
the  right  translocation/deletion  breakpoint  arose by 
homologous ectopic recombination between dispersed 
copies of an identical 70-bp tRNAG’y. 

A  restriction  map of the chromosome XVZ region 
adjacent to  the tRNAG’y breakpoint of one of the 
translocation chromosomes was constructed  from di- 
gests of plasmid POL  15 (see Figure  1 B). This plasmid 
extends  approximately 8 kb further in a  centromere- 
proximal direction  than  pOL7. The chromosome XVZ 
tRNA”IY gene was isolated in its parental milieu by 
directly cloning  a 3.5-kb EcoRI-Hind111 fragment  that 
hybridized with pOL41, a  unique  chromosome XVZ 
restriction  fragment  found  adjacent to  the deletion 
endpoint in L-972 ura3 (Figure 1, A and B). The 
DNA sequence surrounding  the chromosome XVZ 
tRNAG’y gene was determined  from  the  resulting 
clone, m 19R/H44.  Sequence identity between the 
chromosome X and XVZ tRNAGIy genes is limited to 
the 70-bp  tRNA genes plus 1 bp 5’ and 2  bp 3’ (see 
Figure 2B). Furthermore,  the tRNAG’y from  the  trans- 
location junction  clone  pOL7 is linked to chromosome 
XVZ sequences proximal to  the tRNA”IY and  chromo- 
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Tv I CYCl ACAATTATCTAATTACCCACATATATCTCACTGTTTAAATTCTTCTGGGG-TATATACACATGTTCCCGTCAGCTA 
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R !RNA A 
AACAATTATCT-AA--TTACCCACATATATCTCACTGTTTAAATTTCTTCTGGGGTATATACACATGTTCCCGTCAGCTA 
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AACAATTATCTCAACATT---CACATATTTCTCACCTTTTACATTATCAATGTCAATGTTCCCTC-TTCTAA-CAAACT 

I I  I I l l   I l l  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  I I I I I I  I I I I I I  
R tRNA 

A364a um3 POL5 *Y 
TCTTCTTTGCGTTGAAGTGTCACC-ATTGCCTATCCTTTTACATTATCAATGTCAATGTTCCCTC-TTCTAA-CAAATCT 

m OSMl . W 7  
170 bp 5' of tRNAGIY 

FIGURE Z.-Nucleotide sequence comparison of the  deletion  endpoints  and  corresponding  parental  regions. Clones from which the 
secluence was obtained  are  depicted  adjacent  to  the  sequence.  Thin lines indicate chromosome X sequences;  bold lines indicate chromosome 
XVI sequences. Lines underneath  the clones show the  regions  sequenced. Lines underneath  the DNA sequence in A and C indicate  regions 
o f  6 homology. The  clones are  not  drawn  to scale. A, Sequences  adjacent  to  the  3'  end of the Tyl elements  from  parental  chromosome X 
(pOL12),  parental  chromosome XVI (pOL54)  and  the smaller  translocation chromosome of L-972 ura3 ( t [X;XVI])  (pOL13). B, Sequences 
flanking  the tRNA"" genes  from  parental  chromosome X (pOL5),  parental  chromosome XVI (m19R/H44),  and  the  larger translocation 
chromosome of L-972 ura3 (t[XVI;X]) (pOL7). The sequence of the tRNA'"' is in bold italic letters;  the  internal  63-bp of the tRNA'"' DNA 
sequence has  been omitted. C: Sequences  adjacent  to  the  3'  end of the TyZ and flanking the tRNA"" gene  from  the  parental  chromosome 
X (pOL12  and  pOL5  from  A364a ura3) are  compared  to  the  deletion  junction  from  the simple deletion (pOL6  from L-961 ura3). The d 
sequences  from  A364a ura3 and  L-961 ura3 were identical over  the  227  bp  sequenced  except  for  the seven differences shown at  the 3'-end 
of the  elements.  Transcriptional  orientation of T y l  elements  and tRNA"" genes is from left to  right as indicated. Abbreviations: G ,  Bglll; 
H, HindlIl; X ,  XhoI. Additional restriction sites were omitted. 

some X sequences distal  (see Figure 2B). These results 
demonstrate  that  the distal  translocation/deletion 
breakpoint  occurred  between  the  chromosome X and 
chromosome XVZ tRNA';'' genes. 

T h e  3.5-kb  chromosome XVZ insert  from  m19R/ 
H44 was subcloned  into  the  integrating yeast vector 
Ylp5 (STRUHL et al. 1979)  and  named  YIpOL44. 
Plasmid YIpOL44 was targeted  to its homologous 
elm-onlosome XVZ locus by transformation of the pa- 
rental  strain  A364a ura3. T h e  restriction  map of 
pOL54, a  20.3-kb  integration/excision  clone consist- 
ing  entirely of parental  chromosome XVZ sequences 
and  vector, is exactly  as  predicted  from  the  map of 
pOL,15 (compare  Figure  1, A and B).  Plasmid pOL54 
contains  the  2.3-kb BglII fragment  of  a TyZ element. 
T h e  DNA  sequence  extending  rightward  from  the 
XhoI site in the 3' 6 element was determined.  Figure 
'LA compares  the 3' 6 element  and  flanking  sequence 
from  the left breakpoint of the  translocation/deletion 
(pOL13) to the  corresponding  chromosome XVZ 3' 6 
element  and  flanking  sequence  from  the  parent 
(pOL54).  The  two  sequences  are  identical,  demon- 
strating  that  the  proximal  translocation/deletion 
breakpoint  occurred  between  the  chromosome  X  and 
chromosome XVZ Ty Z elements. 

Electrophoretic  karyotype of .the L-972 translo- 

cation/deletion/duplication: T h e  presence  of  a  trans- 
location in L-972 was verified through  the use of 
PFGE  of  chromosome  length  DNA  molecules.  Strain 
L-972 is missing chromosome X and  either  chromo- 
some XZZZ or  XVZ, relative to  the  parental  strain, 
A364a  (CARLE  and OLSON 1985).  In  addition,  two 
new chromosomes  are  present in L-972,  one  just 
below chromosomes VZZ and XV and  the  other co- 
migrating with chromosome V (see Figure  3A).  These 
results are consistent  with  a  deletion  associated with  a 
reciprocal  translocation  between  chromosome X and 
either  chromosome XZZI or  XVI in the  parent, giving 
rise to  the  two novel chromosomes.  Chromosome XVZ 
was shown to be  involved by hybridizing the PFGE 
blots  with  a  chromosome XVZ right  arm  marker, TEFZ 
(SANDBAKEN  and CULBERTSON  1988;  see  Figure  3B, 
lanes  a and b). 

As both novel  translocation  chromosomes are mi- 
totically stable,  each is associated  with  a  centromere. 
Plasmid pCIC (MONTGOMERY et  al. 1978) corresponds 
to a  region  proximal  to  the  chromosome X TyZ ele- 
ment in A364a  and was used to identify, by hybridi- 
zation, the translocation  chromosome  that  contains 
CENZO (see  Figures  1A and 3B). Probe pWJ54  (ROTH- 
STEIN,  HELMS and ROSENBERC 1987)  corresponds to 
parental  sequences distal to the  chromosome X 
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A. B. 

a I 
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a b  a b  c d  e f  g h  
FIGURE 3.-PFGE results. A shows an EtBr-stained gel of the 

parent, A364a (lane a),  and  the translocation/deletion, L-972 (lane 
b). Relevant chromosomes are noted. Chromosomes t(X;XVl) and 
t(XV1;X) refer to the smaller and larger translocation chromosomes, 
respectively, from the translocation/deletion L-972. B, the PFG 
from A was blotted to a nylon filter and successively probed with a 
variety of clones from regions arround  the translocation/deletion 
breakpoints (see Figure 1). Lanes a, c, e and g are parental chro- 
mosome-length DNAs; lanes b, d. f and h are translocation/deletion 
chromosome-length DNAs. The filter was probed with a 0.87-kb 
EcoRl-Hind111 fragment from within the TEFl gene (SONG et al. 
1989)  that is homologous to TEFP on chromosome I1  and TEFl on 
chromosome XVI (SCHIRMAIER and PHILIPPSEN 1984;  SANDBAKEN 
and CULBERTWN 1988) (lanes a and b),  plasmid pCIC (MONTGOM- 
ERY et al. 1978)(lanes c and  d), plasmid  pWJ54 (ROTHSTEIN. HELMS 
and ROSENBERG 1987) (lanes e and r), and pOL41 (lanes g and h). 

tRNA"'Y translocation breakpoint (see Figure 1A) and 
was used to identify the translocation chromosome 
that includes CENl6  (Figure 3B, lane f ) .  Since the 
chromosome XVZ marker TEF remained on  the trans- 
location chromosome which contains CENl6  (Figure 
3B, lanes b and f ) ,  the translocation breakpoint must 
either have occurred  on  the left arm or distal to TEFl 
on  the  right  arm of chromosome XVZ. T o  distinguish 
between these possibilities, the chromosome XVZ Ty- 
tRNA"'Y interval,  marked with URA3 in the parental 
strain  (A364a  ura3::YIpOL44), was checked for cen- 
tromere-linkage and genetically mapped relative to 
two loci, AR07  and RAD56. These loci are  48 cM 
from each other on the  right  arm of chromosome XVZ 
(GAME  and MORTIMER 1974). From the segregation 
data shown in Table  3, we estimate  that the 4.2-kb 
interval flanked by the Tyl-tRNA"'y is located on  the 
distal right  arm of chromosome XVZ, 25 cM from 
RAD56. We cannot distinguish whether the 4.2-kb 
interval is proximal or distal to RAD56 from  these 
data. 

Evidence for duplication associated  with  the L- 
972 translocation/deletion/duplication: DNA  se- 
quence analysis of the translocation/deletion  break- 
points revealed that  the deletion  extends  from the 3' 

end of the chromosome X Tyl element to  the  5'  end 
of the sup3  tRNAC"' gene. The translocation break- 
points on chromosome X are identical to  the deletion 
endpoints: one  occurs  at  the COR-region T y l  and  the 
other  at  the sup3  tRNA"'". The chromosome XVZ 
translocation breakpoints similarly occur at a Tyl 
element and tRNA';'' gene located 4.2 kb apart on 
the distal right  arm in the  parent. The smaller trans- 
location chromosome contains chromosome X se- 
quences proximal to  the T y l  element (compare 
POL  12 with POL  13 in Figure 1, A and B) and  chro- 
mosome XVZ sequences distal (note  the conserved XhoI 
and Hind111 sites immediately distal to  the T y l  ele- 
ments in  plasmids pOL13  and  pOL54).  The larger 
translocation chromosome contains chromosome X 
sequences distal to the tRNA"'Y (compare pOL5 with 
pOL7)  and  chromosome XVZ sequences proximal 
(note  the  pattern of restriction sites immediately prox- 
imal to  the tRNAG'y  in  plasmids POL  15  and pOL54). 
Thus,  the 4.2-kb chromosome XVZ region is found 
twice  in the translocation/deletion,  once at each trans- 
location junction.  This duplication was verified by 
probing pulsed-field gels  with a 0.35-kb fragment 
(pOL41 in Figure 1B) from this region. Genomic 
DNA blot analysis demonstrated that this fragment is 
present in single copy  in the  parent  (data  not shown). 
This  probe hybridized to chromosome XVZ in the 
parent  and  both novel translocation chromosomes in 
L-972 (see Figure 3B, lanes g and h). 

Characterization of the L-961 simple deletion: 
The second unusual deletion isolated from strain 
A364a was shown by restriction analysis to be  a simple 
deletion of approximately 7  kb between the T y l  ele- 
ment and  the tRNAC'y gene (see Figure 1C) (DOWNS, 
BRENNAN  and LIEBMAN 1985). Physical  analysis  of this 
deletion was accomplished by cloning the deletion 
junction  and  cognate  parental regions followed by 
DNA sequence analysis  of the relevant portions of the 
cloned DNA. 

Figure 2C compares  the DNA sequence of the 
deletion  endpoint to the corresponding parental se- 
quences. The deletion  extends  from the precise 3' 
end of the T y l  element to a  breakpoint  170  bp 5' to 
the sup3 tRNAC'" gene. The DNA at the distal end- 
point shares no  extended homology to  the 3' end of 
the 6 element. 

While DNA sequence  obtained from the 3' b ele- 
ment  from  the  parent  (pOL12) and deletion  (pOL6) 
showed extensive identity (220  out of 227 matches 
over  the  region  sequenced), they differed by the pres- 
ence of a single substitution and  three small insertions 
or deletions (see Figure 2C). Furthermore, restriction 
analysis  of the  deletion revealed a Hind111 site within 
the Tyl element and an XhoI site in the 3' 6 element 
which are not  present in the  parental Tyl element 
(DOWNS, BRENNAN  and LIEBMAN 1985). Both  of these 
restriction sites are common among  the population of 
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Tyl-Adjacent Deletions  and SPT8 

TABLE 3 

Linkage  data for the chromosome X V Z  translocation/deletion endpoint 

84 1 

Segregation' Tetrad typeb 

lnterval 1 DS 2DS  PD  NPD TT (CWC 
Map distance 

CEN-URA 3d 14 39 Unlinked 
AR07-URA3d 8 1 25  45.6 
RAD56-URA3d 32 1 20 24.5 
RAD56-AR07 9 1 25 44.3 

~~~~ ~ ~ 

' 1 DS, First division segregation; 2DS, second-division segregation. These were determined by using the centromere-linked marker TRPZ. 
PD, parental ditype; NPD, nonparental ditype; TT, tetratype. 
Map  d,istances were determined using the formula of PERKINS (1  949). 
Plasm~d YIpOL44 marks the chromosome XVI interval flanked by the T y Z  and tRNA""  with URA3. 

dispersed  genomic T y l  elements (EIBEL et al. 1980; 
ROEDER and FINK  1983; WILLIAMSON 1983). The 
numerous polymorphisms in the sequence of the Tyl 
element  at  the  deletion  junction suggest that  the L- 
961 deletion was associated with recombination be- 
tween the parental T y l  element  and a T y l  bearing 
an  internal Hind111 site and several sequence  differ- 
ences in the 3' 6 element. 

One possible origin of the simple deletion with the 
altered Tyl element at the  junction, is that it may 
have arisen by a  gene conversion mechanism similar 
to  that described  above  for the translocation/deletion/ 
duplication,  L-972.  According to this model, the DNA 
located at  the distal L-961  deletion  endpoint would 
have to  be  present in at least two copies in the  genome, 
as was sup? in the L-972 case. This second hypothet- 
ical genomic  sequence  (HGS) would be  juxtaposed  to 
the  3'  end of a Tyl element  marked by HindIII  and 
XhoI sites. The  Tyl-HGS  structure could have served 
as a  template  for the deletion of CYCI and OSMl by 
simple gene conversion of the chromosome X region. 
This model requires  the  presence of a second copy of 
the HGS element  to  serve as a distal anchor of ho- 
mology for  the  gene conversion event. 

As a  direct test of this prediction, blots of parental 
genomic DNA were hybridized with a  synthetic oli- 
godeoxynucleotide  probe  homologous to  the distal 
deletion  breakpoint (oligo SWLOO3, see Table 2). 
However, we found  that this probe  detects only a 
single band in parental  genomic DNA digested with a 
variety of restriction  endonucleases  (data  not shown). 
I t  is apparent  that  the DNA at  the distal deletion 
endpoint is unique and  therefore simple gene  conver- 
sion cannot  account  for the  occurrence of the L-961 
deletion.  Rather, as detailed in the discussion, we 
hypothesize that this deletion is due  to transposition 
of a T y l  element  to  a position 170  bp from sup? 
followed by homologous  exchange and deletion of 
unique  sequence DNA between the two T y l  elements. 

Characterization of cycl-canl-ura3 deletions from 
PS24-5D::pOL42 that remained wild-type for RAD7: 
In order  to facilitate the isolation of additional cycl 
deletion  mutants  that do not encompass RAD7 and 

therefore do not simply involve 6-6 recombination, 
the CYCI-RAD7 interval of strain PS24-5D was 
marked by interrupting  the O S M l  coding  region with 
two marker  genes, CAN1 and URA? (see Figure 1D). 
Deletion mutants were isolated from  the  resulting 
strain,  PS24-5D::pOL42, by selecting for can1 mu- 
tants and screening  them  for  the simultaneous loss of 
the CYCI and URA? loci. As shown in Table  4, dele- 
tion mutants were obtained  at  a  frequency of approx- 
imately 9 x 10". Approximately 17% of the deletions 
were genetically wild-type for RAD7. The 10 such 
deletions listed in Table  4,  together with 11 other 
independently  derived similar deletions (see MATE- 

RIALS AND METHODS), were further analyzed. In ad- 
dition,  one of the deletions  that encompassed RAD7 
was analyzed by SOUTHERN  (1975) blot and shown to 
extend  from  the Tyl element to  the 6 element 13 kb 
distal (data  not shown). This deletion was similar to 
those analyzed in previous studies and likely arose by 
homologous recombination between the T y l  and 6 
elements in the region (LIEBMAN, SHALIT  and PICOL- 
OGLOU, 198  1; DOWNS, BRENNAN  and  LIEBMAN  1985). 

Blots  of  variously digested genomic DNAs from  the 
2  1  independent  cycl-canl-ura?  deletions wild-type for 
RAD7 were successively hybridized with radiolabeled 
restriction  fragment  and synthetic oligodeoxynucleo- 
tide  probes  spanning the  deleted  region. The blots 
were first hybridized with a 1.1-kb HindIII  fragment 
containing  the URA? gene. This  fragment hybridized 
to ura?-52 on chromosome V and  to URA3 on  chro- 
mosome X in the  parental  strain, PS24-5D::pOL42. 
By contrast, this fragment hybridized only to  the 
chromosome V ura?-52 in each of the mutants  (Figure 
4A). The blots were next  probed with a panel of 
synthetic oligodeoxynucleotide probes homologous to 
sequences located immediately adjacent to  the T y l  
element and sup? tRNA'''' gene  that flank the CYCI- 
CANI-URA? interval in the parental  strain  (Figure 4A 
and  Table 2). Genomic DNA homologous to  probes 
SWLOl8 and SWLO2 1,  corresponding, respectively, 
to sequences immediately proximal to  the T y l  ele- 
ment  and distal to  the sup? tRNA';'' gene, were 
retained in the  deletions. Restriction maps con- 
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842 P. R. Sutton and S. W. Liebman 

TABLE 4 

Frequency of cycl-cad-ura3 deletions 

A. Determination of total mcl-canl-ura3 deletion freauencv 

Exp. 
No. canl 

No. of viable cellsa mutant2 frequency’ deletionsb frequencyb 
canl mutation No. cycl-canl-ura3  cycl-canl-ura3 deletion 

PS24-5D::pOL-42 SPT8 
1 3.04 (+ 0.53) X lo7 309  1.05 (+ 0.18) X 27 
2  2.85 (+ 0.68) X lo7 21 1 7.85 (+ 1.87) X lo-‘ 19 
3  2.69 (+ 1.27) X lo7 239  1.14 (+ 0.54) X 26 
4  3.32 (* 1.06) X lo7 379 1.27 (+ 0.41) X 22 

Total 1.06 (k 0.73) X 

PS24-5D::pOL42 ~ p t 8  
1 5.61 (+ 1.47) X 10’ 324  6.20 (+ 1.63) X 21 
2  3.08 (+ 0.43) X 10’ 237 7.85 (+ 1.10) X 14 
3  6.20 (+ 0.36) X lo7 513  8.30 (+ 0.48) X IOw6 18 
4 4.37 (+ 0.51) X 107 299  6.94 (+ 0.81) X 9 

Total 7.32 (* 2.18) X lo-‘ 
B. Determination of frequency of cycl-canl-ura3 deletions that remain wild-type for RAD7 

No. of independent 
cycl-canl-urn3 

deletions 

Deletions that are 
No. of deletions RAD7/total deletions 
that are RAD7 (%) 

9.16 (& 1.60) X 
7.07 (* 1.69) X lo-’ 
1.24 (+ 0.59) X lo-‘ 
7.38 (+ 2.36) X 

9.01 (+ 6.77) X 10-7 

4.02 (+ 1.06) X 
4.63 (+ 0.65) X 

2.91 (+ 0.17) X 
2.08 (+ 0.25) X 

3.41 (+ 1.48) X lo-’ 

Fre  uency of cycl-cad-ura3 
djetions that are RAD7‘ 

SPT8 
sot8 

58 
57 

10 
1 1  

17.2 
19.3 

1.54 (+ 1.17) X 
6.50 (+ 2.80) X IO-’ 

a Given as the total number of viable cells plated on all ten SC-Arg+Can plates per experiment. Values are given + standard deviation as 
determined from plating cell suspensions diluted in sterile HZ0 on five separate YPD plates. 

Total number of mutants and mutation frequencies from ten plates per experiment. Those canl mutants that simultaneously became 
mutant for cycl and ura3 were scored as deletions. Total error is given as the square root of the sum of the squares of individual standard 
deviations. 

The freauencv of deletions that are wild-type for RAD7  was determined by multiplying the deletion frequency from part  A times the 
fraction of  dlletions that remained wild-type foiRAD7 from part B. 

structed  from  Southern blots, however, indicated 
chromosomal  rearrangements linked to  the SWLOl8- 
and SWLO2 1-homologous sequences. Sequences ho- 
mologous to SWLO27 (+1  to  +19  bp  centromere- 
distal to  the T y l  element) were deleted in each of the 
21 RAD7 deletion  mutants  obtained  from PS24- 
5D::pOL42. The simplest explanation of these results, 
together with the genetic data, is that  the 21 mutants 
obtained  from PS24-5D::pOL42 are deletions of con- 
tiguous DNA intervals extending  from  the Tyl ele- 
ment  to  endpoints distal to URA3, but proximal to 
SWLO2 1  from  the 3’-end of the  sup3 tRNAGIy gene. 

These results are identical to those  described  above 
for  the two extensively characterized  deletions,  L-972 
and L-961. The L-972 rearrangement  resulted  from 
gene conversion of the 7-kb Tyl-suf23  interval by a 
chromosome XVZ Tyl-tRNAG’Y interval. In  contrast, 
the L-961 rearrangement  arose by transposition of a 
Tyl element to a position 170  bp  from suf23 followed 
by homologous exchange and deletion of unique se- 
quence DNA between the two T y l  elements (see 
Discussion). These two events were distinguishable at 
a gross level by hybridizing DNA blots with radiola- 
beled  SWL020,  homologous to sequences  from -17 
to -39 centromere-proximal to suf23. Probe SWLOSO 
hybridized to genomic DNA from  the L-961 trans- 
position/deletion mutant,  but failed to hybridize to 

the L-972 gene conversion mutant since the deleted 
segment  extended all the way to suf23. 

T o  distinguish between these two classes  of events, 
the DNA blots of the 21 independent  deletion mu- 
tants  obtained  from PS24-5D::pOL42 were hybrid- 
ized with radiolabeled  SWL020. Sequences homolo- 
gous to  SWL020 were retained in  all  of the deletion 
mutants  (Figure 4A). This result suggests that  none 
of these  deletions were generated by a  Tyl-tRNAG’y 
gene conversion mechanism. 

The 3’-end of Tyl elements has a diagnostic pattern 
of BglII and EcoRI sites, often accompanied by  XhoI 
sites within the 6 elements (EIBEL et al. 1980; ROEDER 
and FINK 1983; WILLIAMSON 1983;  HAUBER, NEL- 
BOCK-HOCHSTETTER and FELDMANN  1985).  In 18 of 
the 2  1  deletion  mutants,  restriction maps constructed 
from hybridization studies were consistent with the 
presence of the 3‘-end of a T y l  element at  the dele- 
tion  endpoints within several hundred base pairs of 
the 5’-end of suf23. Restriction maps of the  remaining 
three  mutants were inconclusive and these  mutants 
were dropped  from  further study. Figure 1E  shows 
the restriction maps of two characteristic mutants. 
One of the mutants, P34-C, appears to have a single 
T y l  element located about  100  bp proximal to suf23. 
The T y l  element has a single XhoI-site in its 3’-end, 
while the parental T y l  element  does  not have XhoI- 
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FIGURE 4.-Southern blots of genomic  DNA from cycl-canl- 
urn3 deletions that remained wild-type for RAD7. Nylon filters were 
successively hybridized with several probes. The probe used is noted 
over each panel. Results from deletion  P34-C  (denoted by  D). 
isolated from PS24-5D::pOL42 (the SPT8 strain, denoted by P). 
are shown in A. Results from deletions  P153-1 (indicated by D l )  
and  P104-1 (indicated by D2), isolated from PS24-5D::pOL42 spt8 
(denoted by P). are shown in B. Genomic  DNA hybridized with 
URA3, SWLO21, SWL020 or UCI was digested with EcoRI, while 
DNA hybridized with  SWLO18 or SWLO27 wasdigested with XhoI. 
Sizes of restriction fragments in  kb are given. 

sites in either of its 6 elements. This class of event is 
representative of 16 of the  18 putative transposition/ 
deletion  mutants. The second mutant  diagrammed, 
P41-4, has a somewhat more complicated map. When 
hybridized with probe SWLO2 1 (distal to suj23), P4 1- 
4  appears similar to P34-C: a TyZ element with a 3’- 
XhoI  is located approximately 100  bp proximal to 
suj23. When probed with  SWLO18 (proximal to the 
TyZ element), however, the expected 8-kb BamHI- 
XhoI fragment  corresponding to  the  altered TyZ ele- 
ment at  the deletion  endpoint was not  observed. In- 
stead,  a 13.9-kb BamHI-XhoI fragment hybridized 
with  SWLO18, consistent with the presence of two 
TyZ elements at  the deletion  breakpoint with a single 
XhoI-site present in the 3’4 of the distal TyZ element. 
This  structure is consistent with transposition of a TyZ 
element to a position proximal to sup3 followed by 
recombination between the 5’4 of the newly trans- 
posed TyZ element  and 3’4 of the original  element, 

resulting in a deletion with tandem TyZ elements at 
the  deletion  endpoint. The vast majority of the dele- 
tion mutants  from PS24-5D::pOL42 that remained 
wild-type for RAD7 were therefore grossly  similar to 
the L-96 1 transposition/deletion mutant described 
above. 

Amplification  and sequence analysis of the dele- 
tions from PS24-5D::pOL42 that remained wild-type 
for RAD7: DNA fragments  containing deletion end- 
points were amplified by  PCR from 15 of the deletion 
mutants. Synthesis was primed by SWLO26 and U3- 
in. While this primer pair did  not  direct  the synthesis 
of an amplification product from the  parental  strain, 
PS24-5D::pOL42, unique amplicons, ranging in size 
from approximately 360  to  1030  bp, were generated 
from the deletions. The ability of  U3-in to  direct  the 
specific synthesis of an amplification product in these 
mutants  demonstrates  the presence of a 6 element 
within several hundred base pairs of the 5’-end of 
sup3 as  predicted by the transposition/deletion 
model. 

The amplified DNA  was subjected to direct se- 
quence analysis as described in MATERIALS AND METH- 
ODS. Figure 5A  shows the amplification product from 
deletion P34-C and  the DNA sequence extending 
from US-out, a  primer homologous to  the  U5 or 3’- 
end of a 6 element (NATSOULIS et al. 1989). The DNA 
sequence  demonstrates  that sequences centromere- 
proximal of - 105 relative to  the + 1 nucleotide of the 
suj23 tRNAG’y gene were deleted  and  that  a 6 element 
is present at  the deletion  endpoint. Sequences cen- 
tromere-distal to the 6 element from the deletion 
mutants were indistinguishable from parental se- 
quences. Figure  6 shows that  the  endpoints of the 
deletions sequenced are not randomly distributed. In 
fact, 13 of 15  deletion  endpoints sequenced lie  within 
a 75-bp region located from -98 to - 172 relative to 
the  +1  nucleotide of suj23. Four  independent dele- 
tions ended  at position - 105 with three  more  at - 106; 
four  additional  deletions  ended between positions 
-167 and -172. 

Isolation  and characterization of cycl-canl-ura3 
deletions that are wild-type for RAD7 in  an spt8 
background: To assess the role of transposition in the 
formation of the deletions, we disrupted  a  gene  re- 
quired  for T y Z  transcription (SPT8) in  PS24- 
5D::pOL42 and  repeated  the screen for cycZ-canl- 
ura3 deletions  that are wild-type for RAD7. As shown 
in Table  4, deletion mutants were obtained from 
PS24-5D::pOL42 spt8 at an average frequency of 
approximately 3 X lo”. Among  57  independent cycZ- 
canZ-ura3 deletions,  11  (19.3%)  remained RAD7 and 
were analyzed further. 

The 1  1  independent deletion mutants from the spt8 
strain were analyzed by DNA blot hybridization as 
described above  for PS24-5D::pOL42. As shown by 
hybridization to probes  SWLOl8, SWLO21 and 
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A. 

P fi 
D. 

-100 -eo  - B o  - 7 0  - 6 0  -59 -40 

parent  ATTATCTTCTTGCGCAGT-T?~~GT?MCGTMTAGTA~TC?CTTGT~TTCATTATTTTGTMC 

PIS>-I ? T T ? G T ~ I I T M U G G I T G T T T C ~ ~ ~ ~ G ~ G ~ ~ T ? A ? G M C G T T T A ~ ~ T ~ A - T ~ T A ~  
I ,  , I  I 1 I1 I I I I 1  I I I 1  I I 1  I I 

-30 -20 -10 r l  of LPNAG'Y +20  +30 

Parent  T G T A C A C A T M T T G A C A C G T T T M C M T T A G T G A G C G C M G T ~ T T T ~ G T ~ T ~ T C C M C G T ~ C  

PIS]-1 C T C A T T T T C A G A C T T T A C ~ G T M T M ~ M G C G C M G T ~ T T T A G T U G G T ~ T C C M C G T T G C C  
I I II I I l l  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I  

*a0 +50 -60 r70 

P I r C n l  ATCGTTGUiCCCCCGGTTCGATTCC~TTGCGCAGTTTCTTTTCTTTTTTTCT 

PIS)-1 A~CQTTGG~CCCCCGGTTCGATTCCGGGCTTGCGCAGTTTCTTTTCTTTTTTTCT 
~ I I ~ I I l 1 I I i 1 l ' / I / I I ~ I I , I I I l I I , / I , , I I I I I I I , I I I I I I I l I I I I I  

FIGL~RE 5."PCR amplication and sequencing of deletion end- 
points from unusual deletions. Amplication  of genomic DNA from 
the cndpoint of deletion P34-C using primers SM'L026 and US-in 
is shown in the left  panel  of part A. A band corresponding to 
double-stranded amplified DNA is indicated with ds. The single- 
stranded product is indicated with ss. The arrow indicates an 
;Ipproximately 1-kb band likely corresponding to amplification be- 
tween  two  closely linked inverted d elements (see MATERIAL. AND 
METHODS). M indicates marker DNA:  plasmid pBR322 digested 
w i t h  H i n f l .  The single-stranded hand was sequenced a s  described 
in MATERIAIS AND METHODS. An autoradiograph of the resulting 
sequence from P34-C is shown in the middle panel. The sequence 
of the deletion endpoint from PS4-C is compared to the correspond- 
ing parental sequence from PS24-.5D::pOL42 on the right of the 
figure. Sequences corresponding to a I element are underlined. 
l 'he I-em;linder is homologous to sequences from -105 relative to 
the + I  nucleotide of s u p 3  to the 3'-end of the  primer SWL026. 
Part B compares the DNA sequence from the deletion P153-1 to 
thr corresponding parental sequence from PS24-5D::pOL42 spfR. 
l 'he  sequences are identical from the first nucleotide .5' of the 
nwture tRNA"" gene to the  end of the region sequenced. Proximal 
to the tRNA"" gene. the sequences share  no significant homology 
w i t h  parental sequences. The 70-bp tRNA'"' gene sequence is 
underlined in the figure; the sequence of synthetic oligodeoxvnu- 
cleotide UCI is i n  bold  italic letters. 

SWi.027,  these  deletions  extended from the 3'-end 
of the parental Tyl element,  but  not beyond the sup3  
tRNA';" gene  (Figure 4B). Seven of 11 deletions 
recovered from the spt8 strain had the identical re- 
striction  map shown in Figure 1 F. While all 2 1 of the 
deletions  recovered  from the S P T 8  strain  retained 
sequences  homologous to SWLOQO, 10 of 1 1 deletions 
derived  from  the spt8 strain were deleted  for SWLO20 
(Figure 4B). 

The restriction  map of the deletion  that  retained 

TY 1 tRNA 

4 Y I . m -  b- 
cycl CAN? Urn3 hMD7 

-1 72 -98 
~ ~ W \ ~ A T ~ T G T ~ T G ~ C C ~ ~ ~ ~ ~ ~ ~ T G A C ~ C T A W \ C G A ~ W \ T A ~ A T C  I 

!I I 

FIGURE 6.-Positionsof endpoints of 13 of the deletionsobtained 
from PS24-.5D::pOL42. The positions  of the deletion endpoints are 
indicated wi th  a bar beneath the first parental nucleotide preserved 
in the deletion. Short bars without subscripts indicate a single 
endpoint was identified at that position. Longer bars with numbers 
underneath them indicate that. in one case, three, and in another, 
four independent deletions were identified with common deletion 
endpoints. The remaining two deletions that were sequenced had 
endpoints at positions -769 and -396 relative to the +1 nucleotide 
ofthe tRNA'"' according to the sequence of MELNICK and SHERMAN 
(1  990). 

SWL020-homologous sequences (P 163-1) was consist- 
ent with the presence of a Tyl element just upstream 
of the tRNA';''' gene. Amplification of genomic DNA 
from P163-1 using the U5-out-SWL026 primer pair 
confirmed the presence of a d element approximately 
175 bp from the +1 nucleotide of the tRNA"" (data 
not shown); thus, this mutant is similar to 18 of  21 
deletions  recovered in an SPTR genetic  background. 

Cloning and sequence analysis of a deletion from 
the spt8 strain: Deletion mutant  PI 53-1 was chosen 
for  sequence analysis as representative of the seven 
deletions with identical restriction maps. The suf23- 
proximal deletion  endpoint was cloned and sequenced 
(see MATERIALS AND METHODS). The DNA sequence 
obtained from this clone, shown in Figure 5B, dem- 
onstrates  that the deletion  extends to  the 5'-end of 
the tRNA';" gene  and sequences centromere-proxi- 
mal share  no homology with sequences adjacent  to 
the tRNA';" gene in the  parent. 

Oligodeoxynucleotide UC 1 ,  homologous to se- 
quences proximal to  the tRNA"" gene in deletion 
P 153-1, was hybridized to blots of XhoI-digested ge- 
nomic DNA from each of the deletion  mutants (see 
Figure 4B). While UCI hybridizes with a single band 
in the parental  strain, it hybridizes wi th  two bands in 
P153-1, indicating that it w a s  duplicated in the dele- 
tion mutant.  Thus, as predicted by the  gene conver- 
sion model,  the P153-1 deletion  extends  to  the 
tRNA';" gene and nonparental sequences adjacent to 
the tRNA';" gene are duplicated i n  the  mutant. Fi- 
nally, the UC I-homologous  fragment duplicated in 
P153-1 is also present i n  two copies i n  the  other six 
mutants with which it  shares  a common restriction 
map  (Figure 4B, only one  other mut;lnt is shown). 

DISCUSSION 

Here we report  the isolation and characterization 
of unusual deletions in a well characterized region of 
yeast chromosome X .  These deletions  extend  from 
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A. 
WIJ 

Ix) """ 
Tyl CYCl OSMl tRNA WID7 

Conversion and 4 Reciprocal  Exchange 

tW!Y 

6. Tyl  CYCl OSMl tRNAR4D7 
A364A 

Transposition 

Genomic  repeats 

lntrachromosomal 
Recombination 

L-961 

No genomic repeats 

FIGURE 7.-Models for the formation of the two unusual dele- 
tions. A  gene conversion model for the formation of the transloca- 
tion/deletion/duplication L-972 is  shown  in A. The chromosome 
XVI region bounded by a Tyl element and tRNA';'Y gene  (the 4.2- 
kb chromosome XVI region) aligned with the chromosome X COR 
region. Conversion, anchored by the directly aligned Tyl elements 
and tRNAGlys, deleted CYCl and OSMl and duplicated the 4.2-kb 
chromosome XVI region. The XhoI site (X) in the 3' 6 of the 
chromosome X V I  Tyl element was also duplicated: it was present 
in the 3' 6 of both translocation Tyl elements. Reciprocal exchange, 
associated with the conversion, gave rise to  the two  novel translo- 
cation chromosomes: the larger translocation chromosome 
(t[XVI;X]) consists of the  centromere of chromosome XVI linked to 
the right arm of chromosome X beyond the tRNA';'Y; the smaller 
translocation chromosome (t[X;XVI]) consists of the  centromere of 
chromosome X linked to the  right arm of chromosome XVI distal 
to  the tRNA"IY.  Bold  lines indicate sequences from  parental  chro- 
mosome XVI; thin lines indicate sequences from  parental chromo- 
some X .  Transposition/recombination model for the formation of 
the deletion L-961 is shown in B. The COR region of parental 
chromosome X is depicted.  A Tyl element  bearing XhoI (X) and 
HindIII (H) sites transposed into the region at a position 170 bp 
centromere-proximal to  the tRNA"IY gene. Transposition duplica- 
ted  a 5-bp genomic target site (FARABAUGH and FINK 1980; GAFNER 
and PHILIPPSEN 1980). Subsequent intrachromosomal recombina- 
tion between the directly oriented Tyl elements deleted CYCl ,  
O S M l ,  and  the centromere-proximal copy of the 5-bp genomic 
target duplication. L-961 contains a composite Tyl element (bear- 
ing the 3' XhoI and  HindIII sites, but  not the 5' XhoI site) 170 bp 
from the tRNA'"Y gene; the Tyl element is not flanked by 5-bp 
genomic repeats. The transcriptional orientation of the T y l  ele- 
ments and tRNA'"Y genes is from left to right as indicated. 

the 3'-end of a T y l  element to endpoints  near  the 
suf23 tRNAGLy  gene (they  remain wild-type for RAD7) 
and cannot  be  accounted  for solely  by Tyl-Tyl or 
T y l - 6  recombination. T w o  of these  deletions were 
characterized in detail and models for  their  occur- 
rence are diagrammed in Figure 7. The L-972 trans- 

location/deletion/duplication is proposed to have oc- 
curred in a single event in  which the 7-kb chromosome 
X interval,  flanked by the T y l  element and  the 
tRNAG'y gene, was gene  converted by a  4.2-kb  chro- 
mosome XVZ template similarly delimited by a T y l  
element  and  an identical tRNAGty gene. The existence 
of such a  potential  template is not  unexpected since 
both Tyl elements and tRNAGty genes  occur in mul- 
tiple copies, and T y l  elements and  tRNA genes are 
frequently  found in close proximity in the yeast ge- 
nome (EIGEL and  FELDMANN  1982; NELBOCK, STUCKA 
and  FELDMANN  1985; WARMINCTON et al. 1986; 
HAUBER et al. 1988). The 5.9-kb T y l  elements and 
70-bp tRNAGLy genes  provided  anchors of homology 
on  the left and  right recombination  endpoints, respec- 
tively. The ectopic conversion event  duplicated the 
4.2-kb region between the chromosome XVZ T y l  ele- 
ment  and  tRNAGty  gene, while deleting the 7-kb CYCl- 
OSMl region of chromosome X .  Reciprocal exchange 
within the T y l  element or tRNAG'y gene homologies 
gave rise to  the observed reciprocal translocation be- 
tween chromosomes X and XVZ. The association of 
reciprocal exchange with gene conversion is  well doc- 
umented  (ROMAN  1957; FOGEL, MORTIMER and LUS- 
NAK 1981). Indeed, previous examples of Ty-me- 
diated conversion associated with reciprocal translo- 
cations have been described (CHALEFF and  FINK  1980; 
ROEDER and FINK 1980;  BREILMANN,  GAFNER and 
CIRIACY  1985). In  addition,  deletions in the CYCI- 
sup4 region of chromosome X associated with linked 
inversions have been  ascribed to Ty-Ty or 6-6 recom- 
bination associated with reciprocal exchange (LIEB- 
MAN, SHALIT and PICOLOCLOU 198 1 ; PICOLOCLOU et 
al. 1988; ROTHSTEIN, HELMS and ROSENBERC 1987). 
While gene conversion most often is used to describe 
the interallelic conversion of a small sequence  heter- 
ology, Tyl-mediated  gene conversion of large  heter- 
ologies like the  COR  region have also been described 
(ROEDER and  FINK  1980; VINCENT and PETES 1989). 
Gene conversion has also been invoked to account  for 
a  Ty2-mediated 20-cM deletion of chromosome ZZZ 
(ROEDER and FINK  1982). The L-972 deletion  char- 
acterized in this study differs  from previously de- 
scribed events since it involved gene conversion be- 
tween chromosomal  intervals  bounded by members 
of two distinct repetitive  sequence families, a T y l  
element and a tRNA"'Y gene. 

The model for  the  formation of the L-961 deletion 
involves transposition and recombination (see Figure 
7B). According to this model, the simple deletion 
arose by transposition of a T y l  element to a position 
170  bp proximal to  the  tRNAGLy  gene followed by 
homologous recombination between the newly trans- 
posed T y l  element  and  the directly oriented T y l  
element proximal to CYCl .  Reciprocal exchange be- 
tween the T y l  elements gave rise to a 7-kb deletion 
of CYCl and OSMl .  Note  that  the proximal copy of 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/131/4/833/6007305 by guest on 25 M

ay 2023



846 P. R. Sutton and S. W. Liebman 

the 5-bp  genomic  repeat  formed  during  the  integra- 
tion  of the newly transposed T y l  element  (FARA- 
BAUGH and FINK 1980; GAFNER  and PHILIPPSEN 1980) 
would be lost during  the  subsequent  deletion.  Thus, 
it is impossible to unequivocally demonstrate  the 
transposition  of a T y l  element  that is subsequently 
associated with an  adjacent  deletion.  The DNA se- 
quence  at  the  deletion  endpoint  revealed  the  precise 
3' end of a recombinant T y l  element  juxtaposed  to 
unique  DNA 170 bp  proximal  to  the 5' end of the 
tRNA''''  gene, as predicted by the  transposition/re- 
combination  model. Finally, if the newly transposed 
T y l  element were polymorphic  relative to the  paren- 
tal T y Z  element (as shown in Figure  7B),  the  element 
remaining  at  the  deletion  junction  could very well be 
a hybrid  of  the two parental  elements, as observed in 
L-961. Each of the  predictions  of this  model are 
congruent with the physical characterization  of  strain 
1,-961, supporting  the  idea  that  transposition  and 
recombination  participated in the  formation  of  the 
deletion. 

When  additional  deletions of this  type  were ana- 
lyzed the majority  appeared  to  be  due to these  same 
two mechanisms: ie., transposition  of a T y l  element 
to a position just  proximal to sup3 followed by Ty l -  
T y l  recombination  and  deletion of the  intervening 
CYCl, CAN1 and URA? genes; or  ectopic  gene con- 
version  of the TyI-CYCI-CANI-URA3-suf23 interval 
by an  unlinked  Tyl-tRNA';"  region  resulting in a 
cycl-canl-ura? deletion and a duplication  of the tem- 
plate  Tyl-tRNA';"  region.  In  order to assess the role 
o f  transposition in the  formation of unusual  cycl-canl- 
ura? deletions  that  remained wild-type for RAD7, 
multisite  deletion mutants  were isolated in SPT8 and 
spt8::LEU2  genetic backgrounds. The  SPT8 gene is 
required  for  the full-length transcription of Tyl ele- 
ments (WINSTON et al. 1987), which is,  in turn,  re- 
quired  for TyZ transposition  (BOEKE et al. 1985; 
BOEKE, STYLES and FINK 1986). 

T h e  two  types of deletion  events  are grossly distin- 
guishable by hybridizing  blots  of  genomic  DNA with 
a synthetic  oligodeoxynucleotide probe homologous 
to sequences  immediately  proximal to suf23 (SWL020 
in Table 2). As shown in Figure  4,  deletions due to 
transposition/deletion  retain  sequences  homologous 
to SWLO20 while deletions due  to  Tyl-tRNA''''  gene 
conversion are  deleted  for SWLO20. This  difference 
was confirmed  at  the  DNA  sequence level. Deletions 
due to  transposition/deletion  result in the precise 3'- 
end  of a T y l  element  juxtaposed  to  parental  DNA 
sequences  proximal to suf23 (Figure  5A). Deletions 
due to Tyl-tRNA""  gene  conversion,  on  the  other 
hand, delete all parental  sequences  from  the  3'-end 
of the Tyl element to the  5'-end  of  the tRNA"" gene 
(Figure  5s). Sequences  proximal  to the tRNA'"' gene 
are  not  derived  from  the  parental CYCI-CANI-URA3 
region. 

The  majority  of  deletions  recovered in an  spt8 
background  (10 of 11) were deleted for SWL020. 
These  are similar to  the L-972  mutant  that  appeared 
to  be  due  to  Tyl-tRNA""'  gene  conversion.  Two 
testable  predictions are  made by the  gene  conversion 
model: (1) the deletion  should  extend  to  the tRNA';" 
gene,  and (2) the  gene  conversion  event  that  deleted 
the  chromosome X Tyl-tRNA';"  region  should  be 
associated with the duplication  of  a  template  interval, 
similarly bounded by a Tyl element  and tRNA';" 
gene.  These  predictions were tested by sequencing 
the tRNA';'y-proximal endpoint of one of the unusual 
deletions.  Seven  of the  10 unusual  deletions  recovered 
in an  spt8  background  had identical  restriction  maps. 
One of  these, P153-I, was sequenced and shown to 
extend  to  the  5'-end  of  the tRNA';" gene  (Figure 5B). 
A synthetic  oligodeoxynucleotide  homologous  to se- 
quences  proximal  to  the tRNA';" gene (UC 1 ,  Table 
2) was shown to  be  duplicated in P I  53-1 and  the 
other 6 deletions with identical  restriction  maps. 
While  the  Tyl-tRNA''''  interval responsible for  gene 
converting  the  Tyl-suf23  region in 7 of 10 deletions 
recovered in an spt8 background was not  character- 
ized, a detailed  characterization  of  a  4.2-kb  chromo- 
some XVZ region  flanked by a Tyl element  and a 
tRNA';" gene  that  converted  and  deleted  the  chro- 
mosome X Tyl-sup3 interval is presented.  The  du- 
plication detected in the deletions  obtained  from 
PS24-5D::pOL42  spt8 was not  the  same as this 4.2-kb 
Ty-tRNA"" and  therefore  represents  another  Ty- 
tRNA"" interval. 

As tRNA';"  genes  homologous to suf23 are present 
in approximately 16 copies per  haploid  genome (GA- 
RER and CULBERTSON  1982),  and as T y  elements and 
tRNA  genes  are  frequently  found i n  close proximity 
i n  yeast (EIGEL and  FELDMANN  1982; NELBOCK, 
STUCKA  and  FELDMANN  1985;  WARMINCTON et al. 
1986;  HAURER et al. 1988), it is conceivable that 
several Ty-tRNA';"  templates  are  present in the ge- 
nome. In order to furthel-  generalize  the  gene con- 
version  model presented  above,  the Tyl element  and 
tRNA"" gene may be regarded as any  pair  of noni- 
dentical  repetitive  sequences, e.g., REPl  and REP2. 
As a consequence  of  gene  conversion  anchored by the 
R E P l  and  REP2  homologies,  the  heterology  between 
the two parental molecules is resolved i n  f3vor of 
duplication of one heterology and  erasure  of  the 
other.  This duplication  results in the creation of a 
new repetitive  sequence, now present in two copies. 
One  intriguing  consequence of the ectopic  gene con- 
version  mechanism  involving  nonidentical  repetitive 
endpoints is the suggestion  that a sequence can  be 
mobilized by virtue of its association with members of 
any  repetitive  DNA families. Thus,  unique DNA 
flanked by any  repetitive  elements,  not jus t  identical 
repeats, has the potential to participate in chromo- 
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soma1 rearrangements such as deletions, duplications 
and transpositions. 

In contrast to  the majority (10 of 11) of Tyl- 
tRNA‘;’’ gene conversion deletions  recovered in an 
s p t 8  background, all 21 of the deletions  recovered in 
an SPT8 background  retain sequences homologous to 
SWLO20. The dependence of this class  of event on 
the presence of SPTB, and  therefore full-length Tyl 
transcription,  supports  the hypothesis that these dele- 
tions involve Tyl transposition associated with Tyl- 
T y  1 recombination. 

Most deletions  recovered in an SPT8 genetic back- 
ground  (and  1 of 11  recovered in an isogenic s p t 8  
strain)  resulted in the precise 3’-end of a T y l  element 
located within several hundred base pairs of the  5’- 
end of the s u p 3  tRNA‘”‘ gene. The endpoints of 13 
of the 15 sequenced  deletions were clustered in a 75- 
bp  region  from  -98 to -172 relative to the  tRNA. 
This clustering of deletion  endpoints is even more 
compelling as it is likely that deletions  ending almost 
anywhere within the  approximately 2.5-kb interval 
between the 3’-end of the URA3 gene and  the  5’-end 
of the RAD7 gene would result in the selected phe- 
notype. The 75-bp  region  represents  a  mere 3% of 
the  potential  target. 

I t  has been suggested that  tRNA  genes  are  “hot- 
spots”  for T y  transposition, or alternatively, “cold- 
spots”  for  recombinational removal of T y  elements 
(EIGEI. and  FELDMANN  1982;  WARMINGTON et al. 
1986; BOEKE 1988). The high frequency of transpo- 
sitions associated with recombination events observed 
i n  such close proximity to a tRNA gene  supports  the 
hypothesis that  tRNA  genes and  their  surrounding 
regions  represent  favorable  targets  for Tyl transpo- 
sition. Indeed, five  of  six transpositions of Tyl ele- 
ments  into  a plasmid-borne SUP4-o gene were clus- 
tered in the  anticodon (GIROUX et al. 1988).  Two 
other studies of T y  transpositional site selection have 
been conducted.  Among  82  insertions  at  the URA3 
locus, 12 were at  a single position (NATSOULIS et al. 
1989). Among  12  sequenced  insertions  at  the C A N 1  
locus, two insertions were found  at a single position 
and two others were found in opposite orientations at 
;I second position (WILKE et al. 1989). As has been 
noted previously, there  are no compelling DNA  se- 
quence  features  common  to  the  integration sites of 
Tyl elements  identified in this study, except perhaps 
a greater than  average A / T  content  (WILLIAMSON 
1983; BOEKE 1988; NATSOULIS et al. 1989;  WILKE et 
al. 1989). 

The proposed transposition and recombination 
events could have occurred as separate,  independent 
events within the same cell. As transposition of Tyl 
elements is estimated  to  occur with a  frequency of 
IO-‘’ to 10“ per locus per cell (PACQUIN  and  WILLIAM- 
SON 1984; BOEKE et al. 1985;  GIROUX et al. 1988; 
PICOLOGLOU, BROWN and LIEBMAN 1990)  and recom- 

bination  among T y  elements occurs as frequently as 
per locus per cell (LIEBMAN,  SHALIT  and  PICOL- 

OGLOU 1981;  ROEDER and FINK  1983),  the recovery 
of both events in the same cell seems unlikely. Trans- 
position/deletion events were recovered  at a fre- 
quency of approximately  1 OP8- 10” in this study-sig- 
nificantly greater  than  the  predicted  for  inde- 
pendent events. It  is intriguing,  therefore, to consider 
the possibility that  recombination of T y  elements may 
occur in concert with transposition. Those cells  which 
have undergone a transposition event may represent 
a subset of  cells in a culture which are potentiated  for 
additional chromosomal rearrangements  (ROEDER 
and  FINK  1980,  1983). Alternatively, transposition 
may result in DNA lesions at  the site of integration 
which  may be resolved by the action of the cellular 
homologous recombination machinery (BOEKE 1988; 
NATSOULIS et al. 1989;  WILKE et al. 1989;  WEINSTOCK 
et al. 1990). 

In addition  to  the deletions characterized in this 
study, several recently described rearrangements 
found in  yeast are  congruent with mechanisms involv- 
ing transposition and recombination. For example, 
T y  multimers at HMLa were recently described 
among a collection of a-factor resistant mutants 
(WEINSTOCK et al. 1990).  The  authors suggested that 
the  multimers were formed by transposition coupled 
with recombination. Furthermore,  the  apparent trans- 
position of solo 6 elements has recently been reported 
by several groups (BOEKE 1988;  GIROUX et al. 1988; 
NATSOULIS et al. 1989;  WILKE et al. 1989).  These 
events were attributed  to transposition of a full-length 
T y  element followed by 6-6 excision  of the  intervening 
epsilon sequence (BOEKE 1988; NATSOULIS et al. 1989; 
WILKE et al. 1989). If  this explanation is correct,  then 
4 of 190 Ty transpositions (2%) examined in these 
three studies were associated with recombination  (GI- 
ROUX et al. 1988; NATSOULIS et al. 1989; WILKE et al. 
1989).  This is much greater than would  be expected 
if transposition and recombination were independent, 
and  thus  supports the hypothesis that transposition 
and  recombination  occur i n  concert. 

If transposition and recombination  occur in con- 
cert, then  unique sequences linked to  one copy  of a 
transposable element have an elevated potential to be 
mobilized in the  genome.  Transposition of a second 
copy  of the transposable element  into  the  region, 
associated with recombination with the original ele- 
ment, could serve to  delete,  invert or duplicate  inter- 
vening unique sequences. Since the  integration of 
retrotransposons is mechanistically similar to retro- 
viral integration (BROWN et al. 1987; FUJIWARA and 
MIZUUCHI 1988; EICHINGER and BOEKE 1988; 
GRANDGENETT  and MUMM 1990), it is possible that 
retroviral  integration, like Tyl transposition, is re- 
combinogenic. Furthermore, as nonhomologous re- 
combination is frequently observed in mammalian 
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cells (SUBRAMANI and BERG 1983; ROTH and WILSON 
1985),  the recombinogenicity of retroviral  integration 
may not  be  homology-dependent, as observed  for 
Tyl-dependent transposition/recombination. As gene 
therapy becomes a clinical reality, the potential for 
unanticipated  chromosomal  rearrangements second- 
ary to retrovirus-mediated  gene  transfer  merits con- 
sideration (TEMIN 1990). 

This study demonstrates  that  a  considerable frac- 
tion (15-20%) of Tyl-mediated deletions  recovered 
in a  defined  region of the yeast genome  are  not  due 
simply to T y l - T y l  or Ty l -6  recombination. The spec- 
trum of recombination  events  elucidated by studies of 
microorganisms has provided an  accurate basis for  the 
promulgation of recombination models relevant to 
higher systems. It is therefore likely that  the  recom- 
bination mechanisms proposed in this study have their 
counterparts in other organisms, including  humans. 
Characterization of these mechanisms serves to eluci- 
date  the forces which contribute  to genomic plasticity 
over  evolutionary  time and within the life spans of 
individual organisms. 
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