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Transient DNA breaks associated 
with programmed genomic deletion events 
in conjugating cells of Tetrahymena 
thermophila 
Sergei V. Savel iev and Michae l  M. Cox ~ 

Department of Biochemistry, College of Agriculture and Life Sciences, University of Wisconsin, Madison, Wisconsin 
53706 USA 

Thousands of programmed genomic deletion events occur during macronuclear development in Tetrahymena 
thermophila. Two of the deleted segments, called M and R, have been particularly well-characterized. Using 
ligation-mediated PCR, we have detected DNA strand breaks that correlate temporally and structurally with 
the deletion events in the M and R regions. The ends appear at positions that correspond precisely to 
boundaries of deleted sequences, as defined by observed chromosomal junctions found after deletion is 
complete. They occur exclusively during the known DNA rearrangement period in macronuclear 
development. The breaks are staggered by 4 bp in the complementary strands. Several alternative breaks were 
found at the end of one deleted region, consistent with multiple alternative chromosomal junctions detected 
previously. The free 5' ends generated at the breaks are phosphorylated. A purine residue always occurs at the 
free 3' ends, with an adenosine appearing in 11 of 12 cases. Patterns found in the detected break sites suggest 
rules that define the ends of the deleted segments within a transposon-like deletion mechanism. 

[Key Words: Ciliated protozoa; genomic rearrangement; DNA deletion; polymerase chain reaction] 
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Ciliated protozoa provide examples of multiple types of 
programmed genomic rearrangements (Yao 1989; Pres- 
cott 1992). These organisms have two nuclei, a micron- 
ucleus and a macronucleus (for review, see Orias 1986). 
The micronucleus is transcriptionally inactive and is an 
analog of an inactive germ cell nucleus. The macronu- 
cleus is transcriptionally active and much larger in vol- 
ume. Nutritional starvation induces cells of different 
mating types to undergo conjugation. The conjugants ex- 
change haploid gametic nuclei to form diploid zygotic 
nuclei. Subsequent steps include mitotic divisions of zy- 
gotic nuclei, giving rise to new micronuclei and macro- 
nuclei. Old macronuclei are gradually degraded. In Tet- 
rahymena thermophila, the entire process is completed 
in -20  hr (Martindale et al. 1982). 

The DNA rearrangements occur during the develop- 
ment of a new macronucleus and include the elimina- 
tion of a substantial portion of the micronuclear genome 
(for review, see Prescott 1994). In T. thermophila, - 15% 
of the genome is eliminated in -6800 site-specific dele- 
tion events (Yao 1989). These average 2 kb in size and are 
scattered about the genome. Deletion of all the micron- 
ucleus-specific sequences occurs during a 2-hr period of 

tCorresponding author. 

macronuclear development, commencing - 10-12 hr af- 
ter mating is initiated (Austerberry et al. 1984). The 
mechanism by which the genomic deletions occur is un- 
known. 

A number of distinct site-specific deletions in T. ther- 
rnophila have been characterized recently at the se- 
quence level (Yao 1989; Katoh et al. 1993; Heinonen and 
Pearlman 1994; Wells et al. 1994). Three separate dele- 
tions that have received much attention (Yao 1989) oc- 
cur within a 10-kb genomic region. They are designated 
L, M, and R for left, middle, and right, respectively. The 
M region is the best studied. Here, two different deletion 
events may occur, deleting either 600 or 900 bp (Fig. 1). 
The R region undergoes a deletion of 1.1 kb. The bound- 
aries of the deleted segments are marked by short [up to 
8 bp) terminal direct repeats, although these have no 
identified role in the deletion process. The deletion 
boundaries exhibit some microheterogeneity. There are 
at least two alternative deletion endpoints for each of the 
deletions illustrated in Figure 1 (Austerberry et al. 1989; 
Saveliev and Cox 1994). Short polypurine tracts, found 
41-54 bp distal to each terminal repeat, are required for 
deletion and represent the only cis-acting sequences de- 
fined to date for a ciliate deletion reaction (Godiska and 
Yao 1990). Their location is an important factor in de- 
fining the deletion endpoints in the M region (Godiska et 
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Figure 1. Schematic representation of 
programmed deletion events in the M and 
R regions. There are two deletions in the 
M region, of 0.6 and 0.9 kb, and one dele- 
tion in the R region, of 1.1 kb (Austerberry 
and Yao 1987, 1988). Boundaries of dele- 
tions are labeled M1, M2, etc., according 
to the scheme of Godiska and Yao (1990). 
Deleted regions are indicated by thick 
lines. 

al. 1993). The slight variation in the positioning of the 
polypurine tracts relative to deletion endpoints suggests 
the presence of another sequence element that helps de- 
fine the deletion boundary. The polypurine tracts are ab- 
sent in the neighboring R region. 

Deleted sequences are degraded rapidly in T. thermo- 
phila and cannot be detected by Southern analysis {Aus- 
terberry et al. 1984). In the hypotrichous ciliates, Eu- 
plotes crassus and Oxytricha trifallax, the deleted seg- 
ments are readily detected by Southern analysis as 
circular DNA species (Jaraczewski and Jahn 1993; 
Klobutcher et al. 1993; Williams et al. 1993). In Euplotes, 
the structure of the excised circles suggested a mecha- 
nism initiated with double-strand cleavage on both sides 
of the deleted region (Jaraczewski and Jahn 1993; 
Klobutcher et al. 1993). In Oxytricha, the results sug- 
gested a transposon-like mechanism with a double- 
strand cleavage at one end of the deleted segment, fol- 
lowed by a direct attack of the liberated 3'-hydroxyl 
groups on phosphodiester bonds at the other segment 
boundary (Williams et al. 1993). Circular products of de- 
letion can also be found in T. thermophila, but they oc- 
cur at very low levels and are not products of the normal 
deletion pathway (Saveliev and Cox 1994; Yao and Yao 
1994). The deleted segments are probably released as lin- 
ear DNA species in Tetrahymena. 

Cleavage of the DNA to initiate a deletion event 
should leave a transient break in the DNA. In this study 
we have used ligation-mediated PCR (LM PCR) to detect 
and characterize a series of breaks that are associated 
with the M and R region deletion events in T. thermo- 
phila. 

Results 

Overview 

The most sensitive method available for the detection of 
transient breaks in genomic DNA is ligation-mediated 
PCR {Mueller and Wold 1989). The strategy, outlined in 
Figure 2, specifically detects free 5' ends that are phos- 
phorylated. The procedure requires a set of three separate 
primers to detect each strand break. A separate primer 
set was synthesized for each DNA strand at each dele- 
tion boundary, or six primers per boundary. Special pre- 
cautions were taken to prevent nonspecific breakage of 
the genomic DNA during isolation, eliminating steps 
that would require unnecessary handling. DNA prepara- 

tions were analyzed immediately after isolation, because 
nonspecific breaks accumulated during storage {data not 
shown). Electron microscopy showed that DNA ob- 
tained by our procedure is >10  6 bp in length (data not 
shown). A variety of adaptations designed to accommo- 
date the unique genome structure of Tetrahymena are 
described in Materials and methods. 

Detection of DNA strand breaks 

The population of conjugating cells was analyzed at dif- 
ferent times after the initiation of conjugation. Results 
presented in Figure 3 for four DNA break sites are typical 
of those obtained in experiments done on 5 different sets 
of conjugating cells. At 9 and 11 hr into the conjugation, 
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Figure 2. Ligation-mediated PCR procedure used to detect 
breaks. DNA cleavage during the deletions might occur in one 
strand or both; a break in only one strand is shown for simplic- 
ity. The steps are (1) denaturation of genomic DNA followed by 
annealing with the extension primer and primer extension, {2) 
ligation with a linker, (3) PCR amplification with an amplifica- 
tion primer and another oligonucleotide directed at the linker, 
and {4J visualization of the PCR products by primer extension of 
a 32P-labeled visualization primer and electrophoresis in a poly- 
acrylamide gel. Sequencing of the PCR products requires several 
additional steps: (5) Extraction of the labeled DNA from the gel; 
(6) reamplification~ and (7) direct sequencing of the PCR product 
of step 6. 
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Figure 3. Temporal study of the generation of free 5' ends in 
the M and R regions. Cell lysates were analyzed in different 
times in hours (h) after initiation of conjugation. RIB and R1T 
primer sets {see Materials and methods) were used to analyze 
the 5' DNA ends generated in either strand at the left boundary 
of the R region (R1; lanes labeled a and b, respectively). M2B and 
M2T primer sets were used to detect the ends generated in 
either strand at the M2 boundary in the M region (lanes labeled 
c and d, respectively). Each band reflecting the relevant 5' end in 
lanes a-d is identified by a lettered marker at left. Molecular 
size markers were derived from an Mspl digestion of the plasmid 
pBR322. 

the only signal observed was the low-level smear origi- 
nat ing from a background of nonspecific DNA breakage 
in all DNA preparations. The same result was obtained 
during analysis of starved cells, which  do not undergo 
programmed deletions, in seven separate trials (data not 
shown). 

Specific and reproducible PCR products appeared at 13 
hr (Fig. 3). Their  size in each case corresponded closely 
wi th  the known boundaries of the deleted M or R seg- 
ments.  The breaks persisted into the 15-hr t ime point 
and disappeared by 18 hr (Fig. 3), so that their appearance 
also correlated well wi th  the period during which the 
deletions are known to occur (Austerberry et al. 1984). 
As shown by the example in Figure 4, the major PCR 
products were highly reproducible in separate PCR am- 
plifications wi th  a single cell lysate, as well as with dif- 
ferent lysates derived from separate conjugation trials. 
This degree of reproducibili ty was established for all of 
the breaks described below (data not shown). A back- 
ground of minor  bands showed up in some experiments 
(e.g., Fig. 3, lane d) and could be observed in almost all 
experiments wi th  sufficiently long gel exposures. Repro- 
duction of these signals was less reliable. Some back- 

ground signals are expected in these experiments,  arising 
from random breaks generated during DNA isolation. 
Primers directed to sequences retained in the macronu- 
cleus might  also pick up breaks associated wi th  the deg- 
radation of old macronuclei,  a process that coincides 
temporally with development of new macronuclei .  How- 
ever, these competing processes do not occur at levels 
that would impede detection of breaks occurring specif- 
ically at the ends of the M or R regions. 

Mapping of the DNA breaks 

The major PCR products were sequenced to pinpoint  the 
phosphodiester bond where each break occurred. Multi- 
ple PCR products from different trials were sequenced in 
each case to establish that the sequences were reproduc- 
ible and invariant. Figure 5 il lustrates the analysis of one 
break detected in the R region. The PCR product con- 
tained the expected genomic sequence, ligated to the 3' 
end of the oligonucleotide l inker used in the ligation step 
of LM PCR. The breakpoints defined by the l inker/ge- 
nomic DNA junctions are summarized in Figure 6. A 
total of 12 breaks were detected and mapped, all occur- 
ring at the boundaries of the deletions. For every break 
identified, there was another on the complementary  
strand, staggered by 4 bp. The microheterogeneity dem- 
onstrated previously in the chromosomal  junctions left 
behind by deletion (Austerberry et al. 1989; Saveliev and 
Cox 1994) was reflected in the observed break sites. All 
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Figure 4. Reproducibility in the products generated by LM 
PCR. Cell lysates were obtained at 15 hr after beginning of 
conjugation during the same (lanes 1-3) or a second (lanes 4-6) 
mating. The primer set R2B, designed to detect a break on the 
bottom strand at R2, was used in the trial. The molecular size 
markers (lane M) are pBR322 fragments generated by MspI di- 
gestion. 
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thymidines would be the 3'-end residues rather than 
adenosines (Fig. 6C). 

5. At the left end of the 0.9-kb deletion in the M region, 
there were two sets of staggered breaks. These breaks 
corresponded well to the three chromosomal junc- 
tions identified for this deletion event (Austerberry et 
al. 1989; Saveliev and Cox 1994). Analysis of either 

A R region 
ETTCCTTA_~CAAT T T G ' 3' S ' - -  A T A AA~T~ATTC&I&I 

3 ' - -  TA T T F G T C A ~ T ~  ~.~AATITGT~AC ' 5' 
Chromosomal junctions: ~4 . . . . .  

i 3,__ TATTTGT]GTTAAA C I 3 ' - -TAT' 'GTCA%T~q A C - S '  

junction 1 (major) junction 2 (minor) 

Figure 5. Sequencing analysis of the PCR products obtained 
during analysis of the upper strand at the R2 boundary. 

of the chromosomal junctions summarized in Figure 6 
have been detected in the same strains used in the 
present study to define DNA breakpoints (Austerberry et 
al. 1989; Saveliev and Cox 1994). 

Several interesting patterns emerged: 

1. In many instances, the 4 bp separating the staggered 
breaks at either end of a deleted segment were not 
homologous. The chromosomal junctions left behind 
by deletion can be viewed as a joining of ends at the 
breaks in the top strand or the bottom strand, but not 
both. For example, chromosomal junction 1 in the R 
region originates from splicing between ends 1 and 3, 
both of which are located on the upper strand (Fig. 6). 
Chromosomal junction 2 results from splicing be- 
tween ends 2 and 4, located on the bottom strand. 
With one exception noted below, every chromosomal 
junction described to date for the M and R regions 
corresponds to a putative link between ends defined 
by identified breaks in one of the two strands. 

2. The 3'-end residue at each break is a purine. In 11 of 
12 cases it is an adenosine. 

3. Detected break 1 in the M region was the only break 
that did not correspond to any known chromosomal 
junction. This was also the only break that had a gua- 
nosine as a 3'-end residue. 

4. For chromosomal junction 2 generated by the 0.6-kb 
deletion, a corresponding break was found on the left 
side of the deleted segment but not on the right {Fig. 
6C). No breaks were found at this position (which we 
have designated M3') on either DNA strand in 20 sep- 
arate trials (a few shown in Fig. 7A) using several 
different batches of conjugating cells. This was not 
attributable to an inability to detect two different 
break sites that were close together, as seen in Figure 
7B. We note that a break corresponding to the right 
end of this deletion would occur at a point where 

B M r e g i o n  

0.9kbp deletion 

2 - - 4  Chromosomal junctions: Y6 

I s'-- GATGGTAATTCGTTA--3' II 3 ~ I 5 " I~'-~G~o~-3'I 
2 ~.6 II~--ACCA. TTATTAACC - 5 ' I L  l r  ~ I 

junction 1 junction 2 junction 3 
(all three junctions occur with equal frequency) 

C M r e g i o n  

0.6kbp deletion 

S ' - - , Z ~  ~ =. ~TAAAATGAAT~ T AAT r GGT TA 3' 
TAATAT T~AC T.TA E T TAT@ [ C A A T 3'--A3 T T TATBT ~ 5' 

_¢,hro mosomal junct ions: TO 

5 ' 1  TC ~TAAT T GG T TA ~ 3' S' ~TCAAATAAAATGAATAATTGGTTA ~ 3 '  

o r 8  , . .... 
junction 1 junction 2 

(both junctions occur with equal frequency) 

Figure 6. Map of the free 5' ends generated during programmed 
deletions in the R and M regions. Observed breakpoints are 
indicated by numbered solid arrows. The designations M1, M2, 
etc., denote deletion boundaries as in Fig. 1. The previously 
characterized chromosomal junctions left behind after deletion 
are also shown. Open arrows and the numbers flanking them 
indicate the presumed convergence of ends that correspond to 
each chromosomal junction. Because the sequences between 
the staggered breaks are identical on both sides of the M region 
0.6-kb deletion, there are two possible origins for each chromo- 
somal junction (one on either strand). The question marks at 
junction 2 created by the 0.6-kb deletion (C1 indicate that no 
breaks corresponding to the right side of the junction were de- 
tected (at the site labeled M3'). The boxed residues are the 3' 
adenosines present at most of the identified break sites. The 
circled guanosine in B is the one case where a guanosine is the 
3'-end residue at a break. The circled thymidine residues in C 
are the 3'-end residues that would be generated if breaks oc- 
curred at site M3'. 
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Figure 7. DNA strand breaks associated with the 0.9-kb dele- 
tion in the M region. (A) Breaks at the M3 boundary. The M3T 
and M3B primer sets were used to study the top (lanes I-3) and 
bottom (lanes 4-6) strands. In both cases, the three lanes repre- 
sent different trials from a single lysate from cells harvested 15 
hr after conjugation was initiated. The PCR products corre- 
spond to breaks 5 (lanes 1-3) and 6 (lanes 4-6)(see Fig. 6, B and 
C). Breaks corresponding to deletion endpoint M3' would gen- 
erate PCR products 13 bp longer than those observed in lanes 
1-3, and 13 bp shorter than the PCR products shown in lanes 
4-6. Lane M contains molecular size markers as described in the 
legend to Fig. 4. (B) Breaks at the M1 boundary. The two PCR 
products observed were generated with the M1B primer set and 
correspond to breaks 2 (lower band) and 4 (upper band) shown in 
Fig. 6B. Molecular size markers are as in A. 

strand at this end (designated M1) reproducibly re- 
vealed two PCR products in the same mixture {Fig. 
7B), which  reflect the two different 5' DNA ends. 

D i s c u s s i o n  

We have detected free 5' DNA ends associated with pro- 
grammed deletions in T. thermophila. They occur only 
in cells undergoing conjugation and only during the t ime 
when  deletions are known to take place. They also cor- 
respond precisely with the boundaries of the deleted se- 
quences, as defined by chromosomal  junctions charac- 
terized previously. 

The 5' ends at the break sites are phosphorylated, be- 
cause this is required for the method used to detect 
them. We cannot e l iminate  the possibility that breaks 
wi th  5'-hydroxyl groups were generated but not de- 
tected. However, most  enzymat ic  DNA cleavage events 
generate phosphorylated 5' ends, including those associ- 
ated with transposition (Mizuuchi 1992) and immuno-  
globulin gene rearrangements (Roth et al. 1993; Schlissel 
et al. 1993). 

The A rule 

As discussed further below, a 3'-end adenosine residue at 

each break site appears to play an important  role in de- 
fining the precise deletion endpoints. The only detected 
break that did not have an adenosine at this position did 
not correspond to any known chromosomal  junction. 
Even this exception, break 1 in the M region, had a 3' 
purine nucleotide. No breaks were detected at the right 
end of the 0.6-kb deletion in the M region at the position 
needed to generate chromosomal  junction 2. This was 
the only putative deletion endpoint where no 3' purines 
could be generated. In providing a potentially new se- 
quence element  to direct the ini t iat ing DNA cleavage, 
the A rule may explain the variabil i ty observed in the 
distance separating the cis-acting polypurine tracts from 
the deletion boundaries. 

A model for programmed deletions in T. thermophi la  

The information above and the patterns in Figure 6 im- 
pose enough constraints to suggest a model for the dele- 
tion reaction in the M and R regions (Fig. 8A/. We pro- 
pose that deletion is init iated with a double-strand cleav- 
age at one end, with cleavage sites in each strand 
staggered by 4 bp. In the discussion below, the free 3'-end 
residue that remains in the macronuclear  DNA is abbre- 
viated as the MAC 3' end, whereas the 3' end of the 
deleted micronuclear DNA is abbreviated as the MIC 3' 
end. The location of this cleavage is determined by the 
polypurine tract cis-acting sequences in the M region 
and by the presence of adenosine residues separated by 4 
bp in the complementary  strands so that an adenosine 
residue appears at both the MAC and MIC 3' ends. The 
3'-hydroxyl end of the MAC adenosine residue is then 
used as a nucleophile in a transposon-like direct attack 
on the phosphodiester bond at the other end of the de- 
leted segment and on the same strand. This  single trans- 
esterification reaction on one strand defines the chromo- 
somal junction. The processing events needed to com- 
plete the chromosomal junction are more speculative 
but would include cleavage of the other strand at a point 
4 bp distant from where the transesterification occurred. 
The mechan ism has many  features in common with  that 
proposed for TBE1 deletion in Oxytricha (Williams et al. 
1993). The only difference is the absence of a second 
transesterification to circularize the deleted sequences 
in our pathway. Circular forms of the deleted segment 
occur at very low levels in Tetrahymena (Saveliev and 
Cox 1994; Yao and Yao 1994). Either the nicked circle 
generated in the proposed TBE 1 pathway is not generated 
in the M and R regions, or it is usually degraded rather 
than repaired. 

An alternative model not shown is one in which  the 
initial  cleavage occurs on only one strand. Transesteri- 
fication would generate the chromosomal  junction in 
one strand. Processing steps would include cleavage of 
the other strand at both sides of the deleted segment. 
With this mechanism,  we would not observe several of 
the breaks shown in Figure 6 unless they were generated 
during the processing steps. 

The data provide several arguments against a mecha- 
n ism in which double-strand cleavage occurs simulta- 
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Figure 8. (A) A model for programmed 
DNA deletion in T. thermophila. Solid ar- 
rows represent DNA cleavage; open ar- 
rows again indicate junctions created by 
deletion. Step 1 is a double-stranded DNA 
cleavage at a site defined by properly situ- 
ated adenosine residues on either strand. 
Step 2 is a transposon-like transesterifica- 
tion that yields the final chromosomal 
junction on one strand. The second strand 
is processed in steps 3 and 4. IB) A modi- 
fied model for deletion between the M2 
and M3' sites. The differences come in 
steps 3 and 4. In step 3, the cleavage of the 
second strand is directed to M3 because no 
purine residues are suitably located near 
M3'. Repair DNA synthesis in step 4 must 
then fill in a somewhat longer gap than 
postulated for the other deletion events. 

neously on both sides of the deleted segment, followed 
by ligation wi th  or without  processing (the latter would 
generate 4 bp of heteroduplex DNA). PCR amplification 
of the resulting chromosomal  junctions would generate 
two alternatives at equal frequencies, with junctions lo- 
cated 4 bp apart. Junctions 2 and 3 from the 0.9-kb M 
region deletion exhibit  this relationship. However, junc- 
tion 1 from the same region, formed by a joining of se- 
quences on the bottom strand, has no counterpart junc- 
tion that can be detected from the top strand. In the R 
region, junct ion 1 is found many  t imes more efficiently 
than junction 2 (Austerberry and Yao 1987; Austerberry 
et al. 1989). In a recent study using the same strains as 
those used here, junction 2 in the R region was the only 
junction in Figure 6 that we did not detect (Saveliev and 
Cox 1994). In addition, we s imply do not detect DNA 
breaks at one end of a 0.6-kb M region deleted segment in 
a position (M3') required to explain one of the prominent  
chromosomal  junctions. Although we cannot entirely 
rule out a model in which  deletion is initiated by the 
generation of double-strand cleavage at both ends of the 
deleted segment (perhaps wi th  the repair of any mis- 
matched junctions favoring one strand or the other in a 
pattern consistent wi th  the biases observed in chromo- 
somal junctions), the model in Figure 8 is more consis- 
tent wi th  the available data. 

The A rule would be especially important  in directing 

the init iat ing cleavage. All of the chromosomal  junc- 
tions can be explained by deletion events init iated by 
double-strand cleavage events generating 3' adenosine 
ends on both strands. The lack of a chromosomal  junc- 
tion corresponding to breaks 1 and 5 in the M region can 
be attributed to the 3' guanosine residue at break 1, 
which might  preclude an ini t iat ing cleavage at that po- 
sition. Whereas ini t iat ion can occur at either end of the 
deleted segment, factors other than the A rule mus t  be 
operative in the R region to direct most ini t ia t ion events 
to the left side. An init iat ing double-strand cleavage fol- 
lowing the A rule is consistent wi th  other Tetrahymena 
deletion events observed by Katoh et al. (1993) and Hei- 
nonen and Pearlman (1994). It is interesting to note that 
purine nucleotides play especially important  roles in the 
RNA splicing reactions first characterized in T. thermo- 
phila (Cech 1990). 

A modified A rule could affect the processing steps 
after transesterification. Cleavage of the second strand 
(Fig. 8A, step 3) could require an appropriately placed 
purine residue. A processing step cleavage event could 
explain the detection of break 1 in the M region. Because 
the primers used to detect break 1 were targeted to se- 
quences wi th in  the deleted segment, break 1 may  s imply  
represent the end of the deleted DNA. An operative A / G  
rule in the processing steps could also explain our failure 
to detect a break on the bottom strand at site M3'.  Junc- 
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t ion 2 for the  0.6-kb M region de le t ion  would  be gener- 
ated by double-s t rand cleavage at sites 7 and 8, fol lowed 
by t ransester i f icat ion.  The  absence of a properly placed 
pur ine  on the  opposi te  s trand could direct  the subse- 
quen t  processing steps e lsewhere,  as ou t l ined  in Figure 
8B. 

Whe the r  the  ideas p resen ted  above prove to be correct 
in detail  or not, the  locat ion  of the  D N A  strand breaks 
provides impor t an t  cons t ra in ts  in the  ongoing effort to 
e lucidate  the m e c h a n i s m  of the de le t ion  events.  This  
in fo rmat ion  should  also be useful in developing an in 
vi tro system. 

Mater ia l s  and m e t h o d s  

Ceil lines 

Strains CU427.2VI and CU428.1VII were kindly provided by 
Peter Bruns. Cells were mated as described previously (Bruns 
and Brussard 1974). Cell cultures used in the experiments had a 
mating efficiency of not less than 90%, as determined by mi- 
croscopy. 

Isolation of genomic DNA 

The cells in 50 ml of cell culture were collected by low-speed 
centrifugation [1000 rpm (250 g) for 1 min in an IEC tabletop 
centrifuge, model HN-SII, equipped with a swinging bucket ro- 
tor] and resuspended in 10 ml of NDS buffer [1% SDS, 0.5 M 
EDTA, 10 mM Tris-HCl {final pH 9.5), 0.2 mg/ml of pronase] 
(Austerberry and Yao 1987). The cells were incubated at 60°C 
for 2-4 hr. The resulting lysate was transferred very gently to a 
dialysis bag and dialyzed for several hours against TE buffer 
(Sambrook et al. 1989) at room temperature. Room temperature 
was used to prevent the precipitation of SDS. The bag was then 
dialyzed in fresh TE buffer at 4°C overnight. The dialyzed lysate 
was used for LM PCR analysis. The DNA concentration was 
estimated by ethidium bromide fluorescent quantification anal- 
ysis in 0.7% agarose gel, containing 1 ~g/ml of ethidium bro- 
mide (Sambrook et al. 1989). 

Oligonucleotides 

Oligonucleotides were synthesized with an Applied Biosystem 
DNA/RNA synthesizer (A394) and purified in a polyacrylamide 
gel (Sambrook et al. 1989). The oligonucleotides used as primers 
in the study are as follows: R1Text, 5'-TGCTTAGAGTATCT- 
TATTAATGAGATATTG-3'; R 1 Tamp, 5'-CCTCAATTTACC- 
TCATGTTGGCTATCT-3'; R1Tvis, 5'-CGGAAATACTTCG- 
TTCATATTTATTTGTAT-3'; RIBext, 5'-TACTAAATTAT- 
TCTTTATAATCTGACTCTT-3'; R1Bamp, 5'-AATGAAAT- 
CTTAAGTTAGAATAGAAATTA-3'; R1Bvis, 5'-CCAAAAA- 
GCTAATTAAAAATCAAAATCTATAAATC-3'; R2Text, 5'- 
CGCATTAGTTTATAATCTCTTACCAAGTT-3'; R2Tamp, 5'- 
GATTTACTGTAAGATAGTTCTAGAATAAGAC-3'; R2Tvis, 
5 ' - G A C A A A A A T A T T T T T G A A A A A T A A ~ C A T T C - 3 ' ;  
R2Bext, 5'-GTACTCCACAATATTCATAAATATTAGTCAC- 
TG-3'; R2Bamp, 5'-CAAGACTAAATGTTTGATATATTTCT- 
AACTC-3'; R2Bvis, 5'-TAATTCACGTAATCAAGGACTAC- 
TAATATT-3'; M1Text, 5'-GGAGATITTCTTTAAGTCAAG- 
GATGGAAAC-3'; M1Tamp, 5'-CTCTATCTATACAAACA- 
CAGTTGATGGT-3'; M1Tvis, 5'-TGATGGTATTTTAATT- 
TCAGGATTAGCAAT-3'; M 1Bext, 5'-GCCATATTGAGTTG- 
TTTATTCTGAAATTTATCC-3'; M1Bamp, 5'-GGTACGAT- 
AGATCGACTGACGGTTTTA-3'; M1Bvis, 5'-GTAAATAAT- 

AAGGAACCTCTTACTGTGATA-3'; M2Text, 5'-ATGTATT- 
GATAAATCCAGGTATTGAAATTC-3'; M2Tamp, 5'-ATCT- 
ACGACAACCTATTGTACCACAC-3'; M2Tvis, 5'-TATCAG- 
TTCTCATCAAGTTGTAATGCTA-3'; M2Bext, 5'-ATAC- 
CATCAACTGTGTTTGTATAGATAGAG-3'; M2Bamp, 5'- 
TTGATGCCTTTTCTAATATTTTCAACTT-3'; M2Bvis, 5'-T- 
TTCCATCCTTGACTTAAAGAAA TCTCC-3'; M3Text, 5'- 
AATCAATTTAATTAAGAAA TTACTTTCA-3'; M3Tamp, 
5 '-GTTTAAAATAAGACTAATCTATAAATAAGG-3'; M3Tvis, 
5'-GAGGGAGAAGGATTCAACAAAGTAAGC-3'; M3Bext, 
5'-GTGTGGTACAATAGGTTGTCGTAGATTTTG-3'; M3Bamp, 
5 '-AAAGCAAGAAGGCTACTTAGCTTFCAAATT-3'; M3Bvis, 
5'-GAATTTCAATACCTGGATTTATCAATACAT-3'; I, 5'-G- 
GCTCGGACCGTGGCTAGCATTAGT-3'; J, 5'-ACTAATGC- 
TAG-3'; I5, 5'-GGCTCGGACCGTGG-3'. 

In the ligation-mediated PCR procedure below, oligonucle- 
otides with the designations ext, amp, and vis were used for the 
extension step, the amplification step, and the visualization 
step, respectively. The letters T and B refer to the top and bot- 
tom strands with the DNA oriented as in Figure 1, and the 
designations R1, M1, etc., refer to the deletion endpoints that a 
given set of oligonucleotides was used to analyze. 

Liga tion-m edia ted PCR 

The lysate generally contained -2.5 ~g of genomic DNA/ml. A 
200-~.1 aliquot of the lysate was transferred very gently to a 
0.5-ml PCR tube. The 1-ml plastic pipette tip used for the trans- 
fer was cut to widen the opening to minimize DNA shearing. A 
mixture containing 11.2 ~1 of buffer A 10.8 M Tris-HCI (pH 9.0), 
0.98 M NaC1] and 1 ~1 of extension primer (1 ~M) was transferred 
to the lysate. For primers targeted to sequences external to the 
deleted region, the concentration of extension primer was in- 
creased fivefold to partially compensate for the much higher 
concentration of macronuclear relative to micronuclear DNA 
in the genomic DNA isolates (Yao 19891. NaOH (3-5 ~1 of a 1 M 
solution} was added to adjust the pH to 9.0. Mixing was pro- 
vided by several slow inversions of the tube, and pH was esti- 
mated with indicator paper. The lysate was centrifuged for sev- 
eral seconds. DNA was then denatured at 95°C for 5 min, and 
annealed at 55°C for 30 min. The lysate was placed on ice, and 
5.4 ~1 of buffer B I0.41 M MgC12, 8 mM of each dGTP, dATP, 
dTTP, and dCTP, 1 U/~.I of sequencing grade Taq DNA poly- 
merase {Promega)l was added. The sequencing grade Taq poly- 
merase, which lacks both 3' --~ 5 ' and 5' -~ 3' exonuclease ac- 
tivities, was used to help ensure the formation of perfect blunt 
ends in this step. After mixing, the lysate was microcentrifuged 
for several seconds. The extension step was carried out at 72°C 
for 7 min. The tube was then transferred in ice. The lysate was 
treated with chloroform/isoamyl ethanol {20:1} and precipi- 
tated by 3 volumes of ethanol in the presence of 2 M ammonium 
acetate and 100 ~g/ml of glycogen at - 70°C for 2 hr. The pre- 
cipitate was collected by microcentrifugation for 15 min at 4°C, 
rinsed with 70% ethanol, and resuspended in 18 ~1 of TE buffer. 
To this was added 2 ~1 of buffer C [0.3 M Tris-HC1 IpH 7.7), 0.1 
M MgC12, 0.1 M DTT, 0.01 M ATP, 3 ~M anchor linker, 1.5 Weiss 
units/~l of T4 DNA ligase]. Ligation was carried out at 16°C 
overnight. The anchor linker was prepared by annealing the I 
and J oligonucteotides as described earlier (Mueller and Wold 
1989). The ligated DNA was precipitated with 3 volumes of 
ethanol in the presence of 2 M ammonium acetate at - 70°C for 
2 hr and collected by microcentrifugation. The DNA was redis- 
solved in 50 ~.1 of PCR buffer [0.4 p.M each of oligonucleotide I 
and the appropriate amplification primer; 0.2 mM of each dGTP, 
dATP, dTTP, and dCTP; 2.5 mM MgC12; 0.05 M KC1; 0.01 M 
Tris-HC1 (pH 9.0); 0.1% Triton X-100; 10% glycerol]. The mix- 
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ture was incubated at 94°C for 3 rain and 55°C for 3 rain and 
centrifuged, and 0.2 ~1 (1 unit) of Taq DNA polymerase 
(Promega) was added. The mixture was covered with a layer of 
mineral oil and amplified by PCR for 35 cycles. Each cycle con- 
sisted of 1 min at 94°C, 1 min at 55°C, and 1 min at 72°C. 
Cycling was concluded with a final extension at 72°C for 5 min. 
The PCR products were precipitated by ethanol in the presence 
of 2 M ammonium acetate and resuspended in 50 ~1 of extension 
buffer [20 pmoles/ml of visualization primer end-labeled with 
[~/-32p]ATP, 0.2 mM each of dGTP, dATP, dTTP, and dCTP, 2.5 
mM MgC12, 0.05 M KC1, 0.01 M Tris-HC1 IpH 9.0), 0.1% Triton 
X-100, 20 U/ml  of sequencing grade Taq DNA polymerase]. The 
mixture was incubated for 3 min at 94°C, 1 min at 55°C, and 7 
min at 72°C. A portion of the mixture (5 ~1) was mixed with 3 
~1 of sequencing stop solution (Sambrook et al. 1989) and ana- 
lyzed by electrophoresis in 6% PAAG under denaturing condi- 
tions. After electrophoresis, the extended products were visual- 
ized by exposure of the gel with X-ray film. 

Sequencing of PCR products 

The 32p-labeled products of LM PCR were cut out of the gel and 
purified as described (Sambrook et al. 1989). The DNA was re- 
dissolved in the PCR buffer described above, except that the 
amplification primer was replaced by the visualization primer 
used in the final extension step. PCR amplification of the ex- 
tracted DNA was carried out under conditions described above. 
PCR products were purified in a 6% polyacrylamide gel and 
sequenced directly by the Cycling Sequencing procedure 
{Promega). The primer used for sequencing was the 32P-end- 
labeled oligonucleotide I5. 
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