
Cell, Vol. 58, 887-900, September 8, 1989, Copyright 0 1989 by Cell Press 

A Novel DNA Deletion-Ligation Reaction Catalyzed 
In Vitro by a Developmentally Controlled Activity 
from Tetrahymena Cells 
Elizabeth K. Robinson, Philip D. Cohen, 
and Elizabeth H. Blackburn 
Department of Molecular Biology 
University of California 
Berkeley, California 94720 

Developmentally controlled genomic deletion-liga- 
tions occur during ciliate macronuclear differentia- 
tion. We have identified a novel activity in Tetra- 
hymena cell-free extracts that efficiently catalyzes a 
specific set of intramolecular DNA deletion-ligation 
reactions. When synthetic DNA oligonucleotide sub- 
strates were used, all the deletion-ligation products 
resembled those formed in vivo in that they resulted 
from deletions between pairs of short direct repeats. 
The reaction is ATP-dependent, salt-sensitive, and 
strongly influenced by the oligonucleotide substrate 
sequence. The deletion-ligation activity has an appar- 
ent size of 200-500 kd, no nuclease-sensitive compo- 
nent, and is highly enriched in cells developing new 
macronuclei. The temperature inactivation profile of 
the activity parallels the temperature lethality profile 
specific for Tetrahymena cells developing new macro- 
nuclei. We suggest that this deletion-ligation activity 
carries out the genomic deletions in developing mac- 
ronuclei in vivo. 

Introduction 

Genomic rearrangement during nuclear differentiation is 
an intrinsic part of the developmental cycle of ciliated pro- 
tozoa. During conjugation, the germline micronucleus un- 
dergoes meiosis, fertilization, and postzygotic nuclear di- 
visions, giving rise to nuclear division products destined 
to differentiate into somatic macronuclei. This differentia- 
tion involves extensive processing of the entire genome, 
wnich in many ciliates has been shown to include large 
numbers of site-specific deletion-ligation events through- 
out the genome (Brunk et al., 1982; Yao et al., 1984; 
Howard and Blackburn, 1985; Allitto and Karrer, 1986; 
White and Allen, 1986; Ribas-Aparicio et al., 1987; re- 
viewed in Blackburn and Karrer, 1986). In addition, site- 
specific chromosomal fragmentation has been demon- 
st,rated (reviewed in Karrer, 1986, and Blackburn and Karrer, 
1986). 

Several of these deletion-ligation events have been 
analyzed ‘previously by comparing sequences of the un- 
rearranged progenitor/precursor micronuclear genome 
with the corresponding processed macronuclear genomic 
segments. In every case examined, a given deletion-liga- 
tion event involves a simple deletion of a stretch of the 
micronuclear genome, with joining of the two flanking 
regions stliat become contiguous in the macronuclear ge- 
nome(Klobutcher et al., 1984; Austerberry and Yao, 1987; 

Herrick et al., 1987; Forney and Blackburn, 1988). No ex- 
amples of rrans-joining, i.e., joining of two regions that 
were on different chromosomes, have been described 
(reviewed in Karrer, 1986). Deletions both within (Klo- 
butcher et al., 1984) and outside (Callahan et al., 1984) 
gene coding regions have been found. Tlhe biological 
function of these rearrangements is unknown (reviewed in 
Karrer, 1986, and Blackburn and Karrer, 19136). 

The lengths of the deleted segments, called IESs (inter- 
nally eliminated sequences),  range from 14 bp to over 500 
bp in the hypotrichous ciliate Oxytr icha inova (Ribas- 
Aparicio et al., 1987). In Tetrahymena therrnophila, IESs 
are typically many hundreds to thousands of base pairs 
long (Brunk et al., 1982; Yao et al., 1984; Howard and 
Blackburn, 1985; Allitto and Karrer, 1986; White et al., 
1986). The sequence specificity of the deletion-ligation 
has been most thoroughly analyzed in two Cxytricha spe- 
cies (RibasAparicio et al., 1987; Herrick et #al., 1987). All 
14 examples of IESs in these two species wemcharacter- 
ized by a pair of di,rect repeats, from 2 to 6 bp in length, 
at each end of the deleted segment. The sequences of the 
direct repeats differed between different I&s., Following 
deletion-ligation, only one of the direct repeat sequences 
was retained. All the deleted sequences had short, some- 
times imperfect, inverted repeats just inside or overlap- 
ping the direct repeats. A similar arrangement has been 
found for a variably deleted ‘IES in Paramecium’!tetraurelia 
(Forney and Blackburn, 1988). In T thermopnila, in the 
one sequenced example of an IES, a pair of dire@repeats 
flanked the IES, but inverted repeats were #not clearly ap- 
parent (Austerberry and Yao, 1987). In this &&nple, one 
direct repeat was retained, but imperfectly variations of 
a few nucleotides in the precise joining point among differ- 
ent macronuclei were a(so observed for this Tetrahymena 
IES (Austerberry and Yao, $987) In addition,,cteletibn-li- 
gation variability at the level of restrictionflragment size 
differences, ‘which, suggests alte’inative use ;of ‘different 
junction ,sequences,,:has’been observed for,several Tetra- 
hymena IESs !Austerberry etal., 1984; Howard and Black- 
burn, 1985: White ind Allen, 1986). 

Developmentally controlled deletion-ligation events su- 
perficially similar to’ IE’S removal occur in a variety of other 
systems, including recom’binations in immunoglobulin 
and T,cell:receptor genes (Hood et al., 1985);:and in rear- 
rangements.witbin.tbe genes controlling nitrogen .fixation 
in lthe’piokaryote @rabaenai~(rev:iewed in W,aselkorn et al., 
1986). Thel~de?ali!,ed~~ble;c$‘l~r mechanisms Ifor such dele- 
tion-ligation: reactions have~~not;(lbeen;elwcidated. Certain 
sponialieobsl,deleti~ns in E. coli’#l,bertini et at., 1982) and 

/ ,,I I . 1, other ,stte-specrfrc tecombinatio’h ,events; including ‘trans- 
position ~(reviewed~ in Shaj$ro, 3988) iand, ~~ambda phage 
&i&~ (r~Ji~~~B:ih~~a~h~:1gdiBI,~~ls~inv~l~r~ terbinai 
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AGGGGCTATT-LTTTA 5 ’ 

5’ TCCCCGATAAATTATTTATAATAA--  
AGGGGCTATTTAATAAATATTATTTATB 5’ 

5’ TCCCCGATXUTTATTTATAATSWhT 
AGGGGCTATTTAATAAATATTABTTA 5’ 

5’mCCGATAAATTATTTATAATAA--  
- - -GGCTATTTAATAAATATTATTTALU!a 5’ 

5’ - -CCCGA@,AzTTATTTATAALWXZT 
--GGGCTZ;TT~TAAATATTCTTW 5’ 

5’ - -CCCGATAAATTATTTATAAQAXT 
- -GGGCTATTTAATAAAAATATTCTTAA 5’ 

5’GBTCCCCGATAAATTATTTATMG--- -  
- -GGGCTATTTAATAAATATTCTTAA 5’ 

5' AACTTTTTTTAGGAATAAAA 
TTCAAAAAAATCCTTATTTT 5' 

5' ~TCCCCGATAAATTATTTATAATAAAT~ 
DGGGGCTATTTAATAAATATTATTTB 5’ 

5' ATCCCCGATPAATCAAGTCAAG 
TAGGGGCTATTTAGTTCAGTTC 5’ 

Figure 1. Sequences of Oiigonucleotide Substrates Tested 

Complementary oligos 1 and 2 consist of the 14 nucleotide IES se- 
quence from 0. nova (RibasAparicio et al., 1987), the pair of 6 bp direct 
repeats that border it (arrows above oligo 2) and 6 bp of the flanking 
sequence on one side. The inverted repeats associated with this IES 
are indicated as arrows below oligo 1. Oligos 3-14 are derived from the 
sequences of oligos 1 and 2: odd-numbered oligos are based on oligo 
1, and even-numbered oligos on oligo 2. Their differences relative to 
the oligo of origin are indicated by underlines, indicating a base 
change, or by dashes, indicating missing bases. Oligos 21 and 22 are 
complementary oligos, unrelated in sequence to oligos 1-14 (Spangler 
et al., 1988). Oligos I1 and I2 are oligos 1 and 2 with additional flanking 
sequences from the 0. nova micronuclear sequence. PI and P2 are 
oligos complimentary to each other and to the 26 nucleotide splice 
product which would result from the excision of the 14 nucleotides in 
vivo IES from II and 12. Differences in their sequences relative to oligos 
1 and 2 are not indicated. 

that during excision the IES is looped out in single- 
stranded form. 

To determine the mechanism of this unusual type of de- 
letion and ligation, we analyzed the ability of extracts from 
Tetrahymena thermophila cells to carry out deletion-liga- 
tion reactions in vitro, using synthetic DNA oligonucleo- 
tide substrates. We report here the finding of a novel activ- 
ity in Tetrahymena cell-free extracts that carries out a 
highly specific set of deletion-ligation reactions. These 
reactions result in removal of the DNA between a pair of 
direct repeats, with the product retaining one of the repeat 
sequences. Based on the results reported here, we pro- 
pose that this novel in vitro activity carries out the in vivo 
genomic deletion-ligation events that occur during mac- 
ronuclear development. 

Results 

Deletion-Ligation Products Formed In Vitro 
from Synthetic DNA Oligonucleotides 
in Reactions with Tetrahymena Extracts 
As model substrates for in vitro reactions, synthetic DNA 
oligonucleotides were used to attain high substrate con- 

centrations in the reactions and to allow direct sequencing 
of products. We initially tested a pair of 26 nucleotide com- 
plementary synthetic DNA oligonucleotides. Their se- 
quence consisted of a 14 bp IES, the direct repeats that 
form its boundaries, and six nucleotides of flanking se- 
quence from the micronuclear genome of Oxytr icha nova, 
as determined by Ribas-Aparicio et al. (1987). The se- 
quences of these model oligonucleotides, called oligos 1 
and 2, are shown in Figure 1. We reasoned that, as they 
contained all of the features noted in common among 
IESs (RibasAparicio et al., 1987), sufficient &-acting in- 
formation necessary for IES deletion and ligation of the 
flanking sequences may be present in these short sub- 
strates. 

Two procedures were used to prepare extracts from 
Tetrahymena cells: one based on that used for purification 
of telomerase from Tetrahymena (Greider and Blackburn, 
1987), and one similar to procedures used for in vitro DNA 
replication in mammalian cell extracts (Li and Kelly, 1984). 
Both preparations produced similar results, as did ex- 
tracts further fractionated by column chromatography 
(see below). Reactions were assayed using oligonucleo- 
tide substrates 32P end-labeled at either the 5’ end with 
polynucleotide kinase or at the 3’ end with a single [a-32P]- 
dideoxyadenylate residue added by terminal transfer&se. 
In a typical .reaction either oligo 1 or oligo 2 was Yend-la- 
beled with 32P, ‘added to a mixture of excess unlabeled 
oligos 1 and 2 in equimolar amounts, and the oligonucjeo- 
tides allowed to anneal. These were added at time zero 
to a reaction mixture containing an SlOO fraction of an ex- 
tract made from mated Tetrahymena cells that wereide- 
veloping new macronuclei, and an ATP-regenerating sys- 
tern. The products were analyzed by electrophoresis on a 
12% polyacrylamide 8 M urea DNA sequencing gel. Fig- 
ure 2a shows a time course of such a reaction. Although 
prominent nuclease digestion products were seen migiat- 
ing faster than the input labeled substrate, longer oligonu- 
cleotides’wel’e also forhed during the reaction. Bands of 
approximately &ice the length of the inbut oligonucleo- 
tides were seen,. Sequence analysis of these bands i?di- 
cated that they consist of a mixture of ehd-to-end ligated 
oligos 1 and 2 (data not shown). Striking!? pith 5’ end+- 
beled oligo ‘2, three prominent new bands, marked A, B, 
and C, which migrate between the monqmer input oligo- 
nucleotide and ‘the’dii?ners,, were consis!ently for&d in 
the reactiohs:(Fi~gqre 2a). Mea&rem&t i$f radioaciivity ih 
band A versus input ql,igp showed that 0.3Oh of the ~itlpL!t 
oligo 2 remiininb affer %?O min reaction cas con&ted fo 
produdt A. pzod&YiorVbf A; ~vi :and C wa$‘linearly ‘dIedet+- 
dept on thUamc$nt of ‘tti& TetrZihymena &II $!xtract; [hi&!- 
dition, an ATP&generating system co$siSting of $A%?, 
pyruvate Kinas? and’ ~ khh&ptio$nolpyrdbdte, and 60th 
oligonuclotides &vet+ required (Figure @and dtitit8 jnot 
shown). Tlie’ pr’ddu’ction ‘of Sloti-migratjhg ~proc&i& is 
seen in the’absbnce of lextrdct;.(FigurB 2b; iane 2): ihi& ib 
most likely dye to implj<iti&s ih jthe ATP-r&g&eratirig.&s- 
tern, + s$ll p$pUu~t& ti&re nbt Iseen i&fie.‘abs&kc+ 6f 
the ATP regdrief@Jg :s~~t&m.(Fibure’2,‘l!ahe’l). &;!ti :in- 
creased tini@of tea&i&-i(l&jur& 2a), additidnal bands/ap- 
peared, mark&j &l’s &‘~&~l, &barefltld ;cbdsi&itiAb”& k 
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Figure 2. Products of the In Vitro Reaction Catalyzed by Tetrahymena Cell-Free Extracts 

(a-d) Equimolar amounts of oligos 1 and 2 were annealed in the presence of tracer amounts of one end-labeled oligo. These were added at a final 
concentration of 1 pM to a reaction mixture containing cell extracts made from mated T. thermophila, reaction buffer, and an ATP regenerating system 
ar;ld incubated at 30°C as described in Experimental Procedures. 
(a) Time course of the reaction. 32P 5’end-labeled oligo 2 was used as tracer in reactions that were incubated at 30% for the time indicated. Prod- 
u&s were fractionated by electrophoresis on a 12% polyacrylamide 8 M  urea DNA sequencing gel and autoradiographed. Bands labeled input, 
dimer, A, B, C, A-l, and B-1 are described in the text. The products larger than the dimer band were present in control incubations without added 
Titrahymena extract (see b). 
(b) Requirement for both an ATP-regenerating system and Tetrahymena extract. The 20 min reactions were conducted as above wil:h Yend-labeled 
ohgo 2, in the absence of either the ATP-regenerating system (lane 1) or the Tetrahymena mated cell extract (lane 2). 
(c) Labeled products resulting from 5’ and 3’ end-labeled oligo substrates. Products of 20 min standard reactions in which the Uracer was either 
.5( end-labeled oligd 1 or 2 are shown in lanes 1 and 2, respectively. Products resulting from either oligo 1 or 2 3’ end-labeled with 32P dideoxy 
ATP are shown in lanes 3 and 4, respectively. 
(ci) Internalization of 5’end label from oligo 1 substrate. Products from reactions containing either 5’ end-labeled oligo 1 or 2 were treated with calf 
intestirial phosphatase. Lanes 1 and 2 contain 5’ end-labeled oligo 2 with and without phosphatase treatment, respectively; lanes 3 and 4 contain 
5’ end-labeled oligo 1 with and without phosphatase treatment, respectively. 

and B each shortened by one nucleotide. This was con- 
firmed directly by DNA sequencing (data not shown). 

Lanes 1 and 2 of Figure 2c show the reaction products 
of typical reactions, in which either oligonucleotide 1 or 2 
was 5’ end-labeled, preannealed, and reacted as de- 
scribed above. Whereas the three products A, B, and C 
were observed with 5’ end-labeled oligo 2 (lane 2), with 
Vend-labeled oligo 1 only a single band comigrating with 
band A (and some A-l band) was seen in addition to the 
dimer bands, input oligonucleotide, and nuclease break- 
down products (lane 1). 

The production #of oligonucleotides longer than the in- 
put substrate oligqnucleotides was unexpected, and sug- 
gested involvement of a ligation step. Therefore, we 
*rested the reaction products with calf intestinal phospha- 
tase. When the 5’ end-labeled substrate was oligo 2, the 
lab&l in bands A, B, and C was completely removed by 
phosphatase treatment (Figure 2d, lane 1). In contrast, 
when al/go 1 was the 5’ end-labeled substrate, the label 

and A was resistant to such treatment (lane 3). This 
indicated that the 5’ end-label of oligo 1 was in an internal 
position in the polynucleotide chain labeled band A. In ad- 
ditibn, internalized 32P label was also found in a novel 
band approximately one nucleotide longer than input 

oligo 1 (marked l+l in lane 3). Although some weak 
bands resistant to phosphatase were seen below the input 
oligo 1 band (data not shown), nuclease breakdown prod- 
ucts smaller than the input oligos made it difficult to ana- 
lyze such small quantities of products in this size range. 

Lanes 3 and 4 of Figure 2c show the products observed 
when the labeled substrate oligos were 3’end-labeled. In 
lane 3, three bands, corresponding to but lslightly longer 
than the bands A, 8, and C in lane 2, were seen with 3’ 
dideoxy A-labeled oligo 1 substrate. However,  no labeled 
reaction products longer than the input oligo were seen 
when the input was 3’ dideoxy A-labeled olligo 2 (lane 4). 

The sequences of bands A, B, and C were determined 
by the method of Maxam and Gilbert (1980) from the prod- 
ucts of input 5’ end-labeled oiigo 2. Each of these three 
product bands, called products A, 8, and C., was a unique 
species. Their sequences are shown in Figure 3ti. The se- 
quence of product A was confirmed using 3’ end-labeled 
oligo 1. When product A from 5’ end-labeled oligo 1 was 
subjected to Maxam-Gilbert sequencing, unreadable se- 
quencing gels resulted, confirming the expectation that 
this product has an internal phosphate label. 

The sequence analysis, together with the retention of 
the 5’ and 3’ 32P labels of input oligo I in product A, 
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a. Products of Oligos 1 and 2 

2 1 

TCCCCGATAAAlTATTTATAataaaUaTTTATTTTCGGGGA 

A TCCCCGATAAATTATTTATAataaat laATTTATCGGGGA 

TCCCCGATAAATTATTTATaataaAT/ATTTATTATAaataaTlTATCGGGGA 

8 TCCCCGATAAAT-TATTTATaataam-TATCGGGGA 

TCCCCGATAAATTATTTataatAAAnATTTATTATAAaraatTTATCGGGGA 
C TCCCCGATAAATTATTTataaVCGGGGA 

TCCCCGATAAattATTTATAATAAAT/anTATTATAAATAATTTATCGGGGA 

D TCCCCGATAAatVTATTATAAATAATTTATCGGGGA 

TCCCCGATAAAttattTATAATAAAT/ATttat tATAAATAATfTATCGGGGA 

E TCCCCGATAAAttaWATAAATAATtTATCGGGGA 

b. Products of Oligos 2 and 3 

2 3 

TCCCCGATAAAlTATTTATAataaat/~ATTTATTataaataATTTATCGGGGA 

A TCCCCGATAAA~ATlTATAataaaffaATTTATCGGGGA 

TCCCCGATAiWTTATlTATaataaAT/~ATTTAT-rATAaataaTTTATCGGGGA 

B TCCCCGATAAAlTAT-fTATaataaITTTATCGGGGA 

Figure 3. Product Sequences 

c. Products of Oligos 2 and 5 

2 5 

TCCCCGATAAATTATTTATAataaatkTT@TTataaataATTTATCGGGGA 

A TCCCCGATAAATTATTTATAataaat laATTTATCGGGGA 

TCCCCGATAAATTATTTATaatasATlATTAATTATAaataaTTTATCGGGGA 

B TCCCCGATAAAT-fATTTATc&@TTTATCGGGGA 

d. Products of Oligos 1 and 6 

6 1 

TCCCCGATAAATTATTTATAatIaatkrTTTATTataATTTATCGGGGA 
AT TCCCCGATAAATTATTTATAatU: or a)aatkATTTATCGGGGA 

TCCCCGATAAanATTTATAATIAATlanTATTATAAATAATTTATCGGGGA 

D TCCCCGATAAHTATTATAAATAATTTATCGGGGA 

The figure lists the sequences of deletion-ligation products from various combinations of DNA oligo substrates, as determined by Maxam-Gilbert 
sequencing. The sequence of the relevant putative dimer is shown above each product. Direct repeats are in lowercase. Sequence differences com- 
pared with oligo 1 or 2 are underlined. (a) Products of oligos 1 and 2. (b) Products of oligos 2 and 3. (c) Products of oligos 2 and 5. (d) Products 
of oligos 1 and 6. 

demonstrated that the 39 nucleotide product A consists of 
the entire sequence of oligo 2 joined at the 3’ end either 
to the 5’ A residue plus the 12 nucleotides at the 3’ end 
of oligo 1, or to the 13 nucleotides at the 3’ end of oligo 
1. Product B (35 nucleotides) consists of the sequence of 
oligo 2, minus the 2 nucleotides from its 3’ end, joined at 
the 3’ end to the 11 nucleotides from the 3’ end of oligo 
1. Product C  (32 nucleotides) consists of the sequence of 
oligo 2, minus the four nucleotides from its 3’ end, joined 
at the 3’end to the 10 nucleotides from the 3’end of oligo 
1. The appearance of label in products A, B, and C when 
the labeled substrate oligo was 3’ end-labeled oligo 1, or 
5’ end-labeled oligo 2, is consistent with each of these 
products containing both the 3’ region of oligo 1 and the 
5’ end of oligo 2. 

Taken together, these data suggest that products A, B, 
and C result from deletions within a dimer of oligos 2 and 
1 ligated end-to-end in the orientation shown in Figure 3a. 
Strikingly, the deletions that yield products A, B, and C all 
take place between pairs of direct repeats that result from 
dimer formation. One direct repeat sequence is retained 
in each of the products, and the other is deleted along with 
the intervening DNA. Each product apparently utilizes a 
unique direct repeat; these are indicated by lowercase let- 

ters in Figure 3a, and are 7,5, and 5 nucleotides in length 
for products A, B, and C, respectively. 

We attempted to detect deletion of the 14 nucleotide IES 
that is deleted in 0. nova using Southern analysis of prod- 
ucts formed in the in vitro reactions. For these experi- 
ments, the substrates were synthetic DNA oligonucleo- 
tides longer than oligos 1 and 2, as we reasoned that 
additional sequences that flank this IES in the 0. nova ge- 
nome may be necessary for correct deletion. These com- 
plementary 40 nucleotide oligos, I1 and 12 (Figure I), in- 
clude all of the sequences of oligos 1 and 2, respectively, 
plus additional Oxytr icha micronuclear sequences o’n 
both sides of oligos 1 and 2. Equimolar amounts of unla- 
beled oligos I1 and I2 were preannealed and carried 
through the same reaction as described above for oligos 
1 and 2 (again, final oligo concentrations were 1 FM). The 
products were separated by electrophoresis on a 12% de- 
naturing polyacrylamide sequencing gel, electroblotted, 
and duplicate filters probed separately with 5’ end-la- 
beled 22 nucleotide oligos (Pl and P2, see Figure 1) com- 
plementary to either strand of the expected 26 nucleotide 
oligo that would result from deletion of the 14 nucleotide 
0. nova IES from the input oligos. In each case, the com- 
plementary 22 nucleotide oligo was run on the same gel 
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Figure 4. Distinction between Intra- and Intermolecular Deletion-Li- 
gation Mechanisms 

(a) Schematic representation of the test experiment us#ed to distinguish 
between a reaction involving an intramolecular deleltion step and an 
intermolecular reaction involving unequal crossover via homologous 
recombination. Oligos 1 and 2 are shown as heavy or light arrows, 
respectively, with the 5’ to 3’ orientation indicated by the direction of 
the arrow. * P, 5’ 32P label on oligo 1; ddA, dideoxyadenylate residue 
added to “tag” the B’end of oligo 1; short heavy arrows, the 7 nucleotide 
direct repeats that may be involved in product A formation (see text and 
Figure 3a). 
Top: Formation of oligo 2-l dimer and intramolecu1a.r deletion within 
oligo 1. Oligos 2 and 1 are joined end-to-end, either by blunt-end liga- 
tion of two duplex molecules (left), or by ligation of one end of a single 
oligo 2 and 1 duplex (right). Intramolecular deletion of :the 13 nucleotide 
sequence between the 5’ 32P and the 3’ dideoxy A tag, followed by Ii- 
gation of the flanking nucleotides on the same oligo molecule, forms 
product A molecules carrying both the 32P label and the dideoxy A 
tag. Bottom: In contrast, dimerization of two oligo2-1 duplexes by blunt 
end ligation followed by homologous but unequal crossover at the di- 
rect repeats on two such molecules separates the 3:!P label from the 
dideoxy A tag in product A molecules. This is predicted because unla- 
beled, untagged oligo 1 substrate molecules are added in excess. 
Thus, individual product A molecules would contain either the 32P la- 
bel or the dideoxy A tag, but not both. 
(b) Results df the test diagrammed in (a). Lanes 1 ani’d 2, control reac- 
tions using untagged, 3*P 5’ end-labeled oligo 1 as the tracer, with 
(lane 1) or without (lane 2) calf intestinal phosphatase treatment; lanes 
3 and 4, test reaction using tracer oligo 1 that was Iboth dideoxy A 3’ 
end-tagged and 32P 5’ end-labeled, with (lane 3) or without (lane 4) 
calf intestinal phosphatase treatment; lanes 5 and 6, control reaction 
using tracer oligo 1 that was 32P lAbeled at its 3’ end with 3zP dideoxy 
A, but carried a 5’ OH, with ‘(lane ,5) or without (lane 6) calf intestinal 
phosphatase treatment. The structure of the labelecl band above the 
A + ddA band in lanes 5 and 6 is unknown; in some experiments it 
was not detectable. Lane 4’, short kxposure of lane $ to show position 
and relative amounts of input 5’ end-labeled oligo 1 with and without 
the 3’ dideoxy A tag. 
(c) Effect on product A, 6, and C formation of blocking the 3’ end of 
32P 5’ end-labeled oligo 2 with a dideoxy A residue. 5’ end-labeled 
oligo ,2 without (lane 1) or with (lane 2) a 3’ dideoxy A residue in reac- 
tions carried out as usual. 
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1 2 

Dimer- 

5’2 5’2 

d:A 
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as a positive control. However, no 26 nucleotide product 
complementary to either Pl or P2 was detected, even 
though the control reconstructions were detectable at lev- 
els as low as 0.2% of the concentration of the input oligo 
remaining after the reaction (data not shown). 

Formation of Product A by an 
Intramolecular Reaction 
By analogy with the mechanism suggested by Ribas- 
Aparicio et al. (1987), the deletions that form products A, 
B, and C could result from an intramolecular looping-out 
of the deleted region between the direct repeats in the 
putative dimer formed by end-to-end joining of oligos 2 
and 1. We wished to distinguish such a mechanism from 
another possibility, homologous recombination by une- 
qual crossover between one of the direct repeats on a 
duplex oligo 2-l dimer molecule with the other repeat on 
another identical molecule, which would also result in 
removal of the sequence between the repeats and reten- 
tion of one repeat in the product. This latter mechanism 
would be intermolecular. These two possible mechanisms 
are schematically illustrated in Figure 4a. To determine 
whether the reaction was intramolecular or intermolecu- 
lar, a double end-labeling experiment was designed. 

Because of the high concentration of rATP in the reac- 
tion (4 mM), it is highly unlikely that s*P label is trans- 
ferred from one DNA molecule to another (via phospha- 
tase and kinase activities in the crude SlOO fraction) 
without a very large dilution with unlabeled phosphate. 
Consistent with this, in products A, B, and C the 32P 5’ 
end label in oligo 2 was found only at the 5’ ends of the 
products. Therefore, we conclude that, when 5’ end-la- 
beled oligo 1 is the substrate, the internal s*P label in 
product A is that originally at the A residue at the 5’ end 
of oligo 1, and does not result from exchange between 
molecules. 

As described above, product A is labeled by the 32P 
from the 5’ end of substrate oligo 1, or by the 3*P-labeled 
dideoxy A residue added to the 3’end of oligo 1. Together 
with the sequence analysis, these data show that product 
A contains the 32P phosphate group, and possibly the 5’ 
A residue as well, from the S’end of oligo 1, as well as the 
12 or 13 nucleotides from its 3’ end (Figure 3a). Hence, if 
product A is the result of an intramolecular reaction, it 
should include both the 3’ and 5’ ends of a single oligo 1 
molecule. 

In the double end-labeling experiment shown schemat- 
ically in Figure 4a, oligo 1 was 3*P labeled to high spe- 
cific activity at its 5’ end, then the 3’ ends of these 5’ 
end-labeled molecules were “tagged” with a single unla- 
beled dideoxy A residue. These labeled and tagged oligo 
1 molecules were purified away from components of the 
labeling reactions, then diluted -40 fold with unlabeled 
oligo 1. An equimolar amount of unlabeled oligo 2 was 
added and the oligos were annealed as usual prior to 
reaction with the extract. The dilution ensured that the 
probability of reaction of a tagged and labeled oligo 1 mol- 
ecule with another tagged and labeled molecule was very 
low. Therefore, we predicted that if an intermolecular reac- 
tion occurred, the S’end label in product A would be sepa- 

rated from the 3’dideoxy A tag. In contrast, an intramolec- 
ular reaction, in which a 13 nucleotide internal portion of 
oligo 1 is removed, would produce product A molecules 
containing both the 5’ 32P label and the 3’ dideoxy A tag. 

Figure 4b shows the result of this experiment. The reac- 
tion produced product A molecules that contained both 
the 32P label and the 3’ dideoxy A tag of the input sub- 
strate oligo 1. This was evident because product A carry- 
ing the extra dideoxy A residue at its 3’ end (marked 
A+ddA in Figure 4, lanes 3-6) is longer by one nucleotide 
than a marker product A without it (lanes 1 and 2). The la- 
beled dideoxy A-tagged product A in the test experiment 
(lanes 3 and 4) comigrated with marker product A from in- 
put oligo 1 substrate that was 3’ end-labeled with 32P 
dideoxy A (lanes 5 and 6). Confirmation that the reaction 
was intramolecular came from densitometric analysis of 
the ratio of input 5’ end-labeled oligo 1 with and without 
the 3’dideoxy A tag, using a shorter exposure of the auto- 
radiogram (Figure 46, lane 4’). This ratio of 2.15:1 was not 
significantly different from the measured ratio (2.14:1) of 
32P labeled product A molecules with and without the 3’ 
dideoxy A tag (bands marked A+ddA and A in lane 4). 
This is the result expected if there has been no dilution of 
32P label in product A with unlabeled untagged oligo 1. 
Therefore we conclude that, in the reaction resulting in 
product A (and very likely products B and C as well, see 
below), the 5’end of oligo 1 is ligated to the 3’end of oligo 
2. This is followed, in the simplest pathway (shown in Fig- 
ure 4a), by a deletion of 13 internal nucleotides, including 
one of the 7 nucleotide direct repeats and ligation of the 
flanking nucleotides to form product A. 

The above experiments did not directly demonstrate 
whether ligation of oligo 2 to oligo 1 is required to form B 
and C. The lack of label in products A, B, and C when 3’ 
dideoxy A-labeled oligo 2 was used (Figure 2c, lane 4) is 
consistent with the hypothesis that blocking the 3’ end of 
this oligo by the labeled dideoxy A residue prevents forma- 
tion of an oligo 2.oligo 1 dlmer intermediate, but does not 
exclude the possibility that the terminal dideoxy A residue 
is removed during product formation. This was tested 
directly by using’s*P 5’, end-labeled oligo 2 blocked with 
a single unlabeled dideoxy A residue at its 3’ end. NO la- 
beled products A, B, orCwere formed from this substrate 
(Figure 4c, lane 2), in cohtrast to the control reactio’n with 
5’end-labeled, unblocked oligo 2 (lane 1). Together, these 
results indicate that end-to-end joining of oligos 2 ,and 1 
is necessary to form products A, B, ‘and, C. 

Developmental Control ,and Enzymic Properties 
of the Deletion-Ligation Activity 
The reaction producing pioducts A, B, and .C had two un- 
expected properties: the apparent requirement for a dimer 
intermediate and no detectable deletion #of the 14 nucleo- 
tide IES of Oxytricha nova. To determine whether the in 
vitro activity producing,.A, B, and C had other properties 
expected for the activity that removes lESs in vivo, we 
used two approaches to analyze the reaction further: 
characterization of the;,deletion-ligation activity and ex- 
amination of the substrate requirements. 

We first investigated’the developmental control of the 
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Figure 5. Enzymatic Properties of the Deletion-Ligation Activity 

(a) Developmental control. Assays were performed using an SIOO fraction of extracts prepared as described in Experimental Procedures from vegeta- 
tively growing cells (V), cells which had been starved but not mated (S), and mated ceils (M). 5’ end-labeled oligo 2 was the Water. 
(b) Temperature sensitivity. Extracts were preincubated for 20 min at the indicated temperatures. Oligos were then added to initiate the reaction, 
which was carried out at 30%. The tracer was 5’ end-labeled oligo 2. 
(c) Sensitivity to prior exposure to salt. Extracts were preincubated in the indicated NaCl concentrations at 0% for 20 min. Samples were then brought 
to 80 m M  in NaCl and assayed as usual. The tracer was 5’ end-labeled oligo 2. 
(d) Salt sensitivity of the deletion-ligation reaction. Reactions were conducted as usual in the presence of the indicated concentrations of NaCI. 
The tracer was 5’ end-labeled oligo 2 

specific deletion-ligation activity. Figure 5a shows the 
results of assays performed on SlOO fractions of extracts 
made in parallel from mated cells (lane M), cells that had 
been starved but not mated (lane S), and exponentially 
growing vegetative cells (lane V). Starvation is required to 
induce mating in Tetrahymena. The levels of deletion-li- 
gation activity were reproducibly much higher in mated 
compared with nonmated cells, and there was little activity 
in the extract isolated from vegetatively growing cells. The 
mated cell extracts were made 12 hr after mating was initi- 
ated, at which tiine macronuclear genomic rearrange- 
ments, including IES deletions, are in progress (Auster- 
berry et al., 1984; Allis et al., 1987). Hence, the activity 
responsible for these deletions is expected to be present 
during this same’ time period. 

Preliminary experiments suggested that the tempera- 
ture optimum of the specific deletion-ligation reaction in 
vitro -was about 30% (data not shown), the optimal tem- 
perature for Tetrahymena growth and mating. The thermal 
stability,of the activity was tested by preincubating ex- 
tracts at different te’inperatures, adding the oligo sub- 
strates, ,and then a&saying them at 30%. Activity was 
prese’nt’in extracts that had been preincqbated at temper- 
atures up to &id ,inclbding 37%, but was completely de- 
stroyed by preincu’bation at 38% or high?r (Figure 5b). We 
note’ that in genbtic’lexperiments, Scholnick and Bruns 
(“1982) denloristrated;>that only Tetrahynjena cells in the 
process’of,:d&@lopiag new macronucle;i are specifically 
and quilntiiativel$ killed by exposure tozemperatures at or 
above .‘3S°C, /n~c~nt~&st with vegetative’ cells, which are 
completely viable aft& comparable treatment. 

Under our standard conditions, the final NaCl concen- 
tration in the assay reaction was 40 mM. To determine 
whether the activity was inactivated by prior exposure to 
high salt, we preincubated extracts in various concentra- 
tions of NaCl before assaying in 60 mM NaCI. As is evi- 
dent in Figure 5c, prior exposure to NaCl concentrations 
as high as 300 mM had no effect on the deletion-ligation 
activity. 

To determine the effect of NaCl concentration on the 
reaction, we assayed the deletion-ligation activity in the 
presence of NaCl concentrations ranging from 20 mM to 
520 mM. Similar amounts of deletion-ligation products 
were formed in the presence of 20 and 60 mM NaCI, 
somewhat less in 120 mM NaCI, very litl:le in 220 mM 
NaCI, and none under higher NaCl concentrations (Figure 
5d and data not shown). 

Fractionation and Nuclease Insensitivity 
of the Deletion-Ligation Activity 
We initiated purification of the deletion-ligation activity by 
gel filtration chromatography of the SlOO fraction of Tetra- 
hymena extracts on a Bio-Rad Bio-Gel A.,5m sizing col- 
umn. These extracts were made in TMG buffer containing 
0.1 M NaCI. The peak of activity occurred at 200,000- 
500,000 daltons (Figure 6a). When an extract made in 
TMG buffer without 0.1 M NaCl was run on the column, 
no activity was initially detectable; however, very long au- 
toradiographic exposures showed very lovir levels of activ- 
ity spread throughout all fractions (data nqt shown). The 
possibility that these results ‘were due tt) a suboptimal 
N&I concentration during the assay was tested by adding 
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Figure 6. High Molecular Weight and Nuclease Insensitivity of the Deletion-Ligation Activity 

(a) Fractionation on a sizing column. Mated cell extracts were run on a 76 cm &o-Gel A-5m sizing column that had been precalibrated with Rio-Rad 
protein molecular weight standards (Greider and Blackburn, 1967). The 670 kd standard eluted in fraction 23,95 kd in fraction 57, and 17 kd in fraction 
75. Fractions were collected and assayed as usual, using 5’ end-labeled oligo 2 as tracer. U, unfractionated extract. 
(b) Nuclease insensitivity of the activity. An active Bio-Gel A-5m column fraction was preincubated at 30% for 20 min in the presence of various 
concentrations of RNAase A  or micrococcal nuclease. Following inactivation of the nucleases, assays were conducted as usual, using Send-labeled 
oligo 2 as tracer. Lanes l-6: preincubation mixtures were treated with RNAase A  at final concentrations of 2 mg/ml (lanes 1 and 4 ), 200 nglml 
(lanes 2 and 5) and 20 nglml (lanes 3 and 6). Lanes 1-3 were treated with 3 U/1 RNasin after preincubation; lanes 4-6 were treated with 3 U/h 
RNasin prior to preincubation. Lanes 7-10 were treated with oxidized RNAase A: lanes 7 and 9 with 2 pg/ml, and lanes 6 and IO with 200 rig/ml. 
Lanes 7 and 8 were treated with RNasin after preincubation; lanes 9 and 10 were treated prior to preincubation. Lanes 11-14 were treated with micro- 
coccal nuclease; lanes 11 and 13 with 0.7 U/h, and lanes 12 and 14 with 0.07 U/h. Lanes 11 and 12 were made 4.76 m M  in EGTA after preincubation, 
and lanes 13 and 14 were made 4.76 m M  in EGTA before oreincubation. 

NaCl prior to assaying the fractions that had been purified 
in the absence of 0.1 M  NaCI; again, no significant activity 
or fractionation were seen (data not shown). Some pro- 
teins can be subject to aggregation in low ionic strengths. 
These results suggest that the deletion-ligation activity 
resides in or aggregated with such proteins, and thus, in 
the absence of NaCI, did not fractionate on the sizing 
column but rather eluted across the entire size profile by 
slowly leaching into the eluate. 

To test whether the deletion-ligation activity has a re- 
quired RNA or DNA component, active SlOO or Bio-Gel 
A&m column fractions were preincubated with various 
concentrations of RNAase or micrococcal nuclease. The 
nucleases were inactivated prior to assay with either 
RNasin for the RNAase A experiments, or EGTA for the mi- 
crococcal nuclease experiments. Neither RNAase A nor 
micrococcal nuclease treatment had any discernable ef- 
fect on the deletion-ligation activity (Figure 6b and data 
not shown), which indicates that there is no required RNA 
or DNA component in the activity. 

Effect of Relative Concentrations of Oligonucleotide 
Substrates on Deletion-Ligation Products 
Under standard reaction conditions, unlabeled oligos 1 
and 2 were present in equal concentrations (1 PM), with 
one radiolabeled oligo present in tracer amounts. Al- 
though the relative amounts of products B and C varied 

in different experiments and with the particular extract 
used, under these conditions product A was the major de- 
letion-ligation product formed. When Yend-labeled oligo 
1 and a 51 or 251 molar ratio of cold substrate oligos 2 
and I were used, similar results were obtained (Figure 7a, 
lanes 3,8, and 9). However, when we used 5’end-labeled 
oligo 2, and a 5:i molar ratio of cold substrate oligos 1 and 
2, two prominent new products (marked D and E) longer 
that the input oligos were generated, and product A be- 
came a minor product (Figure 7a, lanes 6 and 12). In this 
experiment, absolute as well as relative concentrations of 
oligos affected the formation of these new products. 
Lanes 6 and 11 in Figure 7a contain the products of reac- 
tions in which the cold oligos were present in a 5:l ratio 
of oligo 1 to oligo 2, yet products D and E are not present 
in lane 11, which has 5-fold less total cold oligo compared 
with lane 6 (270 ng vs. 1350 ng). It is not until lane 12, in 
which the ratio of cold 1 to cold 2 is 25:1, but in which the 
total concentration of cold oligo 1 plus 2 (1170 ng) ap- 
proaches that of lane 6, that products D and E become 
prominent. 

The 32P label in D and E, derived from 5’ end-labeled 
oligo 2, was phosphatase sensitive (data not shown). The 
sequences of D  and E (Figure 3a) were determined by the 
Maxam-Gilbert procedure. Product D (36 nucleotides) 
consists of the 13 nucleotide sequence from the 5’ end of 
oligo 2 joined at the 3’end to the 23 nucleotide sequence 



Novel DNA Deletion-Ligation Reaction 
895 

a b C 

, 2 3 4 5 6 7 8 9 IO II 12131415 123455 12 34 56 70 

Di mer 

Input 

- Dimer 

-A 

r; 
‘B 

- c  
- 1+1 

- Input 

e 

from the 3’ end of oligo 1, while product E (35 nucleotides) 
contains the 16 nucleotides from the 5’ end of oligo 2 
joined at the 3’ end to the 19 nucleotides from the 3’ end 
of oligo 1. We noted that product E is the complement of 
product B (see Figure 3a). As with A, B, and C, the dele- 
tion-ligation events resulting in D and E occurred be- 
tween a pair of direct repeats in the putative oligo 2-l 

Figure 7. Oligonucleotide Substrate Specificity 

(a) Effect of varying ratios of substrate oligonucieotides 1 and 2. Under 
standard conditions, unlabeled oligos 1 and 2 were present in equimo- 
lar amounts. In this experiment, the relative concentrations of these 
oligos were manipulated. Lanes 1-3 contain 5’end-labeled oligo 1 as 
tracer, 225 ng oligo 1, and, respectively, 45, 225, and 1125 ng oligo 2. 
Lanes 4-6 contain 5’end-labeled oligo 2 as tracer, 225 ng oligo 2, and 
45, 225, and 1125 ng oligo 1, respectively. Lanes 7-9 contain 5’end-la- 
beled oligo 1 as tracer, 45 ng oligo 1, and, respectively, 45, 225, and 
1125 ng oligo 2. Lanes IO-12 contain 5’end-labeled oligo 2 as tracer, 
45 ng oligo 2, and 45, 225, 1125 ng oligo 1, respectively. Lanes 13-15 
are lighter exposures of reactions containing 5’end-labeled oligo 1 as 
tracer, no cold oligo 1, and, respectively, 45, 225, and 1125 ng oligo 2. 
Bands are labeled as indicated in the text. The slightly slower mobility 
of product A in experiments using 5 ’ 3*P-labeled oligo 1 tracer (lanes 
l-3 and 7-9) is attributable to its carrying a SOH group in these experi- 
ments, as opposed to a 5’ phosphate group in the e:h:periments using 
5’ 3ZP-labeled oligo 2 as tracer (lanes 4-6 and ‘10-12) (data not 
shown). 
(b-e) Oligonucleotide substrate specificity. Assays w’ttre conducted as 
usual with equimolar concentration8 of cold oligonucleotides and 
tracer amounts of one 5’ end-labeled oligo. The oligo used as tracer 
is indicated by an asterisk. Sequences of the oligos are shown in Fig- 
ure 1. 
(b) Lane 1, oligos * 1 and 2; lane 2, oligos 1 and * 2; lane 3, oligos l 3 
and 4; lane 4, oligos 3 and l 4; lane 5, oligos * 5 and 6; lane 6, oligos 
5 and *6. 
(c) Pairs of oligos used in these experiments were n(Dt perfectly com- 
plementary (see Figure 1). Lane 1, oligos * 1 and 6; lane 2, oligos 1 
and * 6; lane 3, oligos * 2 and 3; lane 4, oligos 2 and * 3; lane 5, oligos 
* 2 and 5; lane 6, oligos 2 and * 5; lane 7, oligos l 1 and 2; lane 8, oligos 
I and “2. 
(d) Lane 1, oligos 1 and * 2; lane 2, oligos * 7 and El; lane 3, oligos 7 
and l 8. 
(e) Lane 1, oligos * 1 and 2; lane 2, oligos 1 and * 2; Lane 3, oligos * 11 
and 12; lane 4, oligos * 11 and 14; lane 5, oligos 11 and * 12. Lane 4 
was overloaded relative to the other lanes. 

dimer, with only one repeat retained in the product (Figure 
3a). The direct repeats were 3 and 5 nucledides in length 
for products D and E, respectively. Varialble secondary 
structures within the oligo substrates may #explain this al- 
teration in product formation. That secondary structure 
plays a role in product formation is suggestlsd by the pres- 
ence of inverted as well as direct repeats in most of the 
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IESs analyzed thus far (Ribas-Aparicio et al., 1987; Forney 
and Blackburn, 1988). There is a high degree of self- 
complementarity in the AT-rich sequences of oligos 1 and 
2. By increasing the amounts of oligo 1 relative to oligo 2, 
interactions between complementary regions on two oligo 
1 molecules may become more favorable. Such interac- 
tions could lead to a shift in secondary structure in the 
oligos, favoring the production of products D and E. 

When the reaction mixture contained cold oligo 2 and 
only a tracer amount of oligo 1 32P-labeled at its 5’ end 
(i.e., no added cold oligo l), a product with a phospha- 
tase-insensitive label, comigrating with 26-27 nucleotide 
oligos, was efficiently produced (marked l+l Figure 7a, 
lanes 13-15). We estimate that the intensity of this band 
was 50/o-10% that of the input oligo 1 band. This band 
comigrated with the l+l band seen in Figure 2d, lane 1. 
However, no corresponding product was detected in the 
counterpart experiments using 5’ end-labeled oligo 2 
(data not shown). We therefore believe that this product is 
most likely a ligation intermediate (reviewed in Kornberg, 
1980) formed in the pathway producing the oligo 2-l 
dimer, in which an AMP is joined by a Y-5’ pyrophosphate 
bond to the 5’ end of oligo 1. 

Substrate Specificity of the 
Deletion-Ligation Reaction 
That an oligo 2-1 dimer is a reaction intermediate was in- 
dicated both by the inhibition of product formation in the 
presence of a 3’ dideoxy A on oligo 2 and by the se- 
quences of the products. Therefore we tested whether 
product formation could be stimulated by using as sub- 
strates a pair of complementary oligos, oligos 3 and 4 (Fig- 
ure I), which form a duplex ‘with complementary over- 
hanging ends. Two such duplexes would be more readily 
ligated to form correctly oriented dimers than blunt ended 
duplexes of oligos 2 and 1. The sequences of oligos 3 and 
4 were chosen so that the dimer resulting from sticky- 
ended ligation would have the same sequence as the 
putative oligo 2-l intermediate shown in Figure 3. (Use of 
a preformed 52 nucleotide oligo substrate consisting of 
the putative oligo 2-l dimer was not practical in these as- 
says; nuclease breakdown products from such an input 
dimer would run in the same region as deletion-ligation 
products.) When oligos 3 and 4 were substituted for oligos 
1 and 2 in the reactions, formation of the dimer band was 
greatly enhanced, as expected. However, no products 
A-E were detected (Figure 7bi lanes 3 and 4). We there- 
fore conclude that simply ligatiing a duplex of oligos 3 and 
4 to form a molecule with the same sequence as the 
duplex oligo 2-l dimer does not alleviate a rate-limiting 
step in the specific deletion-ligation reaction. We suggest 
that if dimer formation occurs within a single duplex of 
complementary oligos rather than by the ligation of two 
duplexes into a duplex dimer (see Figure 4a), then oligos 
3 and’,4 might n’otLbe as favorable as substrates as oligos 
1 and 2, and that the four-base overhang may interfere in 
some ‘way with efficient product formation by this mech- 
anism. Further work is necessary to determine how di- 
mer formation.occurs, and whether a, single- or double- 
stranded form of the dimer is a reaction intermediate. The 

oligonucleotide substrates were routinely preannealed 
prior to the deletion-ligation reaction. However, it should 
be noted here that, in reactions carried out in parallel, 
oligos that were not preannealed also produced dele- 
tion-ligation products, with only an approximate 2-fold 
reduction in efficiency compared with those which were 
preannealed (data not shown). 

Since each deletion-ligation event occurred between 
two direct repeats, we examined the effect of alterations 
in these sequences on the formation of deletion-ligation 
products. We tested a pair of synthetic complementary oli- 
gonucleotides, oligos 5 and 6; their sequences, shown in 
Figure 1, are identical to those of oligos 1 and 2, except 
for a single base change in the sequence of oligo 1 at 
nucleotide 4 to give oligo 5 and the complementary 
change in oligo 2 at nucleotide 23 to give oligo 6. This 
change disrupts the direct repeats on the 5’side of the se- 
quences eliminated from products A, 8, and E without af- 
fecting those involved in the production of C or D (see Fig- 
ure 3a). The oligos were S’end-labeled and carried 
through the deletion-ligation reaction as described above. 
The extract was unable to utilize oligos 5 and 6 to form any 
of products A-E efficiently (Figure 7b, lanes 5 and 6); at 
most only minor amounts of variable product bands were 
seen (data not shown). 

To determine the effect of a single base change in the 
putative dimer sequence, we tested oligo 6 plus 1 together 
in the same reaction, and oligo 2 plus 5. Both combina- 
tions resulted in efficient formation of deletion-ligation 
products (Figure 7~). The major products resulting from 5’ 
end-labeled input oligos 2 or 6 (Figures 3 and 7c, lanes 
2, 5, and 8) were sequenced. These products from 5’ 
end-labeled 1 or 5 had an internal 32P label, as demon- 
strated by phosp,hatase insensitivity, which resulted in un- 
readable sequen,cing gels. Oligos 6 plus 1 gave product 
D, as well as a band comigrating with product A (Figure 
7c, lanes 1 and 2). Sequence analysis of this latter band 
indicated that it did, indeed, consist of product A; however, 
in the AG seque’ncing reaction, the intensity of the band 
in the sequencing gel at the nucleotide 23 position was 
approximately half that of the other A residue bands in this 
sequence. Since thi’s was the site at which the A residue 
in oligo 2 was changed’to a T residue in oligo 6, we con- 
cluded that th,e,d,eletion-ligation product band, named AT 
(Figure 3d), cohs/stedolf,a:mixture of products in which ei- 
ther the A or’the~‘T yes/due was preseht at this position. 
This~btjservati~?k!b~her. with the retention of the,5’ label 
of okgo, 1 in the” A; band, indicates that the deletion-liga- 
tion may oc~~ri,$ii3aii~iii’lbcations within the 7 nucleotide 
direct ‘repeat ,sec&enc&,‘but this only becomes .apparent 
with these~mismatched otigos becauseof the presence of 
the, sin,gle ‘alteration jn ,this direct’ repeat. 

With this,particular mated cell extract, the major product 
from oligo.1 plus’!2 was always A, but in some experiments 
(for, example,~~in ~igu&c), product !I) replaced products 
B plusC, even though ‘the m’olar ratio of Complementary 
oligos waslil. Cligbs:l2 plus 5 #gave, products A .and B 
while’the contrbl~$%ictioh run in parallel: with oligos 2 plus 
1 gave produ&A.a&D (Figures’?c and 3~). Therefore, 
eventhougb the single’base change in &go 5 did not alter 
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the direct repeats that border the sequences deleted to 
form products A, B, or D, it was sufficient to alter the distri- 
bution of products in the experiment shown in Figure 7c. 

Oligos 2 plus 3 were also tested to determine the effect 
of a two nucleotide complementary overhang in the 2-3 
monomer duplex and a 2 nucleotide insertion in the puta- 
tive oligo 2-l dimer (Figure 7c, lanes 3 and 4). Interest- 
ingly, although’deletion-ligation products were formed ef- 
ficiently from oligos 2 and 3 (Figure 7c, lane 3), the 5’ label 
in input oligo 3 was not retained in any deletion-ligation 
product (lane 4). The oligo 2 plus 3 reactions each gave 
products A and B (Figures 3b and 3~). It is interesting to 
note that the two base overhang present in the oligo 2 plus 
3 duplex allows product formation, while the four base 
overhang in oligos 3 plus 4 does not. 

The specificity of the reaction was further tested by 
using several additional pairs of complementary oligos 
(Figure 1). Oligos 7-14 were similar to oligos 1 or 2, but 
had various internal single base changes and short termi- 
nal truncations or additions. None of these efficiently 
formed A-E, or any other detectable products longer than 
the input substrate oligonucleotides (Figures 7d and e). 
Oligos 21 and 22, a pair of AT-rich oligos of unrelated se- 
quence (Figure I), were also inactive as substrates for for- 
mation of deletion-ligation products longer than the input 
oligos (data not shown). In all the above experiments, par- 
Hillel reactions were performed with oligos 1 and 2 as posi- 
tive controls. 

Taken together, these data indicate that, as in vivo, the 
in.viiro deietion-ligation reaction has a high degree of se- 
quence specificity. 

Discussion 

The Deletion-Ligation Activity Has the Properties 
Expected for the Activity That Rearranges 
the Genome In Vivo 
We have shown here that extracts of mated Tetrahymena 
cells contain a novel enzymatic activity capable of catalyz- 
ing a specific set of deletion-ligation reactions using syn- 
thetii: DNA oligonucleotide substrates. Several observa- 
tions regarding this in vitro reaction suggest that it could 
be catalyzed by the activity responsible for the multiple 
deletion-ligation reactions that occur in vivo in the de- 
&loping macronuclei of ciliates. 

First, the sequence specificity and featur& of the in 
vitro deletion-ligation reaction resemble those of the in 
viva deletion-ligations. In both cases the sequence be- 
tie+? a pair of short direct repeats is deleted, along with 
o%e direct repeat sequence. Furthermore, in Tetrahyme- 
n’a, Is~all variations in the exact point of ligation occur in 
vivo (Austerberry and Yao, 1987); in vitro, products A, B, 
dhd ~6, *for example, appear to use overlapping repeats 
And, resemble this type of variability. On a larger scale, 
$f&re?t IES boundary repeats appear to be alternatively 
u&U invivo, (Austerberry et al., 1984; Howard and Black- 
blrrii, 1985; White and Allen, 1986); this difference is par- 
a’bl&f@d in the case of different overlapping sets of repeats 
$eikg used in products A, 6, and C versus D and E. The 
iin idvo :lESs’ that havg been sequenced are AT-rich (Klo- 

butcher et al., 1984; Ribas-Aparicio et al., 19167; Herrick et 
al., 1987; Austerberry and Yao, 1987; Forney and Black- 
burn, 1988). In the in vitro reaction, although GC-rich 
regions were present in the substrate oligos, ,Ihe sequence 
deleted was invariably AT-rich. 

Second, the specific deletion-ligation activity is greatly 
enriched in ceils undergoing macronuclear development 
compared with nonmated starved or vegetatively growing 
cells. Since starvation may serve to induce Iproduction of 
enzymes required for mating, the presence of a low 
amount of deletion-ligation activity in starved cells is not 
unexpected. 

The efficiency of the reaction in vitro is high, and is com- 
parable to the levels of activity that might be expected for 
enzymes that carry out the deletion-ligation events in 
macronuclear development. The measurement of the per- 
cent conversion of the input oligo 2 to product A (0.3%) 
gives a calculated rate of ~10~ molecules of product A 
produced per min per cell equivalent with initial 1 PM con- 
centrations of oligo 1 and oligo 2. It has been estimated 
that there are about 6000 deletion-ligatioin events per 
haploid genome (Yao et al., 1984) in less tha.n 4 hr during 
macronuclear development in T. therinophila (Austerberry 
et al., 1984). With the macronuclear plpidy less than 8% 
at this stage (Allis et al., 1987), ea&h developing macro- 
nucleus would carry out an estimated maximum of k5 x 
10 4 such events in this period. Therefore, the activity we 
find is present at levels more than sufficient to carry out 
the deletions observed in vivo. 

An intriguing finding was the complete ;inactivation of 
the deletion-ligation activity’by brief exposure of extracts 
to temperatures of 38% or higher pri’or to reaction at 30%. 
This contrasted with other activities, such as general liga- 
tion to form dimers, which were not affected ‘(data not 
shown). Strikingl,y, this temperature’inactivatioh profile ex- 
actly,parallels the high tempi?rature%nduce’d lethality spe- 
cific for Tetrahymenk cells ‘in ihe process! of ‘developing 
new macronuclei. Scholnick and Jruns’ (1962) shotied 
tha’t this sensitivity ,occurs within a specific: tghe window 
duh?g ,conjugation; we note th&this Ii& ,wil’idow ,in- 
eludes the time ~period ,during ;which ~nnacronuclear 
gehomic rearrangements,;6bserv&d by’mol$c$ar studie,s, 
takeliplace iri vivo (Austerberry etI’BI., 1989; reviewed’ in 
Kairbr, 1986). Our ietrah$nena e&acts were made dur- 
ing th:is same tini&period. 

Possible Mechanism of the In Vitro 
Deletion-Ligation Reiction 
A sigtiificant property of,the in vitro deletion-ligation reac- 
tion we ha& discovered is that a remarkably limited set 
of products is forved,X,whose common feature is a se- 
quence predicted from deletion of DNA between a pair of 
dii&ct~repetits in a $utative dimer inte’rmedia:te. Such dele- 
ti+s invariably, inclcide one of the direct repeats. 

Takeh tbgbther; several findings suggest that a required 
interr$ediate is’t@pecifi’c dimer df oligo 1 and 2 shown 
in#,Fi&re $:,first,~?hf ikteriialization of the 5’3*P end-label 
of:blido 1 iih pr++ct A; second, the eliminauion of labeled 
proddct A, .B, ahd $ formation wheh 5’ end-labeled oligo 
2 wad blocked it its 3’ end with a didebxyatdenylate resi- 
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due; third, the specific formation of the phosphatase resis- 
tant 1 +l band from Yend-labeled oligo 1 (Figures 2d and 
7a), but not from 5’ end-labeled oligo 2. In addition, al- 
though sequence data indicate that a mixture of different 
end-to-end ligated dimers is formed, it is only the oligo 
2-oligo 1 dimer that is used in these reactions. An in- 
crease in the amount of dimer band can be seen in frac- 
tions that eluted after the peak of deletion-ligation activity 
(fractions 90 and 100, Figure 6a). It is possible that this in- 
crease is due to an accumulation of the dimer in the ab- 
sence of the deletion-ligation activity, which, when pres- 
ent in the active fractions, converts the oligo 2-l dimers 
in this dimer mixture into products. 

That the deletion-ligation does not involve general non- 
specific ligation of degradation products is suggested by 
the separation of the deletion-ligation activity from gener- 
al ligation of oligonucleotide substrates to form dimers 
(see Figures 5-7). Possible precursors of products A-E 
were not preferred nuclease breakdown products in any 
experiments. Furthermore, if products A-E were simply 
the products of ligation of preferred nuclease breakdown 
products, the frequency and sequence of the deletion-li- 
gation products should be changed by changing the rela- 
tive abundance of nuclease breakdown products. How- 
ever, this was not the case when the breakdown product 
spectrum was altered by gel filtration or ion exchange 
chromatography of the activity, which partially removed 
nuclease activities (data not shown). 

Various possible mechanisms could be envisioned for 
the deletion-ligation reaction. The activity has the physi- 
cal properties of a protein enzyme, with no nuclease- 
sensitive component. The ATP requirement is consistent 
with an initial ligation step to produce the specific oligo 
2-l dimer, but ATP could also be required for other steps 
in the reaction such as the ligation following deletion. One 
possibility is that formation of the specific oligo 2-l dimer 
is catalyzed by the same activity that catalyzes the ligation 
of the oligos following deletion. 

Several features of the deletion-ligation reaction are in- 
consistent with a general homologous recombination 
mechanism. A possible pathway involving unequal cross- 
over between the direct repeats on two different duplex 
dimer molecules of oligos 1 and 2 (Figure 4a) was ruled 
out for at least the major product, product A, by the double 
end-labeling experiment (Figure 4b). Furthermore, even 
though products B and E are complementary, they were 
largely formed as alternative products under different con- 
ditions (Figures 7a and 7c), and not concomitantly, as 
would be expected if they were simultaneously formed by 
homologous recombination. In addition, there were sev- 
eraliother direct repeats, in dimers of oligos 1 and 2 in vari- 
ous;orientations, that were not used even though the prod- 
ucts ,predicted by their sequences would have been 
readily detectable in our assay. Finally, several of the oligo 
pairs’tested with different sequences were not used as 
substrates for such product formation, even though their 
comparable dimers also contain direct repeats. 

Wealso considered a variant on a general recombina- 
tion” mechanism: formation of a structure resembling a 
Holliday intermediate, by melting and intramolecular cru- 

ciform formation within a single duplex of oligos 1 and 2, 
and action on it by the enzymes that carry out the cutting 
and ligation at the Holliday junction in general recombina- 
tion. Although the AT-rich sequences of oligos 1 and 2 
contain various short inverted repeats, allowing such 
hypothetical Holliday intermediates to be drawn for B, C, 
and E, comparable structures cannot be drawn to gener- 
ate the major products A and D in an analogous way. In 
addition, branch migration of such intermediates predicts 
formation of many additional possible products that are 
not seen. Finally, involvement of such an intermediate 
does not predict the observed inability to form either prod- 
ucts B and C when the 3’ end of oligo 2 was blocked (Fig- 
ure 4c), or products A, B, and C from oligo 3 and 4 sub- 
strates (Figure 76). 

We propose that the in vitro deletion-ligation reaction 
occurs by the type of intramolecular mechanism dia- 
grammed in Figure 4a. Such a general scheme was pro- 
posed by RibasAparicio et al. (1987) for IES removal in 
vivo. The AT-rich character of the deleted sequences sug- 
gests that they are unpaired in at least one step in the 
reaction. Such a single-stranded looping-out of the .IES 
could bring its bordering nucleotides together for ligation. 
As suggested by Ribas-Aparicio et al. (1987), the inverted 
repeats that commonly are located at the ends of IESs 
could aid in this placement of the flanking nucleotides. In- 
verted repeats ranging from 5-7 nucleotides are present 
between or overlapping the direct repeats involved in the 
production of products A-E. In vivo, deletion-ligation 
could occur on one strand only, as we observe in the in 
vitro reactions, with DNA synthesis copying the deleted 
strand to give the final double-stranded deleted macro- 
nuclear product. 

Even with the 40 nucleotide oligo substrates I1 and I2 
containing extended flanking 0. nova sequences, no 
product resulting from the deletion of the 14 nucleotide 
IES of 0. nova was formed with an efficiency comparable 
to the formation of products A, B, and C. This could reflect 
a difference in the action of the Tetrahymena activity un- 
der our reaction conditions, and possibly in vivo. In vivo, 
deletions of Tetrahymena,lESs are characterized by micro- 
heterogeneity not seen in the Oxytricha counterparts. 
Clearly, as demonstrated above, while direct repeats are 
apparently always involved in the specific deletion-liga- 
tion reaction in vitro, they are not sufficient to specify prod- 
uct formation. The high specificity of the in vitro ,dele- 
tion-ligation suggests either that we chose substrates that 
serendipifously conta,ined the necessary sequence and 
structural elements for deletion-ligation by Tetrahymena, 
or that mere is general conservation of these elements 
among ciliates, even though they are processed differ- 
ently by different ciliates. 

Further research will be,ngcessary to determine the role 
in ciliate macronuclear development of the highly specific 
deletion-ligation activity,reported here and to understan’d 
its relatiohship ito DNA processing in other contexts: (We 
note that phenomena once thought to be confined to 
ciliated protozoans have,bebn shown to have far-reaching 
implications which have enhanced our understandkig of 
certain molecular :procesbes. For example, the self-splic- 
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ing catalytic RNA of Tetrahymena and the structure and 
synthesis of ciliate telomeres are now known to have 
general biological significance (reviewed by Cech and 
Bass, 1986; Greider and Blackburn, 1989). We anticipate 
that an understanding of the mechanism of the unusual 
deletion-ligation reaction of ciliates may provide insights 
into DNA rearrangement mechanisms in other systems. 

Experimental Procedures 

Extract Preoaration 
Tetrahymena strains SB210 and PBSR (provided by E. Orias) were 
grown and mated as previously described (Greider and Blackburn, 
1985) except that mating cells were not refed before preparation of ex- 
tracts. Mated cells were extracted 12 hr after mating was initiated by 
mixing. Cells were spun down, washed with Dryt’s solution (1.7 mM so- 
dium citrate, 1.2 mM NaH2P04, 1 mM Na2HP04, 2 PM CaClz), the 
pellets were mixed with 5 vol of TMG-NaCI (10 mM Tris-HCI [pH 8.01, 
1 mM MgCIa, 10% glycerol, 10 mM 8-mercaptoethanol, 0.1 mM PMSF, 
10 PM Pepstatin, and 0.1 M  NaCI), and RNasin (Promega) was added 
to 10 U/ml. Cells were lysed by the addition of 1110 volume of 2% NP40 
in TMG-NaCI with constant stirring at 4OC for 30 min. The lysate was 
centrifuged in an SW41 rotor at 30K rpm (100 x g) for 60 min at 4OC. 
Supernatants were fractionated on a Bio-Gel A&m sizing column (Bio- 
Rad), and fractions possessing deletion-ligation activity were used in 
the experiments. Extracts were stored under liquid nitrogen. 

Radiolabeling 
DNA oligonucleotides were synthesized on an Applied Biosystems 
DNA Synthesizer and purified by polyacrylamide gel electrophoresis. 
5’ end-labeling with [T-3*P] ATP (7000 Cilmmol; ICN) was performed 
by the procedure of Zarbl et al. (1985). Oligos were labeled at the 3’ 
end with 5’ [a-3*P]ddATP (3000 Cilmmol; Amersham) by mixing 3 
pmol 5’ [a-3zP]ddATR 10 pmol oligo, and 48 U terminal deoxyribonu- 
cleotidyl transferase (IBI) in cobalt buffer (IBI) and incubating at 37OC 
for 30 min. The reaction was stopped by the addition of EDTA to a final 
concentration of 20 mM. The radiolabeled oligos were separated from 
unincorporated triphosphates by running the reaction mixture on a 
Cfs column (Waters Associates) and eluting with 50% methanol. 

In Vitro Reactions 
To assay for deletion and rejoining activity, 3-5 ng radiolabeled oligo- 
nucleotide per reaction was lyophilized to dryness and resuspended 
in 9 pl of a,solution containing 50 &g/ml of the same oligo, unlabeled, 
and 50 pglml of the unlabeled complementary oligo. Complementary 
strands were annealed by heating to 90°C and incubating at 37OC for 
at least 15 min. The annealed oligos were then mixed with an ATP- 
regenerating system and Tetrahymena extract to yield a reaction mix- 
ture containing 3% PEG 6000, 1 mM spermidine, 0.1 mM spermine, 
4 mM ATR 10 mM phosphoenolpyruvate, 60 Kg/ml pyruvate kinase 
(Boehringer Mannheim), 42 mM HEPES (pH 7.8), 40 mM KOAc, 7 mM 
MgCIa, 0.1 ;mM EGTA, 0.8 mM DTT, and 20 ul extract in a final volume 
of 50 pl. The extract was made 0.1 mM in PMSF prior to addition to 
the reaction mixture, and was added to the mixture last to initiate the 
reaction. Samples were incubated at 30°C for 20 min. The reaction was 
stopped by the addition of 2 vol of 10 mM EDTA, 0.1 mglml tRNA, and 
0.~2 mglml proteinase Kin TE (10 mM Tris, pH 7.5, 1 mM EDTA), followed 
by incubation at 37“C for at least 1 hour. Samples were extracted with 
an equal volume of phenol:chloroform, and the aqueous phase was 
prectpitated in 0.3 M  NaOAc and 95% ethanol. 

Gel Electrophoresis 
Pellets were resuspended in a loading buffer consisting of 90% forma- 
mide, lx TBE (89 mM Tris-borate, 89 mM boric acid, 2 mM EDTA [pH 
S.O]), and 0.02% xylene cyanol, and were run on 40 cm 12% polyacyla- 
mide 8 M  urea sequencing gels. The running buffer was 0.6x TBE. 
Gels were run at 1500-1800 V for approximately 3 hr, until the xylene 
cyanof FF dye had migrated 20 cm. Following electrophoresis, gels 
were dried onto Whatman 3MM paper and autoradiographed at 
-8O?C with a DuPont Cronex Lightning-Plus intensifying screen. 

Quantitative Analysis of Reaction Products 
A standard IES reaction was performed at 30°C for 20 min with 5’ 
end-labeled oligo 2. Products were phenol extracted, ethanol precipi- 
tated, and run on a 12% polyacrylamide sequencing gel. Bands corre- 
sponding to the reaction products and the input band were cut out of 
each lane, emersed in Omnifluor (Du Pant)-toluene scintillation fluid, 
and the radioactivity counted. A patch of gel lane with ~no products was 
taken as background and subtracted from all measurements. 

Phosphatase Treatment 
Following ethanol precipitation, samples were resus,pended in HzO. 
One-third of the total volume was mixed with 1 U of calf intestinal alka- 
line phosphatase (Boehringer Mannheim), 50 mM 6is (pH 9.0) 1 mM 
MgCls, and 1 mM spermidine (Maniatis, et al., 1982) and incubated at 
37oC for 30 min. Reactions were stopped by the addition of one-tenth 
volume of 200 mM EDTA, and samples were precipitated in 0.3 M  
NaOAc and 95% ethanol. 

Isolation of Deletion-Ligation Products for Sequcmcing 
Preparative polyacrylamide gels were run as described above, but 
were not dried down prior to autoradiography. Using the autoradio- 
grams as a guide, bands were excised from the gels and eluted in 100 
pl TE with 10 ug tRNA at 3PC for 1 hr. The eluate was removed from 
the gel fragments, mixed with 1 pg calf thymus DINA and ethanol 
precipitated. The DNA pellet obtained was resuspended in Ha0 for 
sequencing according to the method of Maxam and Gilbert (1980). 

Blotting and Hybridization 
Products run on polycrylamide gels were blotted onto Nytran filters 
(Schleicher & Schuell) using an IBI model HBS Electroblotter. Blotting 
was conducted at 25 V, 0.35 amps at 4°C overnight. The running buffer 
was 0.6x TBE. Filters were baked under vacuum at 80°C for 2 hr. 
Filters were prehybridized and hybridized at 37X using the conditions 
described by White et al. (1988), except that 0.5 mglml fish sperm DNA 
was used in place of the 1 mglml bovine serum albumin. The probe 
was oligo P2 5’ end-labeled with [y-32P]ATP as alescribed above. 
Filters were washed in 2x SSPE (0.36 M  NaCI, 20 mM NaHaP04, 
HzO, 2 mM NaaEDTA, 16 mM NaOH), 0.1% SDS (Wlhite et al., 1988) 
and autoradiographed as described ,above. 

Preincubation Experiments 
Extracts thawed from storage in liquid nitrogen were mixed with acock- 
tail containing all the components of the reaction except the oligonucle- 
otide substrates, and incubated for 20 min under the conditions to be 
tested. Reactions were then initiated by the additioln of oligonucleo- 
tides which had been radiolabeled and annealed as described above. 
Reactions were conducted at 30°C for 20 min. For testing the effect 
on activity of preincubation at different temperatures, the preincuba- 
tion mixes were held at the stated temperature for 2!0 min, then kept 
on ice for no longer than 1 hr before adding oligonucleotides to initiate 
the reaction. ~Test preincubations with nucleases were done using the 
same procedure, but with addition to aliquots of the preincubation mix 
of either’RNAa& A at different concentrations (l-100 uglml final con- 
centration), or micrococcal nuclease (3 or 30 U/ml final concentration) 
plus Ca2+ to 1 mM final concentration. Control preincubation reac- 
tions contained ,appropriate inhibitors that were added prior to nu- 
clease additibn:!RNasin (120 U; Promega) for the RNAase A reactions, 
and EGTA to 25mM for the micrococcal nuclease re;actions. Inhibitors 
were added to the test reactions after preincubatiort. 
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