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In ciliates, the development of the somatic macronucleus involves the programmed excision of thousands of
internal eliminated sequences (IES) scattered throughout the germ line genome. Previous work with Tetrahy-
mena thermophila has suggested that excision is initiated by a staggered double-strand break (DSB) at one IES
end. Nucleophilic attack of the other end by the 3’OH group carried by the firstly broken chromosome end
leads to macronuclear junction closure. In this study, we mapped the 3'OH and 5'PO, groups that are devel-
opmentally released at Paramecium IES boundaries, which are marked by two conserved TA dinucleotides, one
of which remains in the macronuclear genome after excision. We show that initiating DSBs at both ends gen-
erate 4-base 5’ overhangs centered on the TA. Based on the observed processing of the 5'-terminal residue of each
overhang, we present a new model for the precise closure of macronuclear chromosomes in Paramecium
tetraurelia, different from that previously proposed for Tefrahymena. In our model, macronucleus-destined
broken ends are aligned through the partial pairing of their 5'-nTAn-3’ extensions and joined after trimming

of the 5’ flaps.

Recombination processes involving the cutting and rejoining
of DNA molecules have been found in a wide range of organ-
isms, and two types of molecular mechanisms have been doc-
umented (reviewed in reference 5): conservative site-specific
recombination, leading to the deletion/insertion or inversion of
DNA sequences, involves the transient formation of covalent
protein-DNA intermediates, while other reactions, such as the
transposition of most class II transposons, generate DNA in-
termediates. Ciliates provide attractive models for the study of
programmed DNA rearrangements and their regulation, be-
cause their entire genome is remodeled at each sexual cycle
(reviewed in references 13 and 34). In addition, these events
can be induced experimentally following cell starvation (see,
e.g., reference 30 for the Paramecium aurelia group of species).
The molecular mechanisms involved in the rearrangements,
however, remain largely unknown.

A characteristic feature of ciliates is the presence, within the
same cytoplasm, of two structurally and functionally different
nuclei. The highly polyploid macronucleus, also called the so-
matic nucleus, controls the cell phenotype but is lost at each
sexual reproduction event. In contrast, the germ line diploid
micronucleus undergoes meiosis and transmits its genome to
the zygotic nucleus of the next sexual generation. Following
two mitotic divisions of the zygotic nucleus, two nuclei become
the new micronuclei. The other two differentiate into develop-
ing new macronuclei (anlagen), in which genome amplification
and reproducible DNA rearrangements take place. The germ
line chromosomes are fragmented into macronuclear chromo-
somes, which are healed by the addition of telomeric repeats:
in some ciliates, such as Paramecium and, to a lesser extent,
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Tetrahymena thermophila chromosome fragmentation is asso-
ciated with the imprecise elimination of germ line sequences.
Furthermore, internal eliminated sequences (IESs) are excised
from the chromosomes. Paramecium 1ESs are short (26 to 882
bp), noncoding, AT-rich, single-copy sequences present within
coding and noncoding regions of the germ line genome (re-
viewed in reference 10). Their number has been estimated to
be around 50,000 to 65,000 per haploid genome (8). Each IES
is flanked by two 5'-TA-3" dinucleotides, one of which remains
in the chromosome after excision. A degenerate consensus
sequence (5'-TAYAGYNR-3"), including the TA dinucleotide
(underlined), is loosely conserved as an inverted repeat at IES
ends (16). This motif is similar to the ends of Tc/mariner
transposons and of “TA” IESs identified in some other ciliates
(12). It has therefore been proposed that “TA” IESs have
evolved from ancient transposons (17). Consistent with this
hypothesis, putative transposable elements have been identi-
fied in the germ line genome of P. aurelia and Euplotes crassus,
and their ends exhibit strong similarity to those of “TA” IESs
(reviewed in references 13 and 22).

As a first step toward understanding the mechanism of IES
excision, putative intermediate products were characterized in
P. tetraurelia (2). Abundant double-stranded circular forms
were detected for IESs longer than 200 bp. These excised
circles accumulate after the massive elimination of chromo-
somal IESs and are then rapidly degraded (10). In these mol-
ecules, IES ends are precisely joined by one copy of the TA
dinucleotide. The structures of the circular and macronuclear
junctions suggest that the flanking TA dinucleotides are the
target sites for the DNA cleavages initiating IES excision. A
similar hypothesis was proposed for Euplotes “TA” IESs (18),
but in neither species have DNA cleavage sites been mapped at
the nucleotide level. For Tetrahymena 1ESs, however, whose
structure differs from that of “TA” IESs (reviewed in reference
34), convincing evidence was obtained that excision is initiated
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at either boundary by a double-strand break (DSB) producing
4-base 5’ overhangs and 3’ recessed ends terminated by an
adenosine residue (27, 29). Formation of the macronuclear
junction and excision of a linear molecule was proposed to
result directly from the nucleophilic attack of the other bound-
ary by the free 3'OH group carried by the broken chromosome
end (28).

In the present report, we describe time course analyses of
the specific developmental DNA breaks introduced at IES
boundaries in starved cultures of P. tetraurelia undergoing au-
togamy, which is a self-fertilization event (31). Focusing on
four IESs, we show that staggered DSBs generate free 5'PO,
and 3'OH groups at both sides of the TA dinucleotide marking
each boundary. These DSBs carry 5’ overhangs and are pro-
duced early during macronuclear development, prior to the
formation of IES circles. Based on these data, we discuss a new
model in which IES excision is initiated by a DSB at each
boundary, which generates 4-base overhangs centered around
the TA. We propose that the precise closure of macronuclear
junctions relies on a repair step involving alignment and pro-
cessing of the broken chromosome ends. Similarly, IES circles
could result from intramolecular joining of the ends of linear
excised products.

MATERIALS AND METHODS

P. tetraurelia strains, growth conditions, and DNA extraction. Two indepen-
dent, fully homozygous derivatives of P. tetraurelia strain 51 were used: 51 new,
carrying the wild-type 4%/ gene, was obtained from a cross between wild-type
strain 51 and an isogenic strain carrying the AIM2 mutation in A°/ (21), and 51
Gonzales is generated by two successive backcrosses resulting in the reintroduc-
tion of the A° allele into the standard laboratory strain d4.2, which is largely
isogenic with 51 but carries the 42’ allele. All experiments were repeated in both
genetic backgrounds, and no difference was noted between the two strains. For
time course analyses (2), each strain was grown at 27°C and autogamy was
monitored by 4',6-diamidino-2-phenylindole (DAPI) staining of cells. The t = 0
time point was chosen as the time when the percentage of autogamous cells
reached 96% for 51 new and 89% for 51 Gonzales. Att = 20 h, fresh medium was
added to the cultures to facilitate the progression of macronuclear development.
A detailed description of the cytological states of the cultures can be found at
http://www.biologie.ens.fr/perso/emeyer/paramecium.html. Total genomic DNA
was extracted from 400-ml aliquots of the cultures, with a proteinase K treatment
preceding the phenol extraction step (7). Aliquots of total DNA were treated
with 20 pg of RNase A per ml for 30 min at 37°C and quantified by ethidium
bromide staining of 1% agarose gels. Electrophoresis, Southern blotting, 3P
labeling of primers and PCR fragments, and hybridization procedures were as
described, except that 8 pg of total genomic DNA was loaded in each lane.

Enzymes and standard procedures. Restriction enzymes, T4 polynucleotide
kinase, and terminal deoxynucleotidyltransferase (TdT) were purchased from
New England Biolabs and used as recommended by the supplier. The sequenc-
ing-grade Tag buffer (50 mM Tris [pH 9], 2 mM MgCl,) was used for PCR
amplification and primer extension in LMPCR assays, using the sequencing-
grade Tag DNA polymerase (Promega) (see below). PCR amplifications were
performed in 25 pl of 1X DyNAzyme buffer, with 10 pmol of each primer, 5 nmol
of each deoxynucleoside triphosphate (ANTP) and 1 U of DyNAzyme II DNA
polymerase (Finnzymes). The standard program was run on a Techne thermal
cycler: 2 min at 95°C, 30 to 35 cycles of 1 min at 95°C, 1 min at the appropriate
annealing temperature, and 1 min at 72°C, followed by a final step of 3 min at
72°C. The PCR products were analyzed on 3% NuSieve GTG agarose gels
(BioWhittaker Molecular Applications).

Oligonucleotides and linkers. Gel-purified or HPSF oligonucleotides were pro-
vided by MWG Biotech or Genaxis. The sequences of all Paramecium-specific
primers can be found at http://www.biologie.ens.fr/perso/emeyer/paramecium
.html. Other oligonucleotides were I (5'-GCTCGGACCGTGGCTAGGATTA
GTG-3'), J (5'-CACTAATGCTA-3'), I' (5'-GCTCGGACCGTGGCTAGCAT
TAGTC-3'),J" (5'-GACTAATGCTA-3"), and derivatives of J' carrying various
4-base 5" extensions. Anchor primers were 5'-GCTCGGACCGTGGCTAGCA
TTAGTGAGT-3' carrying 16-base poly(dG), poly(dC), or poly(dT) 3" extensions.
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Linkers (20 pmol/pl) were prepared as indicated (24), and the denaturation
and cooling steps were 5 min at 95°C, 10 s at 70°C, and a slow decrease to 4°C
at a rate of 1°C/min.

We performed 5’ labeling at 37°C for 30 min with a final volume of 10 wl
containing 10 pmol of primer, 5 U of T4 polynucleotide kinase, and 10 pmol of
[v-*PJATP (2,500 mCi/mmol [Amersham]). Primer extension reactions were
performed with a final volume of 25 pl of 1x Taq buffer with 0.5 pmol of 33P-
labeled primer, 5 nmol of each dNTP, and 1 U of sequencing-grade Tag DNA
polymerase. The program used was 2 min at 95°C, 1 to 10 cycles of 1 min at 95°C,
1 min at the annealing temperature, and 1 min at 72°C, followed by a final
incubation for 3 min at 72°C. Primer extension products were analyzed on 6%
polyacrylamide-7 M urea sequencing gels (26).

DNA-sequencing reactions were performed manually using the finol DNA
cycle sequencing system (Promega) and **P-labeled primers. Alternatively, sam-
ples and primers were sent to MWG Biotech AG for automated Value Read
sequencing. All sequencing templates were amplified from agarose gel slices
or, for some primer extension products, from dried sequencing gels following
an overnight elution at 37°C in 10 mM Tris(pH 8)-1 mM EDTA-0.5 M
CH;COONa-0.2% sodium dodecyl sulfate.

Tailing of 3’ ends. Genomic DNA (1.14 pg) was tailed with TdT in the pres-
ence of 16 uM dGTP or dCTP (or 1.6 pM dATP) by a procedure adapted from
reference 27. Ethanol-precipitated tailed DNA was annealed as described with
32 pmol of the appropriate anchor primer in 40 pl of 1X DyNAzyme buffer con-
taining 10 nmol of each ANTP. A 5-pl volume of 1X DyNAzyme buffer contain-
ing 10 pmol of primer I, 10 pmol of a specific primer, and 1 U of DyNAzyme was
added to 20 pl of the annealing mix. After 1 min at 50°C and 3 min at 72°C, PCR
and primer extension were carried out as indicated above, with a 3-min extension
time to favor the replication of polynucleotide tails.

Detection of free 5'PO, ends. Ligation-mediated PCR (LMPCR) was per-
formed as described previously (29). A 5-pmol portion of specific primer 1 was
annealed to 1.14 pg of genomic DNA in 1X sequencing-grade Taq buffer. The 5
U of sequencing-grade Tag DNA polymerase and 40 nmol of each dNTP were
added for complementary-strand synthesis in a final volume of 200 ul. After
ethanol precipitation, nonphosphorylated linker I'/J" (or I/J) was ligated using 3
U of T4 DNA ligase (Promega). Ethanol-precipitated ligation products were
amplified by PCR with I (or I) and an internal primer.

Detection of DSBs. Nonphosphorylated linker I'/(nTAn)J’ (6 pmol) was li-
gated to 280 ng of genomic DNA, as described for the LMPCR experiment.
After inactivation of T4 DNA ligase for 20 min at 65°C, free linkers were
removed by purification through a QIAquick Spin Column (Qiagen Operon).
One-fifth of the purified reaction mixture was used for PCR amplification of the
ligated molecules, with I' and a second specific primer.

RESULTS

Free 3'OH groups are detected at IES boundaries at early
stages of macronuclear development. The presence of one TA
dinucleotide at the chromosomal and circular junctions cre-
ated by IES excision prompted us to look for developmental
DNA cleavages at IES boundaries. Macronuclear development
extends over two cell cycles separated by karyonidal division, at
which time the anlagen segregate between each daughter cell
(1). Previous studies with a limited number of synchronized
conjugating cells demonstrated that IESs are excised within
a defined time window, halfway through the first cell cycle
(2). These experimental conditions, however, do not provide
genomic DNA in sufficient amounts to allow the molecular
study of putative intermediates produced during the excision
process. We therefore used larger-scale starved cultures of
P. tetraurelia strain 51 undergoing autogamy to prepare total
genomic DNA at different time points throughout macro-
nuclear development, focusing mainly on the first cycle. This
increase in sample scale caused a slight loss in synchrony, as
indicated by the detection, for each time point, of cells at
different stages of macronuclear development (a supplemental
figure is provided at http://www.biologie.ens.fr/perso/emeyer
/paramecium.html). However, since the progression of autog-
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FIG. 1. Detection of free 3'OH groups at IES boundaries. (A)
Maps of IESs 51A6649 and 51G4404. IESs are shown in black. Oligo-
nucleotides are drawn as arrowheads, and hybridization probes A (bp
9215 to 9584 in GenBank sequence 1.26124) and G (bp 7366 to 7601 in
GenBank sequence AJ010441) are indicated. (B) Timing of IES
51A6649 excision and circle degradation. A Southern blot of genomic
DNA from 51 new was hybridized with **P-labeled probe A and re-
vealed on a fluorimager imaging plate. V, vegetative cells (1,000 cells/
ml); S, starved vegetative cells (3,200 cells/ml); kar. div. karyonidal
division; chrom., chromosomal bulk; (C) Poly(dG) tailing of free 3’
ends for IESs 51A6649 and 51G4404. **P-labeled primer extension
products were separated on sequencing gels, and autoradiograms are
shown. Both DNA strands are drawn, with bold lines corresponding to
IESs and arrowheads symbolizing free 3’OH groups. Primers are
shown as arrows, with an asterisk marking those used for primer
extension. For 51G4404, only the results obtained for the left boundary
are shown. The distances between the 5" end of each primer and the
TA dinucleotide at the IES boundary are shown in each diagram. The
sizes of the primer extension products, estimated according to a se-
quencing ladder obtained from the same primers and run on the same
gel, reflect the additional contribution of the poly(dG) extension and
of the anchor primer used in the assay.

amy could be observed in the population of cells, the resulting
DNA preparations were used for all experiments described in
this study. Southern blot hybridization with IES probes (Fig.
1A and B and data not shown) confirmed our previous obser-
vations (2, 10) that IESs are first amplified within the bulk of
chromosomal DNA, excised, and accumulated as extrachromo-
somal molecules that are finally eliminated after karyonidal
division.

In a first approach, since no assumption could be made a
priori regarding the exact position or the nature of the breaks
(single or double stranded), we searched for free 3'OH groups
on each strand around the TA dinucleotides conserved at
IES boundaries. Genomic DNA was heat denatured to ex-
pose 3’ ends, and poly(dG) extensions were added with TdT.
Poly(dG)-tailed molecules were amplified by PCR, using an
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anchor primer carrying a poly(dC) 3’ tail and a second strand-
specific primer at each IES boundary. Nested primer exten-
sions allowed high-resolution analysis of the PCR products.
The results obtained for IES 51A6649 and the left end of
51G4404, located in surface antigen genes A°’ and G”’, respec-
tively (23, 25), are displayed in Fig. 1C. While no specific
primer extension product is detected in the vegetative controls
(V and S), the liberation of 3'OH groups is apparent during
autogamy, at each IES end and on both DNA strands. All free
3’ ends exhibit a similar timing of appearance for 51A6649 and
51G4404 (Fig. 1C and data not shown): they are detected early
in autogamous cells (¢ = 0), reach a peak when two anlagen are
revealed by DAPI staining (+ = 10 h), and then disappear.
Interestingly, the maximal level of free 3'OH ends is reached
approximately 10 h before the maximal accumulation of ex-
cised IES circles (¢ = 20 h). In addition, close examination of
the primer extension products reveals that a smear of bands
can be distinguished for each time point. This may reflect
either variations in the length of the polynucleotide tail added
to a defined 3’ end or alternative positions for the free 3'OH
groups used as substrates for tailing.

Sequences of the 3'-tailed products. To map precisely the 3’
ends to which the polynucleotide extension had been added,
the tailing was repeated with poly(dG), poly(dA), or poly(dC)
to avoid sequencing ambiguities due to the sequence context,
and the specific PCR products were sequenced. The results
obtained for IES 51G4404 are shown in Fig. 2. Starting from
inside the IES, unique positions were detected for the tailing of
the left and right ends, 1 nucleotide (nt) 5’ to the flanking
5'-TA-3' (Fig. 2A and B). On the macronuclear side of each
TA, however, a double peak is conspicuous on the sequence
chromatograms, at the site where the polynucleotide tail is
branched (Fig. 2A). Since no double peak was found when the
same extension was added to a control fragment of gene G”7,
precleaved with Asp718 at the macronuclear junction formed
after IES 51G4404 excision (Fig. 2C), we conclude that two 3’
ends are formed on the macronuclear side of the TA (Fig. 2B).
One of these is located 1 nt 5" to the TA, in a symmetrical
position relative to the unique 3’ end liberated inside the IES.
The additional end is immediately upstream from the TA. The
same analysis was performed for IES 51A6649, and, again, a
single free 3’ end was detected on the IES side of each TA
whereas two were found on the macronuclear side (Fig. 2B).

5'PO, groups are liberated at two alternative positions at
IES ends. The two free 3'OH groups detected on the macro-
nuclear side of the TA may be generated either by the cleavage
of one of two alternative phosphodiester bonds or by 3’-end
processing of one molecule cleaved primarily at a unique site.
To investigate this point, we first asked whether corresponding
5" ends could be detected on the macronuclear side of the TA
in an LMPCR. Genomic DNA from autogamous cells was heat
denatured, and one round of DNA synthesis was performed
from a primer specific for either end of IES 51G4404 (Fig. 3A).
A blunt-ended linker was ligated to the resulting blunt-ended
molecules, and specific ligation products were amplified by
PCR and used as substrates for primer extensions. High-reso-
lution analysis on sequencing gels (Fig. 3B) reproducibly re-
vealed a doublet of bands (U and L in panels I and II) for each
IES end at early stages of macronuclear development (t = 5 h
to t = 20 h). The maximum level was reached att = 15to 20 h
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FIG. 2. Mapping of the free 3’ ends at the boundaries of IESs
51G4404 and 51A6649. (A) Sequencing of the tailed products for
51G4404. DNA-sequencing chromatograms are shown except for the
top right panel, in which an autoradiogram of a sequencing gel is
presented. For the IES sides, poly(dC) was added to the left end and
poly(dG) was added to the right. Macronuclear sides were tailed with
poly(dA). All sequences were obtained with the t = 10 h sample (Fig.
1), but no significant difference was observed for other time points.
PCR and sequencing primers () are indicated on the diagrams. The
IES sequence is written in capital letters, and the flanking macro-
nuclear sequence is written in lowercase letters. Polynucleotide exten-
sions are underlined. (B) Localization of free 3" ends around the TAs
flanking IESs 51G4404 and 51A6649. The terminal nucleotides of IES
ends are displayed in capital letters, with the flanking TA in bold, and
the internal part of each IES is represented by a dotted line. Macro-
nucleus-destined sequences are written in lowercase letters. For
51A6649, PCR primers were A8 (IES left), A13 and nested primer Al4
(IES right), A12(2) (mac left) and A18(2) (mac right). Sequencing
primers were A7 (IES left), A15 (IES right), A11(2) (mac left) and
A17(2) (mac right). A sequence ambiguity (indicated by an asterisk) at
the right end of IES 51A6649 could not be resolved. (C) DNA se-
quencing chromatogram of the Asp718-precleaved DNA fragment,
carrying the macronuclear sequence of gene G/, tailed with poly(dA).
The fragment was mixed with DNA from starved vegetative cells prior
to TdT treatment. See panel A for the primers specific for the macro-
nuclear left side of the TA.

in the experiment in Fig. 3B, approximately 10 h before the
maximal accumulation of excised IES circles (¢t = 25 h in panel
IV). Additional primer extension products were detected (pan-
els I and II), but these were not reproducible and could not be
attributed to any specific molecule. Sequencing of the gel-
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FIG. 3. LMPCR detection of 5'PO, groups at the ends of IES
51G4404. (A) Strategy for the detection of free 5’ phosphorylated IES
ends. IES-specific primer 1 is annealed to denatured genomic DNA
and extended for complementary strand synthesis with sequencing-
grade Taqg DNA polymerase (dotted line). This enzyme often adds a
nontemplated extra A residue to the 3’ end of the newly synthesized
strand, which may restrict the efficiency of blunt-end formation (9), but
has a very low 5’-to-3" exonuclease activity. Thus, any ligation event re-
flects the existence of a free 5’ PO, group in the input genomic DNA.
Linker I'/J’ (in gray) is ligated to the resulting double-stranded end,
and the ligated molecules are amplified with I" and primer 2 (internal
to the IES). A *¥P-labeled IES-specific primer (marked with an aster-
isk) is used for primer extension or sequencing of the amplified ligation
product. Both DNA strands are drawn, with bold lines corresponding
to the IES and the free 5'PO, group symbolized by a circle. (B) Panels
I and II show autoradiograms of sequencing gels showing the primer
extension analysis of LMPCR products for IES 51G4404. Total geno-
mic DNA was extracted from a vegetative culture of 51 Gonzales (V:
1,000 cells/ml) or from autogamous cells. After addition of fresh me-
dium to an aliquot of the culture, the starved (lanes a) and refed (lanes
b) cells were analyzed in parallel at ¢ = 30 h and ¢ = 40 h. The sizes of
the primer extension products, estimated according to a sequencing
ladder run in parallel, correspond to the sum of the length of oligo-
nucleotide I" from the linker (25 bp) and of the distance separating the
primer 5" end and the linker ligation site at the IES boundary (shown
in each diagram). For each end, the upper band (U, and U,) of the
doublet represents the detection of a 5'PO, group one nucleotide 5’ to
the TA on the macronuclear side (see also panel C), whereas the lower
band (L, and L) corresponds to the 5’ terminal TA. As a control, the
free 3'OH groups on the macronuclear side of the left TA were
revealed by poly(dG) tailing and primer extension analysis: an auto-
radiogram of the resulting sequencing gel is shown in panel III (see
Fig. 1 for details of size determination). Excised IES circles (222 bp)
were detected by Southern blot hybridization of an agarose gel with
32P-labeled probe G (panel 1V) (Fig. 1). (C) Mapping of the free
5'PO, groups at IES 51G4404 ends. See the legend to Fig. 2B.
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FIG. 4. DSBs at IES boundaries during macronuclear development. (A) Structure of the putative DSBs deduced from the mapping of
individual 3" and 5’ ends. The macronuclear side of the TA is represented by white squares, while IES-specific nucleotides are drawn as black
squares. (B) Strategy used for DSB detection. Linker I'/(nTAn)J’ (in gray) is ligated to genomic DNA. Pairing of the nonphosphorylated
5'-nTAn-3" extension aligns the 3’ end of I with the 5’ protruding end of the genomic DNA and allows their ligation. The ligated strand is
amplified with I' and specific primer 1. A **P-labeled primer (marked with an asterisk) is used for primer extension of PCR products. The 5'PO,
residue involved in ligation is drawn as a circle, and bold lines represent IES sequences. The same strategy applies to macronucleus-destined ends.
(C) Assay for the specificity of ligation of linkers I'/(ATAC)J’ (designed for the detection of IES ends) and I'/(GTAT)J" (designed for the
macronucleus-destined ends) to the IES and macronucleus-destined ends at the right boundary of 51G4404. The sequence of the boundary and
the position of the predicted type I cleavage are displayed at the top of the panel. Ethidium bromide-stained agarose gels of the PCR products
amplified from linker ligation reactions using the 51 Gonzales t = 10 h sample are shown (Fig. 3B), with the IES end amplified from primer G15
and the macronucleus-destined end from G19 (see panel D). The 4-base extension of the linker used in each reaction is indicated below the
corresponding lane. (D) Time course analysis of DSBs at the boundaries of IES 51G4404. Macronuclear development was monitored during
autogamy of 51 Gonzales (Fig. 3B). Linker ligation products were amplified by PCR using the specific primers diagrammed on the right of each
panel and detected on ethidium bromide-stained agarose gels. Relevant size markers from a 1-kb DNA ladder (Gibco-BRL) are indicated on the
left of each panel. The size of each PCR product corresponds to the distance separating the 5" end of the primer from the corresponding IES
boundary (displayed on each diagram) plus the size of primer I' (25 bp) from the linker.

purified doublets confirmed that ligation of the linker occurred
at two alternative positions on each strand, 1 nt upstream of
(U) or immediately 5’ to (L) the TA (Fig. 3C). Since the linker
was not phosphorylated, any ligation event observed in these
experiments is strictly dependent on the presence of free
5'PO, groups on the genomic DNA. These 5'PO, groups were
detected at the same time points as the 3" ends liberated on the
same strand (Fig. 3B, panel 111, and data not shown). In addi-
tion, a comparison with Fig. 2B reveals that the positions of the
5" and 3’ ends coincide, which suggests that one of two con-
secutive phosphodiester bonds can be hydrolyzed alternatively
on the macronuclear side of the TA.

Developmental DSBs at IES boundaries. We asked whether
the developmental breaks detected on each strand could be
introduced on the same DNA molecule, thus generating DSBs.
According to the mapping of free ends on the macronuclear
side of each TA, two structures may be proposed for the
staggered ends generated by putative DSBs (Fig. 4A). In type
I DSBs, symmetrical 4-base 5’ overhangs centered on the TA
are created at the ends of macronucleus-destined and IES
sequences. In contrast, when compared to each other, the two

3-base 5" overhangs generated by type II DSBs at the macro-
nucleus and IES-destined ends are asymmetric relative to the
TA: at IES ends, the free 5'PO, group is located on the T
residue of the conserved dinucleotide, while at macronucleus-
destined ends an additional residue is present 5’ to the TA. In
a first approach, we searched directly for type I DSBs by using
a strategy based on the ligation of linkers carrying 5’ protrud-
ing ends complementary to the predicted free ends, followed
by PCR amplification of the resulting ligation products (Fig.
4B). Linkers with 4-base 5’ overhangs were designed to hy-
bridize to the type I DSBs predicted for IES 51G4404: linker
I'/(ATAC)J" is complementary to both IES ends, and linker
I'/(GTAT)J’ is complementary to the macronucleus-destined
ends. In the assay, because the 5" overhangs of the linkers are
not phosphorylated and cannot be ligated, the detection of
PCR products reflects ligation, on one strand only, of the 3’
end of oligonucleotide I' to the phosphorylated free 5" end of
the DSB. In addition, a control experiment confirmed that
ligation is strictly dependent on correct pairing between the
4-base extension of the linker and the 5’ overhang of the DSB,
since no signal was obtained for IES ends when the macronu-
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FIG. 5. DSBs at IES boundaries generate 3- and 4-base overhangs. (A and B) Primer extension and sequencing analysis of the linker ligation
products obtained for IESs 51A6649 (A) and 51G4404 (B). Genomic DNA from autogamous 51 new at ¢ = 10 h (Fig. 1B) was ligated to linkers
I'/(GTAG)J' (IES ends) or I'’/(CTAC)J’ (mac ends) for 51A6649 and to I'/(ATAC)J’ (IES ends) or I'/(GTAT)J' (mac ends) for 51G4404. The
positions of all primers are shown on the diagrams, with an asterisk marking those used for primer extension and sequencing. IES sequences
(capital letters) are represented by thick lines, and flanking macronuclear sequences (lowercase letters) are represented by thin lines. All **P-
labeled primer extension products were analyzed on sequencing gels and revealed by autoradiography. Sequencing chromatograms (for 51A6649)
or sequencing gels (for 51G4404) are shown for the left boundary of each IES. The sequence of the strand complementary to the one on which
ligation has taken place is displayed above each panel, with the major sequence in bold and the linker underlined. Product U corresponds to linker
ligation on the nucleotide 5’ to the TA, while L corresponds to ligation on the T residue (each circled L represents the unexpected major ligation
product observed for the macronucleus-destined ends). (C) Ligation reactions leading to products U and L, with the linker in gray and Paramecium
genomic DNA ends in white. (D) LMPCR detection of free 5'PO, groups on the IES side of the TA, at the left boundary of IES 51G4404. The
AspT718-precleaved control fragment was mixed with DNA from vegetative cells, and genomic DNA samples were as in Fig. 3. The experimental
strategy was as for Fig. 3A, except that linker I/J and primers hybridizing within macronuclear flanking sequences were used. An autoradiogram
of the sequencing gel used for the detection of primer extension products is shown, with the positions of size markers (from a sequencing ladder)
indicated on the left. In this experiment, bands U and L were labeled following the same rule as in Fig. 3B and correspond to the same positions
as linker ligation products U and L, respectively, detected at macronucleus-destined ends in panel B. Their observed sizes are consistent with the
estimation of the distance separating the 5’ end of the primer from the IES boundary (indicated on the diagram), incremented by the 25 bp from
linker primer I.

cleus-specific linker was used, and vice versa (Fig. 4C). A time
course analysis revealed that, specifically during macronuclear
development, DSBs are produced both at macronucleus-des-
tined and IES-specific ends, for IES 51G4404 (Fig. 4D), with
the same timing as individual 3'OH and 5'PO, free ends on
each strand (Fig. 3B). Identical results were obtained for IES
51A6649 (data not shown). To search for type II DSBs, we
reasoned that they could be distinguished from type I DSBs by
the 5’ residue present at the IES ends (Fig. 4A). Therefore, we
used linker I'/(ATA)J’, specific for the type II IES ends pre-
dicted for 51G4404, and, indeed, detected specific PCR prod-
ucts (not shown). Thus, type I and II DSBs are found at the
boundaries of Paramecium 1ESs and accumulate approxi-
mately 10 h before the circular excised molecules do.
Unexpected 3-base 5’ overhangs are formed at macronucle-
us-destined ends. To check the correct ligation of the linkers,

the PCR products obtained for IESs 51G4404 and 51A6649
were analyzed by primer-extension and sequencing. The de-
tection of primer extension products on high-resolution se-
quencing gels followed the same timing as observed for ethid-
ium bromide-stained PCR products (data not shown). For
each type I DSB, two labeled bands (U and L) were identified
(Fig. 5A and B), and their relative amounts remained essen-
tially constant throughout macronuclear development (data
not shown). Direct sequencing of the PCR products revealed
two mixed sequences, shifted by 1 base relative to each other,
that correspond to the two primer extension products U and L
(Fig. 5A and B). For IES ends (top panels), major band U
reflects ligation of the linker to the terminal base of the pre-
dicted 4-base 5’ overhang while band L results from ligation
immediately 5’ to the TA, which, for a 4-base linker, has to
occur through a 1-nt gap (Fig. 5C). For IES 51G4404, these
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two positions are in agreement with the data obtained from the
LMPCR analysis of individual 5’ free ends on the macro-
nuclear side of the TA (Fig. 3C) and the structure of product
L is consistent with the direct detection of type II DSBs at IES
ends with linker I'/(ATA)J’ (data not shown). Strikingly, for
macronucleus-destined ends, although the expected 4-base ex-
tensions can also be detected (band U), the major primer
extension product is band L (Fig. 5A and B, bottom panels),
with, perhaps, the exception of the macronucleus-destined
right end for IES 51A6649. Sequencing analysis confirms that
band L corresponds to ligation of the 4-base linker 5’ to the TA
and, again, involves the formation of a gapped ligation inter-
mediate. Taking into account that ligation through a 1-nt gap
is probably less efficient than ligation to a fully complementary
4-base overhang, we conclude that most of the DSBs detected
with the type I linker at macronucleus-destined ends exhibit
a 5’ terminal TA dinucleotide. Moreover, no ligation prod-
uct was obtained with linkers I'/(ATAC)J’ (Fig. 4C) and
I'/(ATAT)J’ (data not shown) on the macronucleus-destined
ends released at the boundaries of IES 51G4404. Therefore,
the 5'-terminal nucleotide of the linker has to pair with a facing
complementary nucleotide, located on the macronuclear side
of the TA on the single-stranded extension of the DSB, to
allow ligation of oligonucleotide I' through a 1-nt gap [which is
the major event observed with linker I'/(GTAT)J’ in Fig. 4C].
Thus, most macronucleus-destined ends detected by the liga-
tion of 4-base linkers exhibit a 3-base recessed 3'OH end and
a 5’-TAN overhang. This was totally unexpected since, in both
type I and II DSBs, macronucleus-destined ends should carry
an additional base 5’ to the TA (Fig. 4A).

To confirm the data obtained in the linker ligation assay for
the macronucleus-destined broken ends, we used LMPCR
(Fig. 3) to search for individual 5'"PO, ends on the IES side of
the TA, at the left boundary of IES 51G4404. Because primers
hybridizing to the flanking macronucleus-destined sequences
were used in this experiment, we observed quite a high back-
ground of macronucleus-specific bands, probably due to the
presence of large amounts of macronuclear DNA in our prep-
arations (the macronucleus is ~800N in P. tetraurelia), as was
also noted by other authors who used the same technique with
Tetrahymena (29). Two developmental LMPCR products were
detected, whose lengths differed by 1 nt (Fig. 5D). As judged by
its relative mobility compared to an Asp718-precleaved con-
trol, which exhibits an additional base 5’ to the TA, we con-
clude that the major, faster-migrating LMPCR product (band
L) lacks this additional nucleotide and corresponds to ligation
on the 5" T residue.

Taken together, the results obtained with IES 51G4404 and
51A6649 indicate that on the IES side of the TA, only the
minor 5'PO, group coincides with the unique 3'OH free group
detected by TdT extension whereas the major 5'PO, group
liberated on the T residue (circled L in Fig. 5) does not colo-
calize with any detectable 3'OH end (Fig. 6A). In an attempt
to generalize this intriguing observation, we examined two
other IESs, 51A-712 (25) and 51A-4814 (GenBank accession
no. AY228755 [J. Forney and E. Snodderley, personal com-
munication]), located upstream from the A4°’ gene. Linkers
carrying 4-base 5’ extensions [I'/(GTAT)J’ for 51A-712 and
I'/(TTAC)J' for 51A-4814] were used to analyze the macro-
nucleus-destined protruding ends generated at the left bound-
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FIG. 6. Analysis of the free ends detected at the boundaries of IESs
51G4404, 51A6649, 51A-712, and 51A-4814. (A) Localization of free
3'0OH and 5'PO, groups at the boundaries of IESs 51G4404 and
51A6649. Nucleotides on the macronuclear side of each TA are in
lowercase letters, and those on the IES side are in capital letters. Mi-
nor positions for free ends are indicated by thin dotted lines, and major
positions are indicated by bold lines. For clarity, the putative additional
3’ end corresponding to a sequence ambiguity at the 51A6649 right
boundary has been omitted (Fig. 2B). (B) Linker ligation to the ma-
cronucleus-destined ends formed at the left boundaries of IESs 51A-
712 and 51A-4814. Autoradiograms of sequencing gels detecting prim-
er extension products obtained from 51 new at t = 10 h (Fig. 1B) are
shown for each IES, with the primers drawn as in Fig. 5. The structure
of the linker ligation intermediates is shown on the right of each panel,
with the linkers in gray and the macronucleus-destined ends in white.
Bands U and L are labeled as in Fig. 5B, with the major product
designated by a bold letter.

ary of each IES. The pattern observed for IES 51A-712 was
similar to those described for 51G4404 and 51A6649: the ma-
jor product corresponded to linker ligation to a 3-base exten-
sion, 5" to the TA on the IES side (Fig. 6B). In contrast, the
predicted 4-base extension was clearly detected for IES 51A-
4814 and represented the most abundant ligation product.

To take these data into account, two positions may be pro-
posed for the initial cleavage introduced on the IES side of the
TA. Cleavage 5’ to the TA could generate the major 5'PO,
group observed at macronuclear ends for IESs 51A6649,
51G4404 (Fig. 5A and B), and 51A-712 (Fig. 6B). However,
this hypothesis alone cannot explain the presence of an addi-
tional 5'-terminal base (originating from inside the IES) on the
macronucleus-destined 5’ overhang, which is detected for all
IESs tested, most conspicuously for IES 51A-4814 (Fig. 6B).
Indeed, this would require the addition of 1 nt to the cleaved
5" end, in an unlikely 3’—5" polymerization step. Therefore,
the existence of 5" extensions carrying an extra nucleotide 5’ to
the TA implies that at least on a fraction of the molecules,
initial phosphodiester bond cleavage takes place at an alterna-
tive position located 1 nt 5" to the TA on the IES side.

DISCUSSION

Excision of Paramecium IESs involves staggered double-
strand cleavage at both ends and DSB repair. The present
study demonstrates that early during macronuclear develop-
ment, double-strand cleavages producing 5" overhangs are in-
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troduced within 4 bp centered on the TA dinucleotide at each
IES boundary.

On the IES side of the TA, only the 5'PO, group located 1
nt 5’ to the TA coincides with the unique 3'OH free group
detected by TdT extension (Fig. 6A). As pointed out in Re-
sults, this position can readily be attributed to an initial cleav-
age releasing a 3’ end within the IES. The origin of the free
5'PO, group on the T residue is more difficult to interpret. It
could reflect an intrinsic ability of the excision machinery to
cleave one of two alternative phosphodiester bonds, as was
recently reported for the transposase-induced 3’ end cleavage
of the mariner element, Mosl (6). The corresponding 3’ end
would not be detected in our assay, perhaps because it does not
carry a OH group and/or because it is processed rapidly to
yield the unique 3'OH group observed at the other position.
However, although this possibility cannot be ruled out defini-
tively, it does not provide a straightforward explanation for the
smaller number of macronucleus-destined 5’ overhangs termi-
nated with a 5'-TA that are formed in the particular case of
IES 51A-4814 (Fig. 6B). Indeed, assuming that the excision
machinery cuts all IES ends in the same manner, we should
have observed similar cleavage patterns for all IESs, including
IES 51A-4814. Therefore, we rather favor a model in which an
initial cleavage is introduced mainly 1 nt 5’ to the TA on the
IES side and is followed by removal of the 5'-terminal nucle-
otide originating from inside the IES, to yield the 5’-phosphor-
ylated TA carried by the macronucleus-destined 5" end. As
discussed below, we propose that this 5'-processing step is
linked to the precise closure of the macronuclear junction and
does not take place with the same efficiency for all IESs (e.g.,
51A-4814). Analysis of IESs 51G4404 and 51A6649 reveals
that on the macronuclear side of each TA, free 5'PO, and
3'OH groups are released at two positions, 5’ of the TA and 1
nt upstream, again suggesting that one of two alternative phos-
phodiester bonds can be cleaved (Fig. 6A). Therefore, at this
stage of the discussion, two types of initiating DSBs may be
generated at IES boundaries: type I DSBs carry 4-base over-
hangs with a central TA, while type II DSBs exhibit asymmetric
3-base overhangs with a 5'-terminal TA at IES ends and an
extra residue 5’ to the TA at macronucleus-destined ends (Fig.
4A).

Models for IES excision can be grouped in two categories,
according to whether one or both boundaries are cleaved as
the initiating step (discussed in references 10 and 13). In the
first set of models, such as those proposed for Tetrahymena and
Oxytricha, excision starts with a DSB at one boundary, followed
by direct strand transfer to the second one, to form one strand
of the macronuclear chromosome junction (Fig. 7A). To ac-
count for the precise formation of Paramecium macronuclear
junctions, this type of model would impose strict constraints on
the positions of the two free 3’OH groups involved in the
strand transfer reaction. The nucleophile group should be on
the macronuclear 5’ side to the TA at the first cleaved bound-
ary: this could be achieved either by an initial type II cleavage
or by a partial fill-in of a macronucleus-destined 3’ recessed
type I end. Strand transfer should expose another 3’OH group
immediately 5’ of the TA at the second IES end, which is not
detected in our experiments (Fig. 6A). Therefore, our data
support an alternative mechanism, different from those previ-
ously proposed for Tetrahymena or Oxytricha, in which two
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FIG. 7. Model for IES excision in Paramecium. (A) Excision mod-
els involving one initiating DSB at a single IES end, based on those
proposed for Tetrahymena (28) and Oxytricha (33). In both models, the
upper strand of the macronuclear junction is formed following the
nucleophilic attack of the second boundary by the 3'OH group (white
arrowheads) liberated by the initiating DSB on the macronucleus-
destined end: this transesterification reaction is symbolized by an ar-
row. In the Tetrahymena model, second-strand cleavage releases a
linear excised molecule, whereas in the Oxytricha model, another trans-
esterification involving the first broken IES end generates a nicked
circle. Both IES strands are drawn as thick lines; thin lines represent
the flanking macronucleus-destined DNA. (B) Model for IES excision
involving a type I DSB at both ends and subsequent DSB repair. The
5’ nucleotide of each 4-base overhang is indicated by a circle. After
double-strand cleavage, broken chromosome ends (thin lines) align
within a junction repair intermediate (step 1), and the macronuclear
junction results from the processing of the 5’ flapped nucleotides (step
2), fill-in of the 3’ recessed ends (dotted lines in step 3), and ligation.
The ends of the linear excised IES (thick lines) may be joined within
a similar intramolecular intermediate to give the circles.

DSBs, one at each boundary, initiate the excision of Parame-
cium 1ESs (Fig. 7B). We propose that precise formation of the
macronuclear junction is achieved in a second step, within a
DSB repair intermediate, in which the left and right macronu-
cleus-destined protruding ends align through the pairing of
their conserved TA dinucleotides.

Chromosome healing through alignment and processing of
4-base overhangs. In the DSB repair intermediate proposed in
Fig. 7B for the closure of the chromosomal junction, the 5’-
terminal residue of each single-stranded extension of macro-
nucleus-destined ends (generated by either type I or II cleav-
ages), which originates from within the IES, would generally
not pair with its facing nucleotide (51G4404 in Fig. 8A). Join-
ing of the aligned chromosome ends would then require the
processing of each 5’ flapped nucleotide, prior to gap filling
from the recessed 3’ ends (for type I DSBs only) and ligation
(Fig. 7B). For IESs 51G4404 and 51A6649, the two 5'PO,, free
groups detected on the IES side of the TA and the two 3'OH
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FIG. 8. Processing of macronucleus-destined ends: a correlation
with their mispairing within the predicted junction intermediate.
(A) Structure of the predicted junction intermediates resulting from
the alignment of the two macronucleus-destined ends produced by
initiating double-strand cleavages at the boundaries of IESs 51G4404,
51A-4814, and 51A-712. The broken chromosome arms are drawn at
the top of the figure. In each junction intermediate, only the sequence
of their aligned 4-base 5’ overhangs is shown, with the 5’ terminal
residue represented by a black circle. The position and the relative
abundance of the free 5'PO, groups corresponding to products U and
L detected in the experiments shown in Fig. 5B and 6B are given.
(B) 3’ tailing of the right macronucleus-destined end for 51A-4814.
Poly(dC) was added to genomic DNA of 51 new at t = 10 h. The PCR
product amplified with primers -4814A6 and I was sequenced with
primer -4814A7 (marked with an asterisk). The resulting sequencing
chromatogram is shown (see the legend to Fig. 2).

free groups detected on the macronuclear side (Fig. 6A) would
reflect 5'- and 3'-processing intermediates of the macronucle-
us-destined broken ends and would fit nicely with this model.

The question remains whether type II DSBs result from the
processing of type I DSBs by the addition of 1 nt to the 3’
recessed macronucleus-destined ends (and the removal of the
5'-terminal nucleotide from the IES protruding ends) or
whether both types are produced directly, as alternative initi-
ating steps of IES excision. This second hypothesis would be
reminiscent of the alternative 5'-end cleavage previously re-
ported for some transposons (e.g., for the mariner-related
transposon Himarl [19, 20]). It is, however, not supported by
the data obtained for IES 51A-4814, for which cleavage site
mapping on the macronuclear side of the TA was based on the
analysis of free 3" ends, since the small size of this IES (28 bp)
does not allow the design of internal primers necessary for
LMPCR analysis of the corresponding free 5’ ends. As dem-
onstrated by TdT tailing, the 3" ends predicted for type I DSBs
are indeed largely predominant for this IES (Fig. 8B). There-
fore, assuming that the same initiating cleavages are intro-
duced at all IES boundaries by the excision machinery, we
propose that type I DSBs are the major initial products of the
reaction. For IES 51A-4814, type I DSBs would generate per-
fectly complementary 4-base overhangs (Fig. 8A) and no fill-in
of the macronucleus-destined recessed 3’ ends should be need-
ed prior to chromosomal junction closure. Our experimental
data are in full agreement with this prediction. Furthermore,
the most conspicuous ligation product obtained with the type I
linker I'/(TTAC)J’ on the left macronucleus-destined end of
IES 51A-4814 corresponds to the expected 4-base overhang
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(Fig. 6B). As stated above, this indicates that trimming of the
5'-terminal residue is reduced and confirms that this nucleo-
tide is able to pair with its facing residue within the junction
intermediate. Interestingly, processing of both strands is ob-
served even if a 5’ flap is formed on only one strand, as
demonstrated for IES 51A-712 (Fig. 6B and 8A), which sug-
gests that the reaction is symmetrical on both strands.

Fate of excised IESs. The present study indicates that the
cleavages at IES boundaries are detected early: between ¢ =
0 h and r = 20 h, with a maximum at ¢+ = 10 h, for the
experiment in Fig. 1 (strain 51 new), and between ¢ = 0 h and
t = 30 h, with a maximum at # = 15 to 20 h, for the experiment
in Fig. 3 (strain 51 Gonzales). These relatively large time win-
dows most probably reflect the imperfect synchrony of macro-
nuclear development observed in a population of autogamous
cells. Previous time course analyses of IES excision have re-
vealed that excised IESs longer than 200 bp accumulate as
circular molecules (2, 10). Here, the accumulation of IES cir-
cles is observed 5 to 10 h following the maximal detection of
initiating DSBs (Fig. 1 and 3). However, 70% of the known
IESs are shorter than 80 bp, which is hardly compatible with
the formation of double-stranded circles. Therefore, IES cir-
cles may be only secondary excision products. Indeed, previous
Southern blot analysis of genomic DNA from autogamous cells
provided evidence that for IESs larger than 200 bp, molecules
with the size expected for linear IESs are detected at early
stages of macronuclear development (2, 10). Close examina-
tion of the blot shown in Fig. 1B indicates that for IES
51A6649, release of the putative linear excised form and IES
end cleavage occur within the same time window. Therefore,
although a second and later pathway of direct circle excision
may not be ruled out definitively, the primary products of
excision could be linear molecules carrying 4-base 5’ overhangs
(Fig. 7B). They may then be degraded or converted into more
stable circles through the intramolecular alignment of their 5’
protruding ends within a circular junction intermediate similar
to the one proposed for the healing of chromosomal junctions.
According to this model, only the 3’0OH and 5'PO, groups
detected 1 nt 5" to the TA on its macronuclear side would be
generated by an initial phosphodiester bond cleavage. Follow-
ing this initial step, the free 3'OH and 5'PO, groups observed
5’ to the T residue would be produced by two distinct events:
gap filling within the macronuclear junction intermediate
would create the corresponding 3" end, while the 5’ end would
result from processing of the 5’ overhangs within the circular
IES junction intermediate. The lower efficiency of 5’ process-
ing at IES ends relative to macronucleus-destined ends (Fig.
5A and B) suggests that circle formation is less efficient than
chromosome end alignment, perhaps because of structural lim-
itations for intramolecular end joining on such short mole-
cules.

trans-Acting factors required for DNA cleavage and DSB
repair. We can anticipate that two types of enzymatic activities
should be present during macronuclear development in Para-
mecium, to perform the staggered double-strand cleavage spe-
cifically at IES boundaries and subsequently join the broken
chromosome ends.

A statistical analysis of the macronucleus-destined se-
quences flanking the ends of 78 IESs from P. aurelia (10) leads
to identification of the preferred sequence 5'-T5,G3,G5(-3’
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(where the numbers represent the observed percent occur-
rence of each nucleotide) for the three positions adjacent to
the conserved 5’-TA-3’ on the macronuclear side, while the
expected frequencies for T and G residues are 35 and 15%),
respectively, within the flanking macronuclear DNA strand
located 5’ to the TA. The overrepresentation of these three
nucleotides suggests that flanking residues contribute to the
definition of the IES cleavage site, in addition to the TA and
the internal consensus sequence of their ends. The nucleotide
sequence, however, is probably not the sole determinant for
targeting the cleavage at IES boundaries: IES excision in the
developing anlagen is, indeed, epigenetically controlled by ho-
mologous sequences present in the parental macronucleus (7,
8). Likewise, epigenetic control of excision was found in Tet-
rahymena (3). Another common feature between Paramecium
and Tetrahymena 1ESs is the strikingly similar geometry of the
initiating DSBs, which carry 4-base 5" overhangs. Therefore, in
spite of the different sequences of IES boundaries in the two
ciliates, related activities may participate in the recognition
and initial cleavage of the ends.

Several endonuclease activities may catalyze the formation
of DSBs (4, 11). The first type of candidate enzymes could be
transposase-related proteins, which produce only DNA inter-
mediates. It was previously proposed for “TA” IESs in other
ciliates that the excising endonuclease could be the transposase
encoded by an active copy of Tc/mariner-like transposons
present in the germ -line genome (17). However, studies of
Euplotes indicate that the expression level of their transposase-
encoding ORF is too low during macronuclear development to
mediate the massive excision of tens of thousands of IESs (14).
There remains the possibility that a transposase activity has
been recruited by the cell to initiate IES excision. It should be
noted that the initial cleavage catalyzed by most transposases is
the nicking of a single strand at either or both ends of the
mobile sequence, while various strategies have been adopted
for second-strand cleavage (32): nucleophilic attack of the op-
posite strand can generate hairpin structures which are re-
solved subsequently [Tn5, IS0, or V(D)J recombination]; al-
ternatively, a second endonuclease activity may be involved
(Tn 7). Enzymes related to site-specific recombinases or topo-
isomerases could also be involved in IES end cleavage. These
proteins generate covalent protein-DNA intermediates, which
would not allow the simultaneous liberation of 3'OH and
5'PO, groups at a cleaved phosphodiester bond. However, as
was proposed for Spoll, a topoisomerase-like protein of yeast
involved in meiotic recombination (15), hydrolysis of the pro-
tein-DNA bond could release free 5'PO, and 3'OH groups on
the cleaved DNA. The experimental conditions used in our
study (DNA extraction procedure, asynchronous cultures) do
not allow us to define the transient early intermediate steps
(putative single strand cleavages, covalent DNA-protein com-
plexes, DNA hairpins, etc.) that lead to the DSBs analyzed
here. More work is clearly needed, therefore, to identify the
molecular details of the reaction and the enzyme(s) involved in
IES excision.

The present study provides evidence that macronuclear
junction closure after IES excision in Paramecium involves the
5’ processing of DSBs. This may result from the fact that ex-
cision is initiated by two DSBs, one at each boundary, and from
the observed precise joining of broken chromosome ends, in
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spite of the existence of only partial complementarity between
their 4-base overhangs. During the excision of Tetrahymena 1ESs,
no DSB processing has been reported. Instead, it was proposed
that a single initiating DSB is introduced at one IES boundary
and that closure of the chromosomal junction is achieved by
the resolution of a branched junction intermediate formed by
the direct strand transfer of the first unprocessed macronucle-
us-destined broken end to the second excision boundary (28).
Therefore, junction repair in Paramecium would be the first
evidence in ciliates for the participation of an end-joining
mechanism in IES excision.
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