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ABSTRACT
Large DNA palindromes form sporadically in many eukaryotic and prokaryotic genomes and are often

associated with amplified genes. The presence of a short inverted repeat sequence near a DNA double-
strand break has been implicated in the formation of large palindromes in a variety of organisms. Previously
we have established that in Saccharomyces cerevisae a linear DNA palindrome is efficiently formed from a
single-copy circular plasmid when a DNA double-strand break is introduced next to a short inverted repeat
sequence. In this study we address whether the linear palindromes form by an intermolecular reaction
(that is, a reaction between two identical fragments in a head-to-head arrangement) or by an unusual
intramolecular reaction, as it apparently does in other examples of palindrome formation. Our evidence
supports a model in which palindromes are primarily formed by an intermolecular reaction involving
homologous recombination of short inverted repeat sequences. We have also extended our investigation
into the requirement for DNA double-strand break repair genes in palindrome formation. We have
found that a deletion of the RAD52 gene significantly reduces palindrome formation by intermolecular
recombination and that deletions of two other genes in the RAD52-epistasis group (RAD51 and MRE11)
have little or no effect on palindrome formation. In addition, palindrome formation is dramatically
reduced by a deletion of the nucleotide excision repair gene RAD1.

LARGE DNA palindromes have been observed in the a large palindrome is a critical, early step in some path-
ways of gene amplification (Fried et al. 1991).genomes of prokaryotes and in the nuclear and

organellar genomes of protozoa, fungi, plants, and ani- The unexpectedly common association of palindromic
DNA with gene amplification has stimulated interest inmals (see Fried et al. 1991 and Rayko 1997 for reviews).

In some organisms, large palindromes form as a result understanding how large DNA palindromes form. Sev-
eral studies have implicated the occurrence of a DNAof a precisely regulated developmental program. In Tetra-

hymena thermophila, for example, a large palindrome en- double-strand break near short inverted repeat sequences
as the starting point in the formation of large DNAcompassing the ribosomal RNA gene forms in all cells

undergoing development of the macronucleus (Yao et al. palindromes (Yasuda and Yao 1991; Bi and Lui 1996;
Butler et al. 1996; Albrecht et al. 2000; Qin and1985). For most organisms, however, large palindromes
Cohen 2000; Lobachev et al. 2002). One possible mech-are not formed as a normal part of the life cycle, but
anism by which a palindrome can form from such a pre-rather arise sporadically as an abnormal event in a rare
cursor involves a short inverted repeat sequence guidingsubpopulation of cells. In yeast, parasitic protozoa, and
the formation of a hairpin at the broken end; the othercultured mammalian cells, palindromes have been found
end is capped by a telomere. Bidirectional DNA repli-only in cells selected for resistance to a variety of cyto-
cation converts the giant hairpin molecule to a palin-toxic agents (Ford et al. 1985; Ford and Fried 1986;
drome (see Figure 1A for an example of how a linearNalbantoglu and Mueth 1986; Walton et al. 1986;
palindrome can form). This mechanism can be regardedHyrien et al. 1988; Ouellette et al. 1991; Huang and
as intramolecular since the palindrome is derived fromCampbell 1995; Albrecht et al. 2000). Of particular
a single precursor molecule. There is strong support forimportance to human health, large palindromic struc-
an intramolecular mechanism underlying the develop-tures, typically including an oncogene, have been ob-
mentally regulated formation of rDNA palindromes inserved late in tumor progression (Ford et al. 1985; Ford
Tetrahymena (Yasuda and Yao 1991; Butler et al. 1995).and Fried 1986). Most palindromic structures become
It is not clear whether such an intramolecular mecha-highly amplified and it is thought that the formation of
nism occurs widely among different organisms or is more
limited in scope. A second possible mechanism, also aris-
ing from the presence of short inverted repeats at a
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minal short inverted repeat sequences can mediate a tion, the short inverted repeat sequence becomes the
exact center of symmetry in the palindromic molecule.homologous recombination reaction that brings together

the two identical molecules in a head-to-head arrange- In this study we have investigated the molecular mech-
anism of palindrome formation in Saccharomyces. We havement, thus forming a palindrome (see Figure 1B). In
designed two different assays to distinguish between theprinciple, short inverted repeats of any sequence can
intra- and intermolecular models of palindrome forma-function in either mechanism of palindrome formation,
tion. Our evidence supports a model in which palindromessince it is the symmetrical structure of an inverted repeat
are primarily formed by an intermolecular reaction in-and not its sequence per se that is critical for mediating
volving homologous recombination of short inverted re-intra- or interstrand pairing.
peat sequences. We have also extended our analysis of theIn organisms where large palindromes occur sporadi-
role of DNA double-strand break repair genes in palin-cally it is generally difficult to study their formation due
drome formation. We have found that a deletion of theto the rarity of the relevant events. To circumvent this
RAD1 gene or the RAD52 gene dramatically reduces pal-problem we have developed a system for investigating
indrome formation by intermolecular recombination,the formation of large DNA palindromes in the budding
whereas a deletion of either the RAD51 gene or the MRE11yeast Saccharomyces cerevisiae (Butler et al. 1996). In this
gene has little or no effect on palindrome formation.system, a palindrome is efficiently generated from a single-

copy plasmid when a double-strand break, catalyzed by
the site-specific HO endonuclease, is introduced near

MATERIALS AND METHODS
a 42-bp inverted repeat sequence. This reaction is strictly

Strains and plasmids: The construction of p42IRURA hasdependent on this short inverted repeat sequence and
been described (Butler et al. 1996). p42IRLEU was constructedthe nearby double-strand break. As a result of this reac-
by inserting a 4.1-kbp blunt-end fragment containing the LEU2
gene into a unique NcoI site located in the URA3 gene of
p42IRURA. To construct pDIR001 we isolated a 300-bp BamHI
fragment derived from p42IRURA that contains a complete
copy of the short inverted repeat sequence (42-bp repeats,
separated by a 28-bp spacer). The single-strand overhangs were
removed by T4 DNA polymerase and the resulting blunt-ended

Figure 1.—Possible intra- and intermolecular models of pal-
indrome formation. Both strands of relevant DNA molecules
are shown. The short inverted repeat sequence is represented
by the double arrowheads. The uppercase letters represent the
orientation of hypothetical genetic markers on the precursor
molecules and the palindromic product. Both models begin
with double-strand breaks having occurred near the short
inverted repeat sequence. (A) Intramolecular recombination
model. Step 1, 5� to 3� resectioning of the DSB to yield a 3�
single-stranded overhang that includes the short inverted re-
peat sequence. Step 2, intrastrand annealing within the short
inverted repeat sequence. Step 3, removal of 3� nonhomolo-
gous tail, DNA synthesis to fill in any gap and ligation result
in a giant hairpin molecule. Step 4, bidirectional DNA replica-
tion originating within the giant hairpin forms the mature
palindrome. (B) Intermolecular recombination model. Step 1,
5� to 3� resectioning of the DSBs to yield 3� single-stranded over-
hangs that include the short inverted repeat sequence. Step 2,
annealing of single strands at the short inverted repeat se-
quence brings the two molecules in a head-to-head arrange-
ment. Note that the initial annealing reaction can occur be-
tween the repeats only; the sequence between the arrows is
nonpalindromic and therefore noncomplementary. Thus, the
initial annealed intermediate will have a 28-bp “bubble.” Step 3,
removal of 3� nonhomologous tails leaves two gaps. Step 4,
DNA synthesis to fill in the gaps and ligation to seal the nicks.
Step 5, conventional replication of this molecule will form
two fully base-paired palindromes (only one is shown). Both
of these models are based on a form of homologous recombi-
nation known as single-strand annealing (Lin et al. 1984).
Models of palindrome formation based on other recombina-
tion mechanisms are also possible (see discussion).
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fragment was inserted into a site 20 bp to the right of the “right” ducing the formation of large DNA palindromes from
HO endonuclease cut site (cs) of p42IRURA. The site adjacent nonpalindromic precursor DNA in Saccharomyces (But-
to the right HO cs was created by digesting p42IRURA with

ler et al. 1996). The precursor DNA consists of either aEcoRI and XbaI (which deletes the C1–3A tract) and removing
6.5-kbp plasmid called p42IRURA or a 10.5-kbp plasmidthe single-stranded overhangs with T4 DNA polymerase. All

strains used in this study are derived from LS20 (Sandell and called p42IRLEU. Each plasmid contains all of the cis-
Zakian 1993). The genotype of LS20 is mat�, his3, ade2, can1, acting sequence elements needed to form a stable linear
trp1, ura3, leu2, lys5, cyhr, ade3::GalHO. The Rad� ATB996 strain palindrome (see Figure 2). These include a short in-
was made by transformation of LS20 with p42IRURA and

verted repeat sequence that consists of 42-bp invertedp42IRLEU. All gene disruptions were made in LS20 and the
repeats separated by a 28-bp nonpalindromic spacer. Themutant derivatives were transformed with p42IRURA and

p42IRLEU or with pDIR001. The following plasmids were used 42-bp inverted repeat sequence is located 20 bp to the
to disrupt genes in LS20: pDB121 (rad51::KanMX; this study), left of a recognition site for the yeast endonuclease HO
pKJ1112-S (mre11::hisG-URA3-hisG ; Johzuka and Ogawa (referred to as the “left” HO cut site). Adjacent to a
1995), and pJH182 (rad52::TRP1; Moore and Haber 1996).

second HO cut site (the right HO cut site) is a shortThe RAD1 gene was disrupted with a KanMX PCR fragment
tract of C1-3A repeats to promote new telomere forma-(Wach et al. 1994). The RAD51, RAD52, and MRE11 gene

disruptions were confirmed phenotypically by sensitivity to tion after HO cleavage. Located between the two HO cut
0.02% methyl methanesulfonate. The RAD1 gene disruption sites is a centromere (CEN4) to maintain the precursor
was confirmed by sensitivity to ultraviolet light. plasmids at single-copy levels in most cells (Hieter et al.

GalHO gene inductions: The plate induction of the HO
1985). CEN4 is flanked by the two HO cut sites, so thatendonuclease gene was carried out as follows. Cells were grown
palindromes formed from these plasmids are acentricat 30� in selective liquid medium with glucose [yeast complete

(YC), �ura, 2% glucose; YC, �leu, 2% glucose; or YC, �ura, instead of dicentric. Each plasmid also includes a yeast
�leu, 2% glucose] to midlog phase. Cells were harvested by origin of replication (ARS1) and a selectable marker
centrifugation, washed twice with sterile distilled water, and (either URA3 or LEU2). The p42IRURA and p42IRLEU
resuspended in the appropriate selective gylcerol medium

plasmids are identical in sequence except for the se-(YC, �ura, 2% glycerol; YC, �leu, 2% glycerol; or YC, �ura,
lectable marker. There are no chromosomal HO cut�leu, 2% glycerol) and incubated for 20–24 hr at 30�. Cells

were harvested from the glycerol medium by centrifugation, sites in the host strains used in this study. All host strains
washed twice with water, and plated to YC, �ura, 2% galactose harbor a chromosomally integrated copy of the HO en-
medium; YC, �leu, 2% galactose; or YC, �ura, �leu, 2% donuclease gene fused to a galactose responsive promoter.
galactose and incubated at 30�. For most experiments, plating

The activity of the gal promoter is such that growth ondensity was �1000 cells per plate. To calculate the plating
glucose represses transcription, while growth on galac-efficiency on galactose, a volume of cell suspension equal to

that plated onto galactose medium was plated to the appro- tose induces transcription and leads to cleavage of the
priate glucose medium. For the rad1� and rad52� strains, precursor plasmids. Palindrome formation is monitored
galactose plates received 100 times more cells than the glucose by plating cells containing precursor plasmids to various
control plates received. Colonies on the galactose plates were

selective galactose media (see materials and methodscounted after 4 or 5 days of growth at 30�. Colonies on the
for details). In a typical experiment using p42IRURA asglucose plates were counted after 2 or 3 days of growth at 30�.

Clearly separated colonies from galactose plates were picked the precursor plasmid, �90% of the cells that survive
at random and streaked to glucose plates for stock cultures. on galactose medium without uracil form a stable 11-kbp
Reported plating efficiencies on galactose are based on the palindrome (this equates to an overall rate of palin-
average of at least three separate plating experiments.

drome formation of �5% of cells plated). The structureGenomic DNA isolations, gel electrophoresis, and Southern
of the palindrome was confirmed by extensive restrictionblotting: Cells from appropriate stock plates were transferred

to liquid glucose medium, grown to stationary phase, and mapping and sequencing. The remaining galactose sur-
genomic DNA was prepared using the Wizard genomic DNA vivors typically harbor a small circular molecule derived
preparation kit (Promega, Madison, WI). With this procedure, from p42IRURA or chromosomally integrated p42IR-
the bulk of purified chromosomal DNA was between 30 and

URA DNA (Butler et al. 1996).50 kbp in length (data not shown). Undigested genomic DNA
Evidence for an intermolecular recombination mech-was fractionated on 0.6% agarose gels. Restriction-digested DNAs

were fractionated with 0.8% or 2% agarose gels, depending anism of palindrome formation: Figure 1 depicts the intra-
on the expected size of the target DNA. All Southern transfers molecular and intermolecular recombination models
were to GeneScreen nylon membranes. The pBR322-derived of palindrome formation. To test for intermolecular reac-
probe was labeled with 32P using the random priming method.

tions in palindrome formation, we constructed a strain,The oligonucleotide probe was labeled with 32P by using T4 poly-
called ATB996, that harbors both p42IRURA and p42IR-nucleotide kinase. All DNA modification enzymes were pur-
LEU. If homologous recombination between short in-chased from Promega and were used according to the manu-

facturer’s recommendations. verted repeat sequences on different precursor molecules
is the primary mechanism of palindrome formation, then
ATB996 should predominantly form heteropalindromes.

RESULTS
In a heteropalindromic molecule, one arm of the palin-

Experimental system for studying large palindrome drome is derived from p42IRURA and the other arm is
derived from p42IRLEU. It is also possible that a hetero-formation: We have developed a simple method for in-
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Figure 2.—(A) Schematic representation of
the p42IRURA and p42IRLEU precursor plas-
mids. The 42-bp inverted repeat sequence is rep-
resented by the solid diamond. The two cleavage
sites for the HO endonuclease are designated as
“left” and “right” HOcs. C1-3A represents an �80-
bp tract of telomeric DNA sequence. ARS1 is a
yeast origin of replication. CEN4 is a yeast centro-
mere. The non-yeast DNA of these plasmids is
derived from pBR322. The size of p42IRURA is
�6.5 kbp. The plasmid p42IRLEU is 10.5 kbp and
is derived from p42IRURA by insertion of a 4.0-
kbp fragment containing the LEU2 gene into a
unique NcoI site located in URA3. The hybridiza-
tion probe used for the detection of palindromic
DNA is derived from the pBR322 sequence lo-
cated between the 42-bp inverted repeat sequence
and ARS1. (B) Scheme of a URA-homopalin-
drome, a heteropalindrome, and a LEU-homopal-
indrome. Note that a single copy of the 42-bp
inverted repeat sequence forms the center of each

type of palindrome. The cross-hatched rectangle at the end of each palindrome represents a telomere. The predicted sizes of
the palindromes are shown at the right of the diagram. The structure of the URA-homopalindrome has been confirmed by
detailed restriction mapping and sequencing (Butler et al. 1996). The diagrams are not to scale.

palindromic molecule can form by a nonhomologous shown). Five of the Ura� colonies clearly harbored a mix-
ture of URA-homopalindrome and heteropalindromeend joining (NHEJ) type of reaction. However, the struc-

ture of the center of a heteropalindrome formed by (see lanes 2 and 9 in Figure 3A, for example), suggesting
that there can be more than one palindrome formationNHEJ would be different from that of a heteropalin-

drome formed by homologous intermolecular recombi- event in a colony-forming cell. Since the homopalin-
dromes and heteropalindromes are acentric, randomnation (see below). If intramolecular recombination is

the sole mechanism of palindrome formation, then this segregation during the first few cell divisions may result
in differences in the amount of each type of palindromestrain should form only homopalindromes (in a homo-

palindrome, both arms of the palindrome are derived during the outgrowth of a colony. The plating of ATB996
to galactose medium lacking leucine yielded analogousfrom the same plasmid). The URA-homopalindrome is

11 kbp in length (Butler et al. 1996), while a heteropal- results. Approximately 38% of the Leu� colonies har-
bored a band of �19 kbp (the size expected for a LEU-indrome is expected to be 15 kbp in length and a LEU-

homopalindrome is expected to be 19 kbp in length (Fig- homopalindrome), while the remainder harbored the
heteropalindrome band or a mixture of heteropalin-ure 2B).

Palindrome formation in ATB996 was analyzed by drome and putative LEU-homopalindrome (data not
shown). Finally, the structure of palindromic DNA wasplating to galactose medium lacking only uracil, to galac-

tose medium lacking only leucine, and to galactose me- analyzed in 50 colonies selected on galactose medium
without uracil and leucine. All 50 of the Ura� Leu� colo-dium lacking both uracil and leucine (prior to plating

on the different galactose media, ATB996 is maintained nies analyzed harbored the heteropalindrome band (see
Figure 3B for a representative analysis). None of the Ura�on glucose medium that selects for both plasmids). The

molecular structure of the precursor plasmid-derived Leu� colonies harbored only homopalindromic DNA.
If, as expected, the heteropalindromes detected inDNA was analyzed in 52 colonies selected on galactose

medium without uracil. For this analysis, undigested ge- the foregoing experiments are formed by homologous
recombination of two short inverted repeat sequences,nomic DNA isolated from each colony was fractionated

by electrophoresis with a 0.6% agarose gel and blotted, then these palindromes should have a single copy of the
short inverted repeat sequence at their center. For suchand the blot was hybridized with a probe specific to the

p42IRURA and p42IRLEU plasmids. Out of 52 Ura� a palindrome, digestion with the restriction enzyme BanII
will release a central fragment of 266 bp, as a result ofcolonies analyzed, 16 harbored only the URA-homopal-

indrome (see lanes 3–6, 10, and 11 in Figure 3A, for ex- cutting 77 bp from either edge of the short inverted re-
peat sequence (the total size of the short inverted repeatample) and 36 colonies harbored a band migrating at

�15 kbp, the size expected for a heteropalindrome (see element is 112 bp). A heteropalindrome formed by NHEJ
would be expected to have a larger central BanII frag-lanes 1, 2, and 7–9 in Figure 3A). Reprobing of the blot

shown in Figure 3A with a LEU2-specific probe detected ment, since the central fragment would likely include
two complete short inverted repeat sequences. Genomiconly the 15-kbp band, supporting the idea that the 15-kbp

band is the result of heteropalindromic DNA (data not DNA from several Ura� Leu� colonies was digested with



1069Palindrome Formation by Short Inverted Repeat Recombination

Figure 3.—Southern blot analysis of Ura�

and Ura� Leu� colonies from the plating of
Rad� ATB996 to selective galactose media.
(A) Undigested genomic DNA from colo-
nies isolated in minus-uracil medium was
fractionated on a 0.6% agarose gel and blot-
ted to a nylon membrane hybridized with
the pBR322-derived probe complementary
to all three types of palindromes. The posi-
tions of the URA-homopalindrome and pu-
tative heteropalindrome (referred to as the
15-kbp band in the main text) are indicated
on the right. “C” designates undigested ge-
nomic DNA from a Rad� strain harboring
a URA-homopalindrome. (B) Palindromes
analyzed as in A. The positions of the URA-
homopalindrome and putative heteropal-
indrome are indicated on the right. “C” des-
ignates undigested genomic DNA from a
Rad� strain harboring a URA-homopalin-
drome. (C) BanII analysis of selected puta-
tive heteropalindromes (the colony Ura�

Leu� numbers correspond to those in B).
Genomic DNA (�2 �g) from these colonies
was digested with BanII, fractionated on a
2.0% agarose gel, and blotted to a nylon
membrane hybridized with an oligonucleo-
tide probe complementary to the 28-bp
nonpalindromic spacer of the short in-
verted repeat sequence. A scheme of the
central region of a palindrome is shown.
The short inverted repeat sequence is rep-
resented by a solid diamond. The symmetri-
cally arranged BanII recognition sites are
also shown. The entire short inverted re-
peat sequence is 112 bp and each BanII site
is 77 bp from the edge of the short repeat
sequence. “C” designates BanII-digested ge-
nomic DNA from a Rad� strain harboring
a URA-homopalindrome.

BanII and subjected to Southern blot analysis using an intramolecular mechanism can explain the formation
of the homopalindromes. However, it is also possibleoligonucleotide probe complementary to the nonpalin-

dromic center of the short inverted repeat sequence. that the homopalindromes form by an intermolecular
reaction in cells with more than one copy of a particularAs can be seen in Figure 3C, the probe detects a band

of �270 bp in these colonies. Furthermore, this band precursor plasmid. Multiple copies of a precursor plas-
mid can result from an occasional nondisjunction (i.e.,was indistinguishable in size from the central BanII frag-

ment of a URA-homopalindrome whose center has been 2:0 segregation) event or when cells are in the G2 phase
of the cell cycle.sequenced and is known to have a single copy of the short

inverted repeat sequence (Butler et al. 1996). This When located near a double-strand break, two short
inverted repeat sequences within the same plasmid effi-central structure is consistent with the idea that the

heteropalindromes were formed by homologous recom- ciently participate in homologous recombination, but ap-
parently not in hairpin formation: We developed a sec-bination of two short inverted repeat sequences and not

by NHEJ. ond assay to further address the potential reactions that
the short inverted repeat sequence can undergo. ForClearly, the formation of heteropalindromes is a com-

mon event when ATB996 cells are plated to galactose. this assay we modified p42IRURA by replacing the telo-
meric sequence with an identical complete copy of theThis result provides direct support for an intermolecular

recombination mechanism of palindrome formation. short inverted repeat sequence (42-bp inverted repeats
separated by the 28-bp spacer). In this position, the sec-Interestingly, despite the apparent presence of two dif-

ferent precursor plasmids within the same cell, homo- ond copy of the short inverted repeat sequence is located
20 bp to the right of the right HO cut site (see Figure 4A).palindromes can also form readily in ATB996. An efficient
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Figure 4.—Molecular analysis of repair events from cleaved
pDIR001. (A) Scheme of intact pDIR001, HO-cleaved pDIR001
plasmid, and possible outcomes of short inverted repeat-mediated
recombination reactions. The arrow pointing to the left represents
a pathway involving homologous recombination of the two short
inverted repeat sequences within pDIR001 to form a monomeric
circular plasmid. This pathway mimics the intermolecular recom-
bination reaction that occurs in the formation of heteropalin-
dromes. The arrow pointing to the right represents a pathway
involving short inverted repeat-mediated hairpin formation and
bidirectional replication to form a palindromic circle. This path-
way mimics the intramolecular recombination reaction dia-
grammed in Figure 1A to form homopalindromes. The diagrams
are not to scale. (B) Southern blot analysis of Ura� colonies
from plating Rad� ATB901 strain to selective galactose medium.
Genomic DNA (�2 �g) from Ura� isolates was digested with
either ApaI (top) or SalI (bottom), fractionated on a 0.8% agarose
gel, blotted to a nylon membrane, and hybridized with the
pBR322 probe. “A” designates a control plasmid of the structure
expected of a monomer digested with ApaI. “U” designates undi-
gested control plasmid. The two bands visible in the undigested
control lane and in lanes 2, 4, 5, and 6 of the SalI gel panel are
presumably relaxed and supercoiled forms of monomer. The
bottom scheme is an expanded version of the CEN4 region of
pDIR001 showing the location of SalI sites. Two SalI sites are in
pDIR001: one is located between the “left” HO cs and the “left”

short inverted repeat sequence, and the second is located �10 bp on the CEN4 side of the “right” HO cs. A monomer formed
by intermolecular recombination or a palindrome formed by intramolecular recombination will not retain either SalI site. Any
plasmid formed by NHEJ will most likely retain the “left” SalI site. A pDIR001 plasmid that is not cleaved by HO will retain both
original SalI sites.

The key feature of this plasmid (called pDIR001) is that the two ends of cleaved pDIR001, rather than recombin-
ing, would occasionally become capped by hairpins. Rep-when it is cleaved at the HO cut sites, each end of the

linear fragment will have an identical copy of a complete lication of such a double-hairpin intermediate would re-
sult in a palindromic circular plasmid. This reaction wouldshort inverted repeat sequence (Figure 4A). From cleaved

pDIR001, we expect that the two terminal short inverted mimic the type of intramolecular recombination reac-
tion postulated in Figure 1A for the formation of homo-repeat sequences will be able to engage in homologous

recombination. This reaction would mimic the type of palindromes. We are aware that a palindromic circle (as
well as a direct repeat circle) could form by a bimolecularintermolecular recombination reaction that must occur

in the formation of heteropalindromes. In the present reaction. However, since this would involve recombination
between short inverted repeat sequences on different mol-context, the outcome of this reaction would be the for-

mation of a monomeric circle (Figure 4A). If, at some ecules, we think that this will be a very inefficient reac-
tion compared to recombination between short invertedfrequency, the short inverted repeat sequence is truly able

to form a stable hairpin at a double-strand break, then repeat sequences in the same plasmid (i.e., monomer
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TABLE 1

Plating efficiency on selective galactose media and number of homopalindromes and heteropalindromes
recovered in Rad� and Rad mutant strains

Homo- and heteropalindrome formationc

Plating efficiency:b selection Ura� selection Ura� Leu� selection

Straina % Ura� % Ura� Leu� Homo- Hetero- Homo- Hetero-

Rad� 5.0 3.8 16/52 36/52 0/50 50/50
rad1� 0.1 0.3 0/12 0/12 0/12 2/12
rad51� 8.0 5.8 6/12 6/12 0/12 12/12
rad52� 0.4 0.08 7/30 5/30 0/25 22/25
mre11� 6.6 1.1 23/36 6/36 0/18 17/18

a All strains are derivatives of ATB996.
b See materials and methods for calculation of plating efficiency on galactose media.
c Only palindromes formed by homologous recombination of short inverted repeats are counted.

formation) and therefore not be a major source of palin- tected previously in yeast (Kunes et al. 1984; Huang
and Campbell 1995). We suggest, therefore, that thedrome formation.

We plated cells harboring the pDIR001 plasmid to gal- failure to detect palindromic circles is due to the inabil-
ity of the short inverted repeat sequence to form a stableactose medium without uracil. The structure of pDIR001-

derived DNA in 40 Ura� colonies was first analyzed by ApaI hairpin at a double-strand break.
Requirements for RAD52-epistasis group genes in pal-restriction digestion. In pDIR001 there is one recogni-

tion site for ApaI (located in the URA3 gene). When a indrome formation: The RAD52 gene is required for vir-
tually all homologous recombination in Saccharomyces.monomer derived from pDIR001 is digested with ApaI,

a single 5.5-kbp fragment should result. Alternatively, a RAD52 is a member of a large epistasis group that in-
cludes the RAD50, RAD51, RAD53, RAD54, RAD55, RAD57,palindromic circle derived from pDIR001 is expected to

have two ApaI sites. ApaI digestion of a palindromic circle RAD59, MRE11, and XRS2 genes (Paques and Haber
1999). In a previous study we found evidence that thewill generate an 8.4-kbp fragment and a 2.6-kbp fragment

(the probe used in this experiment will detect only the RAD52 gene may be important for palindrome forma-
tion. In Rad� cells, palindromes can be detected within8.4-kbp band). The ApaI analysis revealed three types of

repaired plasmid among the Ura� colonies selected on 6–12 hr of HO gene induction. In contrast, in a rad52�
mutant, palindromes could not be detected even at 48galactose. For most of the colonies (33/40), the probe

hybridized to a 5.5-kbp band (see Figure 4B, top, lanes hr postinduction, suggesting that RAD52 is required for
palindrome formation (Butler et al. 1996).2–6, 9, and 10, for a representative example). Additional

restriction analysis with SalI confirmed that these Ura� We wanted to extend this analysis using the galactose
plate assay and a rad52� derivative of ATB996. Whencolonies did in fact harbor monomeric plasmid formed

by homologous recombination between the short in- plated to galactose without uracil, the plating efficiency
of rad52� ATB996 was 12-fold lower than that of Rad�verted repeat sequences (Figure 4B, bottom, and see

Figure 4 legend for the rationale of the SalI analysis). ATB996 (0.4% vs. 5.0%; see materials and methods
for the calculation of plating efficiency on galactose).In three colonies the probe hybridized to an ApaI band

of �8 kbp (see Figure 4B, top, lane 1, for an example). Among 30 Ura� colonies analyzed, only 7 harbored the
URA-homopalindrome and 5 harbored heteropalindromeThis band is close in size to that expected for a palin-

drome. However, SalI digestion revealed that these colo- (Table 1). The remaining Ura� colonies contained a small
extrachromosomal DNA molecule or chromosomally in-nies actually harbor intact pDIR001 that presumably was

not cleaved by HO (Figure 4B, bottom). Three Ura� col- tegrated plasmid DNA. When rad52� ATB996 was plated
to galactose without both uracil and leucine, the platingonies harbored monomeric plasmid that resulted from

NHEJ of HO cleaved ends (see Figure 4B, lanes 7 and efficiency dropped to 0.08%, 48-fold lower than that of
the Rad� ATB996 strain (Table 1). Most of the Ura� Leu�8) and one colony harbored chromosomally integrated

pDIR001-derived DNA (data not shown). Thus, we did colonies analyzed (22/25) harbored heteropalindromic
DNA (Table 1). On the basis of BanII analysis, the struc-not recover any Ura� colonies with palindromic DNA.

It is possible that palindromic circles can form from ture of the center of these heteropalindromes is consis-
tent with homologous recombination between the shortcleaved pDIR001, but that the circular palindromes are

unstable and rapidly lost from the cell or become sig- inverted repeats (data not shown). Nevertheless, it is clear
that the overall frequency of homopalindrome and het-nificantly rearranged. We do not think that this is likely,

however, since stable palindromic circles have been de- eropalindrome formation is very low in the rad52� strain
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compared to that of the Rad� strain. Thus, these results repeat sequences (data not shown). Thus, a deletion of
MRE11 does not appear to enable the short invertedsupport the conclusion that the RAD52 gene plays an im-

portant, if not strictly essential, role in palindrome for- repeat sequence to form a stable hairpin. We also con-
clude that palindrome formation by intermolecular re-mation by homologous recombination of short inverted

repeat sequences. combination is not affected by the mre11� mutation.
The RAD1 gene is critical for palindrome formation:To further explore the connection between palindrome

formation and homologous recombination, we tested A key feature of the recombination models of palin-
drome formation presented in Figure 1 is the removalpalindrome formation in a rad51� derivative of ATB996

and in a mre11� derivative of ATB996. The RAD51 and of noncomplementary DNA located 3� to the short in-
verted repeat sequence. This corresponds to 20 nucleo-MRE11 genes were chosen for this analysis because they

are thought to represent functionally important subdi- tides of DNA derived from the region between the short
inverted repeats and the left HO cut site. We know fromvisions within the RAD52-epistasis group (Paques and

Haber 1999). The RAD51 gene encodes a strand ex- an earlier study that this DNA is not present in a URA-
homopalindrome (Butler et al. 1996). In Saccharomyces,change protein that is similar to the bacterial RecA

protein (RAD55 and RAD57 also encode RecA-like pro- a single-strand endonuclease, encoded by the RAD1 and
RAD10 genes, is required to remove noncomplemen-teins). MRE11 encodes a nuclease that is a member of the

conserved Mre11p/Rad50p/Xrs2p complex. The complex tary 3� “tails” from so-called “flap” structures (Fishman-
Lobell and Haber 1992; Bardwell et al. 1994; Ivanovis involved in processing the ends of DNA double-strand

breaks for homologous recombination and NHEJ reac- and Haber 1995). The Rad1/Rad10 endonuclease pre-
sumably catalyzes the hydrolysis of the phosphodiestertions (Haber 1998). Of particular relevance to this study,

it has also been reported that the mre11 protein has bond between the last paired nucleotide and the first
unpaired nucleotide of the tail, thus making a fully ho-hairpin nicking ability, raising the possibility that the

Mre11/Rad50/Xrs2 complex may suppress the type of mologous 3� end. To address whether the Rad1/Rad10
endonuclease plays a role in the palindrome formationintramolecular pathway outlined in Figure 1A (Tru-

jillo and Sung 2001). Deletion of MRE11, RAD50, reaction, we analyzed palindrome formation in a rad1�
ATB996 strain. The formation of homopalindromes andor XRS2 leads to an identical spectrum of phenotypes

in yeast. heteropalindromes is severely compromised by the dele-
tion of RAD1. When plated to galactose without uracil,Deletion of the RAD51 gene had no effect on the for-

mation of palindromic DNA. The rad51� ATB996 strain the plating efficiency of rad1� ATB996 was 14-fold lower
than that of Rad� ATB996 (Table 1). Among 12 Ura� col-displayed a plating efficiency on selective galactose me-

dia similar to that of the Rad� ATB996 strain and the onies analyzed, none harbored either the URA-homo-
palindrome or the heteropalindrome formed by homo-molecular analysis of galactose survivors revealed that

homopalindromes and heteropalindromes form readily logous recombination of short inverted repeat sequences
(Table 1). Various kinds of products were detected amongin the rad51� ATB996 mutant (Table 1). Clearly palin-

drome formation by intermolecular recombination can the Ura� colonies, including a small extrachromosomal
DNA molecule, chromosomally integrated plasmid DNA,operate independently of RAD51.

The galactose plating efficieny of the mre11� ATB996 and a palindrome formed by NHEJ (data not shown).
When plated to galactose without uracil and leucine,strain was also similar to that of the Rad� strain (Table 1).

Intriguingly, from the plating of mre11� ATB996 to ga- the plating efficiency of rad1� ATB996 was only 12-fold
lower than that of the Rad� ATB996 strain (Table 1).lactose medium without uracil, there appeared to be a

small (approximately two to threefold) excess of Ura� However, only 2 out 12 Ura� Leu� colonies harbored
heteropalindromic DNA (Table 1). On the basis ofcolonies with the URA-homopalindrome compared to

when Rad� ATB996 was plated to the same medium (Ta- BanII analysis, the structure of the center of these heter-
opalindromes is consistent with their having beenble 1). This kind of result might be expected if the MRE11

deletion allows the short inverted repeat sequence to formed by homologous recombination of short inverted
repeat sequences (data not shown). We conclude that theform a stable hairpin at a double-strand break. However,

an analysis of 18 Ura� Leu� colonies from plating mre11� Rad1/Rad10 endonuclease is critical for efficient palin-
drome formation by intermolecular recombination ofATB996 to galactose medium without uracil and leucine

was inconsistent with the foregoing idea. None of the short inverted repeats.
Ura� Leu� colonies analyzed harbored homopalindromic
DNA, yet 17 out of the 18 colonies analyzed harbored

DISCUSSION
heteropalindomic DNA (Table 1). Similarly, when we
tested for the formation of circular palindromes from In this study we have presented evidence that directly

supports an intermolecular mechanism of palindromecleaved pDIR001 in a mre11� background, none of the
18 Ura� colonies analyzed harbored palindromic circles. formation in budding yeast. We have used a strain bear-

ing two genetically and physically marked precursor plas-All 18 colonies harbored monomeric plasmid formed
by homologous recombination of the short inverted mids to show that the two arms of a palindrome are
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frequently derived from different precursor molecules. this palindrome involves a spontaneous DNA double-
strand break within an inverted repeat composed ofThe formation of such heteropalindromes is best ex-

plained by an intermolecular reaction. The structure at human Alu elements (each repeat is 320 bp in length
and the repeats are separated by a 12-bp spacer). Appar-the center of the heteropalindromes is consistent with

the idea that homologous recombination between two ently the Alu inverted repeat is unstable and is efficiently
extruded as a cruciform that becomes the target of ashort inverted repeat sequences brings together the pre-

cursor fragments in a head-to-head arrangement. A ho- structure-specific endonuclease. In cells lacking the
Mre11/Rad50/Xrs2 complex or the Sae2 protein, themologous recombination-based mechanism is further sup-

ported by the finding that palindrome formation is strongly Alu inverted repeat is able to form a stable hairpin
at the double-strand break (presumably these mutantsdependent on the RAD1 and RAD52 genes. Under cer-

tain selective conditions we also recovered palindromes cannot destroy hairpins). Subsequent DNA replication
then forms the giant palindromic chromosome. Even informed from only one type of precursor plasmid. These

homopalindromes could have been formed by an intra- a mre11� mutant background, we found no compelling
evidence to indicate that the short inverted repeat se-molecular recombination reaction, that is, by a reaction

involving hairpin formation mediated by the short in- quence used in this study forms a stable hairpin at a
double-strand break. We suspect that this is due to theverted repeat sequence. However, the experiments with

pDIR001 imply that hairpin formation with the short small size of the repeats, as well as the spacing between
the repeats. In support of this idea it has been shown thatinverted repeat sequence is at best rare. Thus, we favor the

idea that the homopalindromes are also formed by an the recombinogenic potential of inverted repeats, which
is thought to reflect their potential to form cruciformsintermolecular reaction involving homologous recom-

bination of short inverted repeat sequences. or hairpins, declines with decreasing repeat size and
increasing spacer size (Ruskin and Fink 1993; Loba-The physical and genetic analysis presented above

clearly establishes that, in our system, homologous recom- chev et al. 1998).
Large palindromes have also been detected followingbination is the underlying molecular basis of palindrome

formation. In Saccharomyces, at least three major path- transformation of linearized plasmid molecules lacking
homology to the yeast genome (Kunes et al. 1984, 1990).ways of homologous recombination can be triggered by

a DNA double-strand break: gene conversion with or In this particular case, the palindromes were exclusively
circular in structure. We did not detect circular palin-without crossing over (these two outcomes are mechan-

istically related by strand invasion and Holliday junction dromes in any of our experiments. Interestingly, the cir-
cular palindromes detected by Kunes et al. (1984, 1990)formation), single-strand annealing, and break-induced

replication (see Haber 2000 for review). In principle, were clearly formed from two precursor molecules in an
intermolecular reaction. Sequence analysis has revealedeach of these recombination pathways has the potential

to account for an intermolecular pathway of palindrome that the two segments of the circular palindromes were
often joined at ends bearing from 2 to 6 bp of homologyformation. Under the conditions of our experiments,

we tend to favor single-strand annealing (SSA) as the (Kunes et al. 1986). This may appear superficially similar
to the process we have described in this study; however,primary homologous recombination pathway of palin-

drome formation (Figure 1B represents the SSA version joining broken ends at microhomologies is more indica-
tive of NHEJ, a pathway that functions independentlyof palindrome formation). The genetic requirements

for palindrome formation are similar to those of SSA of RAD1 and RAD52 (Moore and Haber 1996). Estab-
lishing the genetic requirements for the formation ofrecombination. SSA recombination involving small re-

peats is largely RAD52 dependent and RAD51 indepen- the circular palindromes would help clarify their me-
chanistic origin. Large palindromes have also been ob-dent (Ivanov et al. 1996; Sugawara et al. 2000). In con-

trast, recombination reactions involving Holliday junctions served following selection for amplification of the ADH4
and DFR1 genes (Walton et al. 1986; Dorsey et al. 1992;generally require the RAD51 gene, as well as most other

members of the RAD52 epistasis group (Ivanov et al. Huang and Campbell 1995; Moore et al. 2000) and as
one class of products resulting from a double-strand1996), and break-induced replication, though it is RAD51

independent, apparently requires the MRE11 gene (Mal- break (DSB) within an inverted repeat substrate (Rat-
tray et al. 2001). In the latter case, break-induced repli-kova et al. 1996; Signon et al. 2001). We acknowledge,

however, that non-SSA pathways of recombination may cation was postulated to form two precursor molecules
that subsequently fused in a head-to-head arrangementprevail under genetic or genomic conditions different

from those simulated in this study. by NHEJ.
Can intermolecular recombination of short invertedLarge palindromes have been observed under a vari-

ety of circumstances in Saccharomyces. Recently it was repeat sequences be a general pathway of palindrome
formation? In our system we were able to supply cells withdiscovered that an �700-kbp palindrome derived from

chromosome II forms readily in mre11�, rad50�, xrs2�, the appropriate precursor molecules for palindrome
formation—two identical DNA fragments, each with aor sae2� mutants, but only very inefficiently in Rad� cells

(Lobachev et al. 2002). A key event in the formation of copy of the short inverted repeat sequence near a bro-
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