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ABSTRACT

DNA sequences containing long adjacent inverted
repeats (palindromes) are inherently unstable and
are associated with many types of chromosomal
rearrangements. The instability associated with
palindromic sequences also creates difficulties
in their molecular analysis: long palindromes
(>250 bp/arm) are highly unstable in Escherichia
coli, and cannot be directly PCR amplified or seq-
uenced due to their propensity to form intra-strand
hairpins. Here, we show that DNA molecules contain-
ing long palindromes (>900 bp/arm) can be trans-
formed and stably maintained in Saccharomyces
cerevisiae cells lacking a functional SAE2 gene.
Treatment of the palindrome-containing DNA with
sodium bisulfite at high temperature results in deami-
nation of cytosine, converting it to uracil and thus
reducing the propensity to form intra-strand hairpins.
The bisulfite-treated DNA can then be PCR amplified,
cloned and sequenced, allowing determination of the
nucleotide sequence of the junctions. Our data
demonstrates that long palindromes with either
no spacer (perfect) or a 2 bp spacer can be stably
maintained, recovered and sequenced from sae2D

yeast cells. Since DNA sequences from mammalian
cells can be gap repaired by their co-transformation
into yeast cells with an appropriate vector, the
methods described in this manuscript should
provide some of the necessary tools to isolate and
characterize palindromic junctions from mam-
malian cells.

INTRODUCTION

DNA sequences containing palindromes are associated with a
high degree of genomic instability in mouse (1–4), yeast (5,6)
and bacteria (7,8). The instability associated with palindromes
includes increased recombination (5,9–11), gene amplification
(12–15), translocations (16) and deletions (17,18). Further-
more, closely spaced inverted repeats are less frequent than
expected in the sequenced human (19) and bacterial genomes
(20), suggesting that they are either unclonable and therefore

missing from the genome databases or that they are inherently
deleterious to cells. A unique property of palindromes and
closely spaced (<10 bp) inverted repeats is the ability to
extrude from normal B-form DNA into a cruciform structure
(7). One way in which palindromes could contribute to geno-
mic instability is that cruciform extrusion may create barriers
to DNA replication or serve as a target for endonucleases that
can disrupt strand integrity (21).

We show here that Saccharomyces cerevisiae cells deleted
for the SAE2/COM1 gene allow the stable propagation of
plasmids carrying long palindromes. Previously, we found
that sae2D cells led to high levels of palindrome formation
after the induction of a double-strand break (DSB) between
chromosomal inverted repeats, presumably due to break-
induced replication, followed by some form of non-
homologous end-joining (22). Sae2p-deficient yeast cells
have also been found to enhance the stability of inverted
Alu repeats that are separated by 12 bp (21). Several lines
of evidence suggest that Sae2p functions by regulating the
activity of the Mre11p/Rad50p (MR) nuclease complex.
This is a highly conserved nuclease complex with homologs
from mammals (MR) to bacteria [SbcCD; (23)]. In vitro, these
complexes have a 30!50 exonuclease activity as well as
single- and double-strand endonuclease activities, including
the ability to cleave hairpin DNA molecules (24–26). In yeast,
null mutants of MRE11 or RAD50 have severe defects in a
number of DNA metabolic functions including slow growth,
an impaired DNA damage response, shortened telomeres and
deficiencies in non-homologous end-joining (23,27). Although
sae2 mutant cells do not share the severe phenotype associated
with null alleles of the MR complex, their phenotype is thus far
indistinguishable from certain hypomorphic alleles of mre11
or rad50 (termed ‘s’ for separation of function). For example,
as in mre11s and rad50s mutants, Spo11p-induced meiotic
DSBs are not processed, and retain Spo11p at their 50 termini
in sae2D cells (28–31). Also, mre11s and rad50s mutants have
a similar increase in palindrome formation and propagation as
do sae2D mutants (22).

The ability to clone and stably maintain long palindromes in
sae2D yeast has opened the opportunity for their molecular
analysis. Recently, sodium bisulfite modification of DNA was
used to PCR amplify, clone and sequence a nearly palindromic
inverted repeat created by DSB-induced replication of 79 bp
inverted repeats with a 29 bp non-palindromic center in
Chinese hamster ovary (CHO) cells (14) and palindromes
created by ligation of a hairpin oligonucleotide (with a 6 bp
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loop) to the ends of short (150–200 bp) DNA fragments (32).
Sodium bisulfite treatment of DNA results in deamination of
cytosine converting it to uracil. It has been primarily used to
identify the location of methylated cytosine residues, as they
are resistant to deamination (33,34). Here, we describe
conditions that allow us to use this method to sequence
long perfect palindromes (>900 bp/arm) from sae2 mutant
S.cerevisiae cells. This is only the second report of a verified
perfect palindrome in a eukaryote. Unlike the previous report
(4), the method presented here is a general one that does not
require prior knowledge of the palindromic sequence.
Recently, it was shown that mammalian DNA could be
gap-repaired into yeast by transformation-associated recom-
bination (TAR) cloning (35). Taken together, these methods
should provide the tools to clone, isolate and sequence long
perfectly palindromic regions of the human genome directly
from yeast cells.

MATERIALS AND METHODS

Strains, plasmids, oligonucleotides, media and
general methods

For Escherichia coli transformations, we used chemically
competent DH5a cells [F�f80d lacZDM15 D(lacZYA-
argF) U169 recA1 endA1 hsdR17(rk�, mk+) phoA supE44
l� thi-1 gyrA96 relA1; Invitrogen] that were grown in Luria–
Bertani (LB) medium supplemented with Ampicillin and
X-gal where necessary (36). Subcloning and ligation were
done by standard techniques (36). All yeast experiments
were done with a sae2 deletion derivative of strain BY4742
(MAT a his3D1 leu2D0 lys2D0 ura3D0 YGL175c::kanMX4;
Open Biosystems). S.cerevisiae cells were grown in YEPD or
the appropriate synthetic drop-out media (37). Competent
yeast cells were prepared by the lithium acetate transformation
procedure (38). The Saccharomyces kluyveri HIS3 gene was
isolated from plasmid (p)KW301 (39), and cloned into
pRS426 (40) as described below. The oligonucleotides used
in this study are shown in Table 1. Oligonucleotides HindIII-
vec-top and HindIII-vec-bottom were synthesized by
Integrated DNA Technologies. All other oligonucleotides
were synthesized by Invitrogen.

Southern blot analysis

Yeast DNA for Southern blot analysis was prepared by the
glass bead method (41). Approximately 5 mg of DNA was
digested with the appropriate endonucleases according to man-
ufacturer’s instructions (New England Biolabs). One-half of
each sample was then incubated in a boiling water bath for
5 min, and immediately transferred to ice. The DNA samples
were electrophoresed in neutral agarose gels, and subsequently
soaked in 0.4 N NaOH for 30 min. Southern transfers were
done in 0.4 N NaOH onto Hybond N+ membranes
(Amersham) by capillary transfer according to manufacturer’s
instructions. After transfer, the membrane was cross-linked by
exposure to UV light in a Stratalinker (Stratagene), and then
neutralized by soaking in 10· SSC (36). Hybridization was
done according to the protocol suggested for hybridization of
Hybond N+ membranes. The probe was an XbaI–Kpn1 frag-
ment from pKW301 that had been labeled with 32P using the
Redi-Prime II Kit (Amersham). Blots were analyzed on a
Typhoon scanner (Storm) and visualized with ImageQuant
software.

Sodium bisulfite modification

Plasmid DNA was enriched from 100 ml of yeast cells using
Qiagen columns as described by Singh and Weil (42). The
DNA was digested with an appropriate restriction enzyme to
reduce the palindromic fragment to �1 kb. Digested DNA
(0.2–2 mg) was resuspended in 60 ml of H2O, denatured by
adding fresh NaOH to 0.3 N and incubating at 37�C for 15 min.
Subsequently, 50 ml of the DNA was treated with sodium
bisulfite using 350 ml of Reagent I from the CpG Genome
Modification Kit (Serologicals Corp.) that had been adjusted
to pH 5.0 with 3 N NaOH. The samples were overlaid with
mineral oil and incubated at 95�C for 30 min. The bisulfite
was removed by cleaning the DNA with the GeneClean Spin
Kit (Bio 101). The eluate was adjusted to 0.3 N NaOH and
incubated at 37�C for 15 min to desulfonate the DNA. One
microliter of either CpG Genome Modification Kit Reagent
IV, or of Glycogen (Fermentas), was added, and the sample
was ethanol precipitated. The DNA was resuspended in 100 ml
1· TE and used for PCR with the indicated primers. PCR was
performed using 1–10 ml of modified DNA in a 50 ml reaction
containing 1· Titanium buffer (BD Biosciences), 200 nM

Table 1. Oligonucleotides

Name Oligonucleotide sequence Native sequence

BiSuHis3SK-A GATGATTTGTGATTGAGTAGTTTGG GATGACCTGTGACTGAGTAGCTTGG
BiSuHis3SK-B GGGTTGGTTTTGTTATTTTTATGG GGGCTGGTTCTGTCATTTCTATGG
BiSuHis3SK-C CTTTAATATCAAATTCCTACAACCCA CTTTGATATCGAATTCCTGCAGCCCG
BiSuHis3SK-D ACAAAAAATAAACACCTTACACTCC ACGGGAGATAAACGCCTTGCGCTCC
BiSuHis3SK-E CATATAATCCAAAAAACCAACACC CATATGATCCAAAAAGCCAACACC
M13-F GTAAAACGACGGCCAG
M13-R CAGGAAACAGCTATGAC
HindIII-vec-top GAGAGGGAAGAGAGCAGGCAAGGAATGG-AAGCTGTCTGT-

CGCAGGAGAGGAAG
HindIII-vec-bottom AGCTCTTCCTCTCCTGTCGCTAAGAGCATG-CTTGCCAATG-

CTAAGCTCTTCCCTCTC
Bubble-amplify AGCGATTCTCGTACGAACGGTTACGATTCG
UMHis3SK-F TTTGAACGCTTGCCCTAATG
UMHis3SK-G TGTGAATATCGATGACCTGTG
UMHis3SK-H CGCTCCTGAACAGTTTGTTT
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dNTPs, 50 pM of the appropriate primers and 1· Titanium Taq
polymerase (BD Biosciences). PCR conditions were as fol-
lows: 1 cycle of 95�C/3 min; 5 cycles of 94�C/1 min,
50�C/2 min, 72�C/3 min; 25 cycles of 94�C/30 s, 54�C/
1 min, 72�C/2 min; and 1 cycle of 72�C/5 min. The PCR
products were electrophoresed in agarose, and the bands
were eluted using the GeneClean Spin Kit. DNA from each
band was then cloned into pCR2.1 using the TopoTA cloning
kit (Invitrogen), transformed into DH5a chemically compe-
tent cells (Invitrogen), and plated onto LB ampicillin X-gal
plates. About 3–6 independent white colonies were sequenced
for each PCR product with oligonucleotides M13-F and M13-R
(Table 1). Sequencing was performed by the Laboratory
of Molecular Technology (SAIC Corp), and sequence anal-
ysis was carried out using Sequencher software (Gene
Codes Corp).

Vectorette PCR

Vectorette PCR was done essentially as described (43).
Briefly, the oligonucleotides HindIII-vec-top and HindIII-
vec-bottom (Table 1) were annealed by mixing �5 pM of
each oligonucleotide in 50 ml H2O and heating to 65�C for
5 min. MgCl2 was added to 2.5 mM and the oligonucleotides
were allowed to cool slowly to room temperature. An aliquot
of 1 ml of this mixture was ligated overnight to �2 mg of Hind
III digested total genomic DNA from cells carrying the plas-
mid pAL301 candidates. PCR was carried out using 25 pM
each of an anchor oligonucleotide, designated UMHis3SK-F
(Table 1), and primer ‘bubble-amplify’ (Table 1). Primer
‘bubble-amplify’ can only anneal to the complement of the
HindIII-vec-top primer. PCR conditions were as follows:
1 cycle of 95�C/5 min; 35 cycles of 94�C/30 s, 68�C/30 s,
72�C/45 s; and 1 cycle of 72�C/5 min. PCR amplified DNA
was gel purified and the correct structure verified by perform-
ing hemi-nested PCR with the primers ‘bubble-amplify’
and UMHis3SK-G or UMHis3SK-H (Table 1). Gel purified
DNA from the original PCR amplification reaction was
cloned into the pCR2.1 Topo TA vector, and sequenced as
described above.

RESULTS AND DISCUSSION

Many of the adverse biological consequences associated with
palindromes are likely to be related to their propensity to form
cruciform structures in vivo. These cruciform structures may
pose significant barriers to normal DNA replication, and they
may also be targets of specialized endonucleases such as
the MR nuclease (see Introduction). Inverted repeats with very
short (or no) spacers have a greater propensity to extrude
and are therefore more likely to create genomic instability.
Indeed, they are not stably maintained in E.coli cells (7). DNA
binding proteins may stabilize palindromes to some extent
in vivo, but the increased likelihood of intra-strand versus
inter-strand annealing of a palindrome is a major barrier to
in vitro molecular studies: no amount of exogenous primer can
overcome the local concentration provided by the proximity of
the adjacent repeat. Here, we describe experiments that have
allowed us to overcome these barriers to the molecular
analysis of long DNA palindromes.

Construction of palindromic plasmids

Figure 1A depicts the HIS3 region of pKW301 (39) used in
the construction of the inverted repeats. S.kluyveri His3p can
complement S.cerevisiae His3p, but the nucleotide sequences
are not sufficiently homologous to allow recombination with
the remaining endogenous his3-D1 sequence, a potential
problem with unstable sequences. We constructed two related
plasmids by in vitro ligation, depicted in Figure 1B–D.
pAL300 (Figure 1C), containing an interrupted palindrome
(961 bp/arm with a 2 bp spacer) was constructed by a
three-body ligation between XhoI–SpeI and XbaI–KpnI frag-
ments of pKW301 and XhoI–KpnI digested pRS426 (40). A
related plasmid, pAL301 (Figure 1D), containing a perfect
palindrome (922 bp/arm, no spacer) was similarly constructed
by a three-body ligation between XhoI–HindIII and HindIII–
KpnI fragments of pKW301 ligated to XhoI–KpnI digested
pRS426. pAL301 is identical to pAL300 except that it is joined
at the HindIII sites (designated ‘H’ in Figure 1), resulting in a
perfect palindrome.

Propagation of palindromic plasmids in
S.cerevisiae sae2 mutants

In E.coli, plasmids bearing long palindromes (>250 bp/arm)
are highly unstable (7). The longest palindrome thus far iso-
lated from E.coli was that reported by Malagon and Aguilera
(8), where the authors were able to isolate a 1.1 kb/arm palin-
drome from sbcC mutant E.coli strains. However, the plasmid
was not stable upon continued propagation (F. Malagon, per-
sonal communication). Although we did initially attempt to
isolate palindromic plasmids by direct transformation of the
ligation mixtures described above into sbcCD mutant E.coli,
the recovery of plasmids with the correct structure was rare,
and they were unstable (data not shown).

We previously found that sae2D yeast strains had high
levels of chromosomal palindrome formation after the intro-
duction of a DSB between inverted repeats (22). Our mole-
cular analysis of these events indicated that the putative
palindromes were stably maintained, and suggested that it
might be possible to propagate plasmids containing artificially
constructed palindromes in sae2 strains. We transformed the
ligation mixtures described in the previous section directly
into both wild-type and sae2D yeast strains, and selected
for both the plasmid marker (URA3) and the marker within
the palindrome (HIS3). Ura+ His+ transformants were further
assessed for their inability to grow on 5-fluoroorotic acid (5-
FOA) media lacking histidine. 5-FOA selects for Ura�cells,
and as expected if the plasmid carries both the URA3 and HIS3
genes, all the cells that became Ura� were unable to grow on
media lacking histidine. Twelve independent transformants
for each ligation mixture were chosen for further analysis.
Total DNA was isolated by the glass bead disruption method
(see Materials and Methods), and examined by Southern blot
to verify the palindromic structure. When the ligation mixtures
were transformed into SAE2 wild-type cells, none of the few
His+ Ura+ transformants had restriction fragments consistent
with a palindromic structure, but instead appeared to be rear-
ranged (data not shown). However, when the ligation mixtures
were transformed into a sae2D strain, all 12 transformants of
the ligation mixture for pAL300 (2 bp interrupted palindrome)
and 11/12 transformants of the ligation mixture for pAL301

PAGE 3 OF 8 Nucleic Acids Research, 2004, Vol. 32, No. 19 e155



(perfect palindrome) had the expected restriction pattern for
recovery of an intact palindromic structure (see Figure 1 and
below). Notably, the DNA was isolated from cells that had
been grown under conditions that only select for the plasmid
backbone, not the insert. Thus, the palindrome is stably main-
tained in the absence of selection.

An example of a Southern blot analysis of DNA isolated by
the glass bead disruption method from one of the pAL300
plasmids is shown in Figure 1C. When the cut DNA is dena-
tured by boiling followed by quick cooling prior to loading on
a native agarose gel, the palindromic fragment migrates at
about half of the expected size, as would be expected
for intra-strand annealing (see white dots in Figure 1C). A
Southern blot digest of the native DNA from two pAL301
candidates is shown in Figure 1D.

PCR amplification of sodium-bisulfite-modified DNA

For sequence analysis of the palindromes, we used DNA pre-
parations enriched for plasmid DNA from three independent
S.cerevisiae pAL300 transformants and five independent
pAL301 transformants (see Materials and Methods). DNA
was digested with BstEII (see Figure 1C and D) and treated
with sodium bisulfite as described in Materials and Methods.

After sodium bisulfite treatment, the DNA was PCR ampli-
fied using oligonucleotides designed to prime only from the
cytosine deaminated DNA. Table 1 shows the sequence of the
oligonucleotides used for PCR amplification. The unmodified
sequence at the same location is included in Table 1 for the

purpose of comparison. The oligonucleotides are designated
BiSuHis3SK-X, where ‘X’ refers to the designations (A–E)
shown in Figure 2. Note that oligonucleotides A and B are
designed to anneal directly to the modified DNA, whereas
oligonucleotides C, D and E can only anneal to DNA that
has been extended by primer A or B (Table 1 and see
below). An example of the primary PCR amplification of
pAL301 bisulfite-treated DNA with three different oligonu-
cleotide pairs is shown in Figure 2B. Each of the PCR
fragments was then gel purified and the correct structure
further confirmed by PCR amplification with hemi-nested pri-
mers. An example of the hemi-nested PCR of pAL300 is
shown in Figure 2C. As is evident, the hemi-nested primers
do amplify appropriate-sized fragments from the primary
PCR reaction.

Because S.cerevisiae does not have methylated cytosine, in
theory all cytosines are substrates for deamination. However,
in practice we find that the treatment with sodium bisulfite
under the conditions used here results in deamination of 82–
95% of all cytosines (see below). Since the modification is not
complete, each PCR fragment contains a mixture of DNA
molecules with different levels of modification. Therefore,
it was necessary to clone the PCR products prior to sequence
analysis.

Sequence analysis of sodium-bisulfite-modified DNA

The sequence analysis of the sodium-bisulfite-modified palin-
dromic DNA has some unique properties that both complicate

Figure 1. Construction and analysis of palindromic plasmids. (A) Schematic representation of S.kluyverii HIS3 gene from pWK301 used in construction of
palindromic plasmids. B, BstEII; H, HindIII; K, KpnI; S, SpeI; Xb, XbaI; Xh, XhoI. (B) Schematic representation of palindromic plasmids in vector pRS426. The
palindromic region is indicated by heavy dark region. (C) Southern blot of a DNA digest of pAL300 (N, native; D, denatured). White dots denote the expected location
of the native and self-annealed fragments for each digest. A schematic of the expected fragment sizes is shown below the blots. (D) Southern blots of two independent
pAL301 candidates. For both blots the probe was the XhoI–KpnI fragment of pWK301 (M, 1 kb ladder, Invitrogen).
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and simplify the determination of the original sequence.
An example meant to illustrate some of the issues that arise
during the sequence analysis is shown in Figure 3. Figure 3A
shows the expected central region of a hypothetical
palindromic sequence with a 3 bp spacer. Fully (fm) and
partially (pm) modified examples of the sequence are shown
in Figure 3B.

Normally Watson (W) strands of DNA only align with the
complement of the Crick (C) strands. However, when a
sequence is palindromic, a primer that can anneal to the
right side of the W strand can also anneal to the left side of
the C strand since the 50 ends of both W and C strands are
identical. This makes it difficult to determine which of the
sequenced clones were originally derived from amplification
of the W strand versus the C strand (Figure 3C).

However, one can still produce a ‘best alignment’ of the
sequences, and generate a consensus sequence (Figure 3C).
Two factors will contribute to heterogeneity in the sequence
alignment (identified as dots above the consensus sequence).
First, incomplete modification will lead to T/C ambiguities
(assuming the clones are aligned by the G-rich strand as
shown in Figure 3). Although this misalignment may help
determine the residues that were originally C residues, the
sequence can still be determined from fully modified
DNA (see below). Second, spacer nucleotides between the

palindromic sequences may show up as ambiguous bases
by aligning residues other than T/C. This is useful in distin-
guishing clones that were originally of opposite polarities (W
versus C; see below). For the purpose of generating the initial
consensus sequence, one can designate the non T/C ambiguous
residues as ‘X’ (Figure 3C). The consensus sequence thus
determined is used to generate a ‘reverse consensus’ sequence
(reverse complement of consensus), and the two sequences are
aligned via A/G and C/T residues (Figure 3D). The original
unmodified sequence is deduced by selecting the G for A/G
aligned residues, and the C for C/T aligned residues.
Sequences that were originally A (or T) residues will have
an A (or T) at the same position in both the consensus and
reverse consensus sequence (Figure 3D). The extent of the

Figure 2. PCR amplification of bisulfite-modified DNA. (A) Schematic
representation showing the locations of oligonucleotides used for
amplification. The positions of the oligonucleotides (designated A–E) are
shown for both pAL300 and pAL301 relative to oligonucleotide ‘A’, with
the arrowheads indicating the approximate extent of the palindromic
sequences. Oligonucleotide sequences are shown in Table 1 as BiSuSK-‘X’
where ‘X’ refers to the corresponding oligonucleotide shown here (A–E). (B)
Primary PCR amplification of bisulfite-modified pAL301 with the indicated
oligonucleotides (i.e. a PCR amplification with oligonucleotides B and C is
designated ‘BC’). (C) Hemi-nested PCR amplification of pAL300 PCR
products AD and BE with the indicated primers. (M—100 bp ladder,
Invitrogen.) Figure 3. Analysis of bisulfite-modified palindromic DNA. (A) Expected

unmodified sequence showing the central region of symmetry of a
hypothetical palindromic sequence. The arrows above the sequence indicate
the extent of the palindrome; W, Watson strand, C, Crick strand. (B) Examples
of the products of PCR amplification of fully (fm) and partially (pm) modified
sequence of the W and C strands. (C) Best alignment of sequences. Note that the
50 ends of both W and C strands align. The ‘best’ consensus sequence of the
alignment is shown below. ‘X’ indicates sequences that represent mispairs other
than T/C. Dots indicate positions where there are ambiguities in the sequence
alignment. (D) Alignment of the consensus sequence with the reverse
complement of the consensus sequence allows determination of the original
palindromic sequence (deduced sequence). (E) The sequence of the central
spacer can be determined by examining the central base pairs in the original
alignment (C), and aligning the sequences as either Watson or Crick (W and C
chosen arbitrarily).
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central spacer will be determined by the base pairs that have
‘X’ residues in the alignment.

The sequence of the central spacer can then be determined
by returning to the original alignment (Figure 3C) to identify
the residues corresponding to this region. The sequence
in this region should be present in both polarities, representing
the original W and C clones, allowing one to determine
the deduced W and deduced C sequences. Any G/T misalign-
ments then represent G/C residues where the C was modified.
Thus, one is able to determine the correct unmodified
sequence.

The DNA from three independently generated pAL300 can-
didates was treated with sodium bisulfite, and 3–5 independent
Topo cloned bisulfite PCR products were sequenced for each
clone. An example of five independent Topo clones of one of
the pAL300 candidates is shown in Figure 4A. The bracket
above the sequence alignment indicates the region of inter-
rupted symmetry at the center of the palindrome. The con-
sensus sequence is shown below the alignment, as is the
reverse complement of the consensus sequence. The deduced
sequence from this alignment was identical to the expected
sequence for all three independent pAL300 isolates (not
shown) indicating that the palindromes were indeed stably
maintained in sae2D S.cerevisiae cells.

A similar alignment for one of the pAL301 candidates is
shown in Figure 4B. In this case, the center of symmetry
(indicated by the arrow) is adjacent to a sequence that,
prior to bisulfite modification, is a T-rich tract interrupted
by occasional C residues (or on the opposite arm, an A-rich
tract interrupted by G residues). When fully modified, this
results in a stretch of T residues that is 23 bp long. Upon
sequencing, we found that the clones had a variable number
of T residues in this region (Figure 4B). We believe that the

variability in the length of the T-tract is due to slippage during
PCR amplification rather than actual changes in the sequence
of the palindrome itself. As described above and in Figure 3,
about one-half of the sequenced PCR products should be from
the left arm of the W strand, and one-half should be from the
right arm of the C strand. Notably, no alterations were detected
in the length or sequence of the A-tract that is complementary
to the slippery T-tract, presumably because it is stabilized by
the presence of the G residues.

To further confirm that the pAL301 transformants did not
contain alterations in the T-tract, we digested the DNA with
HindIII (located at the center of symmetry) and cloned each of
the palindrome arms by vectorette PCR as described in Mate-
rials and Methods. The vectorette oligonucleotides include
mismatched bases in the central region (Figure 5A). PCR
amplification by this method uses a specific oligonucleotide
primer within the sequence of choice (anchor), and another
primer that extends from the vectorette (bubble-amplify) (43).
The vectorette PCR primer (bubble-amplify) is designed
such that synthesis along the complementary strand of the
vectorette (from the specific ‘anchor’ primer) is required
before extension can proceed from the vectorette primer
(Figure 5A). We further confirmed that the PCR fragments
obtained by vectorette PCR had the expected structure by
performing hemi-nested PCR with internal ‘anchor’ primers.
An example of the hemi-nested PCR is shown in Figure 5B,
indicating that the sequence does have the expected structure.
Six independent colonies from the primary vectorette PCR
reactions were sequenced for each of the three independent
pAL301 transformants. In all cases, the sequence was identical
to the expected sequence, the central portion of which is shown
in Figure 5C. These data indicate that there is no variability in
the length of the T-tract in the palindromic plasmids isolated

Figure 4. Sequence alignment of sodium-bisulfite-modified palindrome clones. (A) Central portion of sequence from five clones of the bisulfite-modified PCR
fragment of one of the independent pAL300 candidates. Only one strand is represented for each clone. The bracket at the top of the sequence alignment indicates the
central non-palindromic bases. The clone designations indicate the pAL300 candidate number sequenced (i.e. clone 3) with the primers (A–E) used for amplification
as designated in Figure 2, followed by the designated number of the particular Topo clone sequenced. A consensus sequence derived from the alignment of the various
clones is shown below (consensus). By aligning the consensus with the reverse complement of the consensus sequence, we were able to correctly deduce the starting
sequence of the palindrome. (B) Central portion of sequence from independent Topo clones for pAL301 candidate 1 aligned as described in (A). The arrow defines
the center of symmetry.
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from yeast. This method will be useful for confirming the
sequences at the center of unknown palindromes; however,
it does require that there be a restriction site present in the
central portion of the palindrome. Importantly, these results
indicate that a plasmid bearing a perfect palindrome is stably
maintained in sae2D S.cerevisiae strains. To our knowledge,
this is the first description of stable maintenance of a perfect
palindrome.

CONCLUSIONS

We show here that long palindromes, either with or without a
short central spacer, can be stably maintained in S.cerevisiae
strains lacking the sae2/com1 gene. Although the sequences
used here are not mammalian in origin, the observation that
closely spaced Alu repeats are stabilized in sae2D cells (21)
indicates that there is unlikely to be any species specificity to
the nature of the sequences stabilized in sae2D cells.

In this study, we have analyzed artificially constructed
palindromes to develop a method for sequencing long palin-
dromic DNAs. The presence of the selectable marker was
useful in identifying the palindrome-containing plasmids.
However, once a palindromic plasmid was identified, the
palindromic plasmids were stably maintained in absence of
selection for the marker (see above). Therefore, by using TAR
cloning methodology (35), which does not require selection
for the insert, it should be possible to clone palindromic
sequences in the absence of selection.

Treatment of plasmid DNA isolated from yeast cells with
sodium bisulfite has allowed us to PCR amplify and sequence
palindromic regions. Taken together, these techniques should
provide the necessary tools to characterize palindromic
regions from mammalian cells. This may allow the elucidation
of events that lead to genome amplification, or perhaps even
the ability to isolate and sequence some of the gaps from the
human genome.
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