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Strand misalignments lead to quasipalindrome
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Quasipalindromes, or imperfect inverted repeats, undergo
spontaneous mutation to more-perfect inverted repeats.
These mutations have been observed in many organisms,
ranging from bacteria to humans, where they are associ-
ated with mutations leading to disease. We determined
the relative frequency of quasipalindromes and perfect
palindromes in more than 100 sequenced prokaryotic
genomes. In nearly all cases, perfect palindromes were
relatively more frequent than quasipalindromes,
suggesting that quasipalindrome correction is a gen-
eral mechanism for mutation in prokaryotes.

Apart from simple misincorporation mutations, primer—
template misalignments are probably the predominant
cause of spontaneous mutations, and can lead to different
types of mutation, such as frameshifts, deletions, dupli-
cations, inversions and complex mutations [1,2]. Misalign-
ment requires sequence complementarity, such as direct or
inverted repeats. Simple misalignment can occur along a
linear template, and complex misalignment can be
directed by DNA secondary structure. Imperfect inverted
repeats, or quasipalindromes, can undergo spontaneous
mutation to form a perfect inverted repeat (Fig. 1). Such
mutations have been observed in bacteriophage T4, yeast
and prokaryotes [3]. In addition, they have been associated
with several human genetic diseases, including hereditary
angioneurotic oedema, Duchenne muscular dystrophy,
osteogenesis imperfecta, Lesch—Nyhan syndrome, and
familial hypertension [4]. Here we provide evidence that a
complex mutation, the correction of a quasipalindrome
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(an imperfect inverted repeat) to a palindrome (a perfect
inverted repeat), occurs frequently in prokaryotes.

In 1982, Ripley [5] proposed two models for the
correction of quasipalindromes to perfect inverted repeats:
the intramolecular strand-switch model (also known as
the hairpin-correction model), and the intermolecular
strand-switch model (Fig. 2). In the latter model, the
unpaired 3’ end of the nascent strand pairs with the
quasipalindrome in the opposite template strand; that is,
hybridization from the leading to lagging template strand.
We have demonstrated that quasipalindrome correction in
Escherichia coli occurs from a misalignment that is caused
by an intermolecular strand switch, preferentially during
leading strand replication [6]. Other quasipalindrome
correction mutations might occur by an intramolecular
(hairpin) replication mechanism [7].

Frequency of quasipalindromes within complete
genomes

One would expect that correction of quasipalindromes over
a period of time should result in an increase in the
frequency of perfect palindromes within the bacterial
genome. The repetitiveness of genomes has been investi-
gated before [8], as well as frequencies of specific repeats in
single genomes [9,10]. Here we test sequenced bacterial
genomes for the frequencies of quasipalindromes and
perfect palindromes, and compare them with expected
values. In Fig. 3, we show that the relative frequencies of
perfect palindromes are generally higher than the relative
frequencies of quasipalindromes. In particular, the rela-
tive frequency of perfect palindromes in E. coli (orange
triangle) is much higher than that of quasipalindromes.
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(a) Quasipalindrome
Left half Right half

5' GATCGGAATTCCCTGCTGGAAGAACT GCTGCGG CCGCAGCAGCAGCATTGAATTCCGATC 3!
3" CTAGCCTTAAGGGACGACCT TCTTGACGACGCC GBCGT CGTCGTCGTAACT TAAGGCTAG 5

>

TTCTTC

A
(b) Top strand hairpin £ GA
Neps
o & /Gy
5' GATCGGAATTC TGCTACTGCTES G
3 CTAGCCTTAAG ACGACGACGACG, C
T c

(C) Perfect inverted repeat from left half

(d) Perfect inverted repeat from right half

GATCGGAATTCCCTGCTGGAAGAACTGCTGCGG CCGCAGCAG
CTAGCCTTAAGGGACGACCTTCTTGACGACGCC GGCGTCGTC

CAGCAGECAATTCCGATC 3!
GTCGTCCCTTAAGCCTAG 5'

GATCGGAATTCAATGCTGCTGCTGCGG CCGCAGCAGCAGCATTGAATTCCGATC 3
CTAGCCTTAAGT TACGACGACGACGCC  GGCGTCGTCGTCGTAACTTAAGCCTAG 5!
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Fig. 1. Quasipalindromes and quasipalindrome correction mutations. (a) A model quasipalindrome (i.e. an imperfect inverted repeat). The left half contains a CC dinucleo-
tide, whereas the right half contains a TT dinucleotide (denoted by XX above the sequences). In addition, the left half contains the sequence GAAGAA (AAAAAA above the
sequence). This sequence is missing in the right half, and its position is denoted by the sequence above the brackets pointing to the site where from which the sequence is
missing. (b) The top strand of the quasipalindrome is shown in its hairpin conformation in which the 2-bp mismatch and the GAAGAA loop are evident. (c,d) Left-left (c)
and right-right (d) quasipalindrome correction, in which perfect inverted repeats have been created. In (c) the bases that are inserted are shown in orange.

Relative frequencies are calculated by dividing ‘observed’
by ‘expected’ frequencies. This supports quasipalindrome
correction being a general mechanism for mutation.

We define a quasipalindrome as an inverted repeat
within a 30-bp window where six out of seven bases are
complementary, and a perfect palindrome as a perfect
inverted repeat of seven bases within a 30-bp window.
These values are based on experiments on the size
and stability of cruciforms [11]. A complete table with
results of analysis of 106 prokaryotic genomes (16 archaeal
and 90 bacterial) can be found following the ‘Microbial
Database Tables’ link from the main atlas web page:
http://www.cbs.dtu.dk/services/GenomeAtlas/. The ‘observed’
frequencies are compared with what would be expected
given the length and dinucleotide composition of the
genome. The ‘expected’ quasipalindrome and perfect
palindrome frequencies were measured as the average
frequencies in 20 DNA sequences, of the length of the
original genome, generated by a first order (dinucleotide)
Markov model trained on the original genome [12]. The
relative standard deviations are typically ~0.5% of the
average, meaning that an observed:expected ratio of more
than 1.01 or less than 0.99 differs significantly from the
expected value. Expected frequencies were also calculated
based on zeroth order (mononucleotide) Markov models, in
which case the differences between expected and observed
frequencies were larger. The expected frequencies did not
change significantly when using second-order (trinucleo-
tide) instead of first-order Markov models.

The highest number of quasipalindromes is found in
Ureaplasma urealyticum, where they make up 50.4% of
the chromosome; this is to be expected, as this bacterium
has the most extreme A + T content of the genomes in
the list. When the A + T content has an extreme value
(i.e. far away from 50%), the genomic sequence is
restricted, corresponding to a lower number of different
nucleotides (e.g. only two rather than four nucleotides in
the extreme case). This results in a higher probability of
inverted (and direct) repeats. The pattern of the expec-
tation numbers, as a function of A + T content in Fig. 4
shows this trend quite clearly.

The number of quasipalindromes observed in
sequenced genomes is consistently higher than would be
expected from the dinucleotide composition. For quasipal-
indromes, only seventeen genomes show a value that is
lower than the expected, whereas most of the remaining
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genomes have values much higher than the expected. The
same is true for the perfect palindromes, where only five
genomes have a lower percentage of palindromes than
expected. Significantly, the ratio of the observed to the
expected values for perfect palindromes (Op/Ep in Fig. 3) is
almost always higher than the ratio for quasipalindromes
(Oqp/Eqp), whereas random mutagenesis of a quasipalin-
drome would predict a decrease in palindromic symmetry.
The observation of larger observed:expected values for
perfect palindromes than for quasipalindromes for 103 out
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Fig. 2. Models for quasipalindrome correction. The quasipalindrome is rep-
resented as the shaded rectangles: A is a short arm, and B is a long arm. In the
intramolecular strand switch model, replication occurs through the centre of the
quasipalindrome. Intrastrand misalignment of cDNA sequences creates a hairpin.
By copying the long arm B the A arm is converted to a B arm. Realignment of the
hairpin sequences to the leading template strand creates a heteroduplex in the left
half of the quasipalindrome. Following the next round of replication, the plasmid
derived from the bottom strand contains a perfect B-B inverted repeat. In the inter-
molecular strand switch model, only the misalignment is different, occurring
between the long B arm of the quasipalindrome in the progeny leading strand and
the short A arm of the quasipalindrome in the lagging template strand. Continued
synthesis of the quasipalindrome produces the same mutational event as the
intramolecular strand switch; that is, conversion of the A arm to a B arm.


http://www.cbs.dtu.dk/services/GenomeAtlas/
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Fig. 3. The frequencies of quasipalindromes and perfect inverted repeats were cal-
culated, as described in the text. Ogp, observed quasipalindromes, as a percentage
of the whole genome; Eqp, expected quasipalindromes, based on the dinucleotide
base composition; Op, observed palindromes, as a percentage of the whole gen-
ome; Ep, expected palindromes, based on the dinucleotide base composition. The
red line is where Oqp/Eqp is equal to Op/Ep. Open green circles indicate Bacteria,
filled blue circles indicate Archaea. The orange triangle is Escherichia coli.

of the 106 genomes examined could reflect the occurrence
of spontaneous strand switch mutations creating perfect
palindromes from quasipalindromes. Another possibility
is that several specific palindromes are genetically
selected for a function like protein binding sites.

The archaeal genomes (blue filled circles in Fig. 3) tend
to have quasipalindrome and perfect palindrome frequen-
cies closer to the expected values than the bacterial
genomes. Furthermore, within the bacterial genomes,
the Neisseria species have the largest deviation from
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expectation; that is, twice as many perfect palindromes as
expected, whereas Archaeoglobus, Deinococcus and
Synechocystis seem to have consistently fewer palin-
dromes than expected. The gamma subdivision of proteo-
bacteria (of which E. coli is a member) also has higher than
expected frequencies of quasipalindromes and perfect
palindromes. This difference might reflect the inherent
propensity for the occurrence of this type of mutation by
the replication apparatus of the individual bacteria.

Cruciform atlases for localization of palindromes with
genomes

Palindromes are not homogeneously distributed through-
out the chromosome, and the localization of quasipalin-
dromes and perfect palindromes can be plotted in a ‘DNA
atlas’ format, as described previously [13—15]. Figure 5
shows a cruciform atlas for Bacillus anthracis plasmid
pX01 [16]. The left-hand side of the figure has a higher
fraction of palindromes than the rest of the genome. This
region contains a 44 800-bp pathogenicity island, located
between the two IS1627 insertion sequence (IS) elements
marked in the outer ‘global inverted repeats’ circle. These
sites represent known regions of inversion for different
isolates of pX01 plasmids. Although in general many of the
quasipalindromes and perfect palindromes are in inter-
genic regions (often corresponding to stem-loop structures
in mRNA at the 5’ ends of genes), a few genes contain a
high fraction of palindromes within the coding region. For
example, in Fig. 5 it can be seen that the anthrax toxin
activator gene atxA (located at ~ 150 kbp) has a high
number of quasipalindromes. This could result in a higher
mutational frequency for this gene, and variability in the
amino acid sequence of this protein might aid in the
bacteria’s ability to evade the immune system. Cruciform
Atlases are available on our web pages, for archaeal
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Fig. 4. Fraction of the genome containing local quasipalindromes. (a) The observed (orange) and the predicted (green) fraction of the genome that is part of a perfect
inverted repeat, plotted against the A + T content of the genome. A “perfect palindrome’ for the purposes of this analysis is an exact match of any 7-bp piece of DNA within
a 3- bp window. (Thus, these repeats can have asymmetric centers of up to 16 bp.) (b) The observed (orange) and the predicted (green) fraction of the genome that is part of
a quasipalindrome, plotted against the A + T content of the genome. Quasipalindromes were calculated as the best match of a 7-bp window in a 30-bp length of DNA. The
cut-off value for scoring a quasipalindrome was 80%, which allows one mismatch in the 7-bp window. To calculate the expected value for quasipalindromes and perfect
inverted repeats (in (a) and (b)), 20 random DNA sequences with the same nucleotide composition and length were generated and analysed in the same fashion as the
entire genome. The values are mean values with a relative standard deviation of ~0.5%.
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Fig. 5. Cruciform atlas for Bacillus anthracis pX01. The cruciform atlas was constructed from the pX01 GenBank file (AF065404). The quasipalindormes and perfect palin-
dromes are calculated as described in the text, and other repeats are calculated as before [19]. The genes containing insertion sequence (IS) elements are shown in red.

Abbreviations: CDS, coding sequence; avg, average.

(http://www.cbs.dtu.dk/services/GenomeAtlas/cruciform/
index_Archaea_Organism.html) and bacterial (http:/
www.cbs.dtu.dk/services/GenomeAtlas/cruciform/index_
Bacteria_Organism.html) genomes; the web tables also
contain further information and references to the different
prokaryotic genomes used.

Potential for DNA directed mutational change at
quasipalindrome

Quasipalindrome correction mutations constitute one
class of mutation hotspot. The DNA symmetry elements
allow the formation of DNA secondary structures that
promote mutation. In addition, the inverted repeat nature
of the sequence provides the opportunity that during
leading strand replication of the quasipalindrome, a
second complementary copy of the template exists in
single stranded form in the lagging strand template, which
might also contribute to the high frequency of mutation at
quasipalindromes. The outcome of this spontaneous
mutational event is the formation of more-perfect
inverted repeats. Long perfect inverted repeats (>50 bp)
are also genetically unstable, especially those that
include direct repeats at their ends. Presumably, instabil-
ity occurs by primer template misalignment during
replication, with the misalignment stabilized by hairpin
formation [11,17-21]. The outcome for spontaneous
mutations involving long perfect inverted repeats is
deletion. Thus, on an evolutionary basis, it might seem
that there is a driving force for weak quasipalindromes to
become longer, more-perfect inverted repeats and then for
these sequences to be deleted from the genome. The

http://tigs.trends.com

remarkably high frequency of perfect palindromes in
bacterial genomes argues that spontaneous mutation
involving quasipalindromes could be a frequent event.
This hypothesis is supported by demonstration of quasi-
palindrome-associated mutational hotspots in E. coli
[7,22]. The observation that the ratio of observed to
expected short perfect inverted repeats (7/7 bp stems,
which as defined in this analysis can have asymmetric
centers) is higher than the ratio for quasipalindromes
(6/7 bp stems) suggests that these repeats are stable and
that they do not accumulate by chance.
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Erratum: Messenger RNA editing in mammals: new
members of the APOBEC family seeking roles in the

family business

Wedekind, J.E. et al. (2003) Trends in Genetics 19, 207-216

There was a small mistake in the alignments in Fig. 1, for
which the authors apologize. The correct figure should be:

0168-9525/03/$ - see front matter © 2003 Elsevier Science Ltd. All rights reserved.
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Fig. 1. Functional domains of APOBEC-1 and ACF. Conserved residues within the zinc-dependent deaminase domain (ZDD) are shown for APOBEC-1 and homologous cyti-
dine deaminases. The catalytic domain of APOBEC-1 is characterized by a ZDD with three zinc ligands (either His or Cys), a glutamic acid, a proline residue and a conserved
primary sequence spacing [17]. The ZDD of other deaminases and APOBEC-1 related proteins are shown for comparison along with a consensus ZDD. The indicated
residues in the catalytic site of APOBEC-1 bind AU-rich RNA with weak affinity. The leucine rich region (LRR) of APOBEC-1 has been implicated in APOBEC-1 dimer-
ization and shown to be required for editing [19,65] although structural analysis suggests that LRR forms the hydrophobic core of the protein monomer [67].
ACF complements APOBEC-1 through its APOBEC-1 and RNA-bindings activities. The RNA recognition motifs (RRMs) are required for mooring-sequence-specific
RNA binding, and these domains plus sequences flanking them are required for APOBEC-1 interaction and complementation [21,28]. APOBEC-1 complementa-
tion activity minimally depends on ACF binding to both APOBEC-1 and mooring sequence RNA. A broad APOBEC-1 complementation region is indicated that

is inclusive of all regions implicated in this activity [21,28].
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