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ABSTRACT Long DNA palindromes are unstable in both eukaryotes and
. prokaryotesZ0,21) and have been shown to halt the progress of
A novel DNA rearrangement has been characteriszed the replication forkin vitro (22,23). DNA palindromes longer
that is both a direct and inverted repeat. ~ This rear-  than 150-200 bp cannot be cloned in wild-tipeli. Either the
rangement involves the 2-fold duplication of a plasmid replicon containing the palindrome is so poorly replicated that it
sequence adjacent to the site of insertion of a long is inviable £4,25) or the palindrome is so unstable that it suffers
palindrome. The sequence of this rearrangement partial or complete deletior2§,27). Many studies of deletion
suggests that it has arisen by strand slippage from the stimulated by palindromic sequences have shown that their
leading to the lagging strand of the replication fork as endpoints tend to occur in short direct repeats3p—35).
a consequence of the presence of the long palindrome. Escherichia colisbcCD mutants are known to increase the
viability of replicons containing long palindromes3{31) and
INTRODUCTION this res_ults in the stabilization of these sequences within a
population.

Genomes are not static, they have both the necessary levels d¢f this work we have isolated a novel mutation composed of
fidelity for stable inheritance and the required flexibility forboth direct and inverted repeats that we call DIR (direct and
genetic change. A primary mechanism of genetic change iverted repeat). This rearrangement is associated with loss of a
recombination. Genome rearrangements in both prokaryotes &l bp palindrome inserted at tecRl site in the multicloning
eukaryotes may result from ‘homologous recombination’, be-egion of plasmid pUC18. Its structure and origin suggest that it
tween long homologous sequencés3], as well as from may have arrisen by strand slippage across the replication fork.
‘illegitimate recombination’, between sequences of little or no
homology 2,4). MATERIALS AND METHODS

lllegitimate recombination mechanisms are important in evol-, _ . ; ;
ution (5,6), biotechnology{,8) and have been suggested to playk/kEdlum and bacterial strains
a role in repeated sequence instability associated with cert#XI medium is LB agar supplemented with 3@9'ml ampicil-
human genetic disorder£-1) and colorectal carcinomas lin, 64 pg/ml X-gal and 30ug/ml IPTG. Plasmids were
(12,13). lllegitimate recombination may be divided into twomaintained inE.coli strains DL733 (JM8@\sbcCD:KmR) or
broad classes: (i) end joining, which is mediated by enzymd#183 36) for sequencing of the DIR mutation. The 571 bp
which cut and join DNA, such as topoisomerases, site-specifi@alindrome used in this work is a perfect inverted repeat of 228 bp
DNases and proteins which initiate rolling circle replication; (iijseparated by 15 bp37). It is composed of non-essential
strand slippage, where, after pausing at the replication fork, thacteriophagk DNA and was obtained from DRL 11264B pal
nascent strand can dissociate from one template and pair wéii6 cl857).
another. Strand slippage can occur in association with short
homologous sequences, but, unlike homologous recombinatidtiasmid DNA
this process is RecA independent both in plasmidisi@) and

the chromosome dscherichia col(15). The plasmid vector used was pUCB8)( The construction of

; ; AC2, pMS7 and pDIR1 is described in Results. Plasmid DNA
Sequences which have the potential to form unusual second s isc?lated using the Qiagen Plasmid Midi Kit (Qiagen Inc.)

igﬁcggﬁjlstree ;npﬁrggtfgnp;ﬂ?poggg;uém%fezﬁgngeeg'fﬁé:gggn xcept for the preparation of multimers, when DNA was isolated
(i) oligopurine—oligopyrimidine sequences, able to adopt a tripllésmg the alkaline SDS method of Birnboim and DE).(
helical structure in supercoiled DNA, bailvivo(18) andin vitro : . .

(19); (i) tri- and tetranucleotide repeats, thought to formRaO“OIabeIIIng of plasmid DNA fragments
pseudo-hairpins when single-stranded; (iii) alternating GC or GAliquots of 4ug plasmid DNA were digested to completion with
dinucleotide repeats, capable of forming Z-DNA; (iv) DNA20 U EcaRl (Boehringer Mannheim) and radiolabelled using
palindromes (inverted repeats), able to form hairpins, whetOuCi [a-35S]JdATP (1500 Ci/mmol) and 1 U Klenow enzyme
single-stranded, or cruciforms, when double-stranded. (Boehringer Mannheim). The DNA was purified using the
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Figure 1.(a) Agarose gel electorphoresis of plasmids pMS7, pUC18 and pAC2. The ratio of heterodimer to homodimer present in the population of pAC2 DNA w
variable from one preparation to anothiey.Hindlll restriction digests of plasmids pAC2 and pMS7.

QIAquick] Nucleotide Removal Kit (Qiagen Inc.). Samples ofagarose gels (Flowgen) at 2 V/cm overniglimdlill digests were
2.5g purified DNA were digested with 10BAHI (Boehringer  carried out on 1% agarose gels (Flowgen) at 5 V/cm. Electro-
Mannheim) and purified once more using a QIAduidkucleotide  phoresis oPvul digests was performed on 2% NuSieve:1
Removal Kit.32P-End-labelled marker V (Boehringer Mannheim)(Flowgen) agarose at 4 V/cm. Gels were stained with ethidium
and marker 8-32 (Pharmacia) were used as size markers. bromide (0.5ug/ml) and photographed using GRABHTUVP
Inc.) or Polaroid 667 film. Adindlll/EcaRI digest oA DNA or
Polyacrylamide gel electrophoresis Marker VI (Boehringer Mannheim) was used as a size standard.
i o In peparation for sequencing, theul fragment containing the
Radiolabelled samples were denatured by boiling and electigir insert was purified by electrophoresis, excised from the gel

phoresed on a 10% Longrangerpolyacrylamide gel (AT 5nq purified using a QIAquiekGel Extraction Kit (Qiagen Inc.).
Biochem) containing 7 M urea. The gel was run 4€3% prevent

hairpin formation. After drying, the gel was autoradiographed. RESULTS
DNA sequencing Construction and characterization of pAC2 and pMS7
Sequencing was carried out using the Sanger techaiguaigo ~ Plasmid pAC2 was constructed by ligating a 571 bp DNA
primers were used: primer-GACTGGAAAGCGGGCA-3 pallndrome 87) into theEcdRlI site of pUC18. When the.coli
(596L) was manufactured by Perkin Elmer Econdpusnd strainDL733 (AsbcC_D:KmR) was transformed with pAC2 DNA
primer B-GTTTTCCCAGTCACGAC-3(—40) was supplied with the colonies obtained were ob_serve_d to have an unusual
the Sequenagkev2.0 Sequencing Kit (US Biochemical). DNA Phenotype on AXI medium (white with blue sectors). This
was sequenced using the Sequefias@.0 Sequencing Kit. Phenotype suggested some genetic instability of pAC2, blue
DMSO sequencing was carried out with the Sequéhage0 sectors bel_ng composed of cells able to hydrolyse X-gal ar_1d white
Sequencing Kit with the addition of 10% DMSO (Sigma Chemicaf€ctors being composed of cells unable to do so. Plasmid pMS7
Co.) to the reaction mix and to the GATC termination mixes/aS isolated by plating DL733 containing pAC2 on AXI medium
Samples were denatured by boiling and electrophoresed on a 894! I00king for rare white clones.

Longranget) polyacrylamide gel (AT Biochem) containing 7 M Plasmid DNA of pAC2 and pMS7 were compared by agarose

urea. The gel was run at8Dand autoradiographed after drying.gel electr(.)phores.is. The anal_ysis _of uncut pAC2 DNA revez_iled
a population of different multimeric forms, including a species

whose migration suggested the existence of a heterodimer in
which only one copy of the palindrome was present (Eiy.

A sample of 0.5-Jug plasmid DNA was digested to completion Uncut pMS7 DNA was primarily a dimer of the palindrome-con-
with 10 U Hindlll or Pvul (Boehringer Mannheim). Electro- taining DNA (Fig.1a). This interpretation was supported by the
phoresis of undigested plasmid DNA was carried out on 1%NA restriction pattern, after digestion whifindlll (Fig. 1b).

Agarose gel electrophoresis
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Figure 2.(a) Pvul restriction digests of pAC2, pDIR1, pMS7 and pUCB3Maps of the monomeric components of the plasmids analysed by restrictiBautith

PAC2 contains major proportions of the 893 bp fragment containing the 571 bp palindrome and the 366 bp fragment containing the DIR. It also contains a r
proportion of the 322 bp fragment characteristic of pUC18. pDIR1 contains equal proportions of the 366 bp DIR fragment and the 322 bp pUC18 fragment. p\
contains only the 893 bp palindrome-containing fragment. pUC18 contains only thePBa2 iggment.

Recircularization experiments Table 1.Percentage total colony type, after digestion B&iFI and ligation
i 0,

pAC2 and pMS7 were recircularized by digesting the plasmidsp lasmid veTotal _ _ _ _ _

with BsiFl, religating the ends and transforming DL733 Blue colonies  Sectoring coloniesihite colonies

(AsbcCD. The results are shown in Tahle These results PACZ like

indicate a significant increase in the yield of highly sectoringpac2 cutwith 5.5 86 8.5

colonies derived from pMS7. Plasmid DNA was isolated from aBsiFl+ligase

number of these sectoring clones (derived from both pAC2 ang,vIS7 cutwith 0 85 915

pMS7) and restriction analysis revealed that although they had thgr|+jigase
sectoring phenotype of pAC2, they did not contain the 571 bp _
DNA palindrome. One such plasmid, denoted pDIR1 (derivedPAC2 cutwith 9 & 15

from the monomerization of pAC2), was chosen for further>S-figase
detailed analysis. pMS7 cut with 0 0 0
Bsrl-ligase
PAC2 uncut 10.5 80 9.5
Analysis of pDIR1 by agarose gel electrophoresis pMS7 uncut 0 1 99

Agarose gel electrophoresis of uncut pDIR1 DNA demonstrat i .

that the simplest form co-migrated with dimers of pUC18 (daﬁéior}eai[: ulgt#]:g eres(;rlrlgg)cr;rgnﬁg/z:igf PDIR1 by
not shown). However, restriction analysis withul suggested yacry 9 P
that the plasmid was in fact predominantly a heterodimer @AC2, pDIR1, pMS7 and pUC18 were digested WwitbRI and
pUC18 and pUC18 with an insert @40 nt. Furthermore, this radiolabelled using{-3>S]dATP and Klenow enzyme. A sample
analysis suggested that the heterodimer present in pAC2 DN the purified DNA was digested wiBanHl, run on a 10%
contained the 571 bp palindrome on one side and this[S¥ne Longrangell polyacrylamide gel and the bands visualized by
nt insert on the other (see FAy. This also confirmed that pMS7 autoradiography after the gel had dried (Bjg.The restriction
was primarily present as homomultimers of palindrome-contaipattern obtained confirmed the presence of a sdeodrll site

ing DNA. in the multicloning region, giving a 46 bp fragment (42 bp plus
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. This suggested the presence of secondary structure. Sequencing
Eae g o) in the presence of 10% DMSO improved the ability of the
29 %% % S polymerase to sequence through this region and revealed the
B = £ = presence of a novel type of mutation (see #igThe sequence
shows the presence of a duplicaEdRI-BanHI| multicloning

site fragment with the same region inverted in between the
'-ﬂ'-r:-!.“ duplication. We call this a ‘DIR’ structure, since it is composed
- . . - of both direct and inverted repeats.
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DISCUSSION

A 571 bp imperfect palindrome of bacteriophagPNA was
introduced into the cloning vector pUC18 to form plasmid pAC2
and an unstable phenotype was observed. It was initially thought
that the unstable phenotype of pAC2 might be due to deletion of
the 571 bp palindrome. Deletion of the palindrome would allow
production of a functional subunit of3-galactosidasé&scheri-
chia coli cells harbouring the plasmid would have a dark blue
colour (the result of hydrolysis of X-gal, a chromogenic substrate)
and this would generate a sectoring clone. However, this proved
not to be the case. A derivative of pAC2 was isolated that showed
almost no sectoring and this plasmid (pMS7) still contained the
palindrome. Furthermore, when pAC2 and pMS7 were mono-
51 - merized sectoring clones were discovered that did not contain the
571 bp DNA palindrome. One of these clones was analysed in
= e - 46 detail and was found to contain an inverted and directly
duplicated region of the plasmid polylinker adjacent to the site of
insertion of the palindrome, but the palindrome itself was no
longer present. We have called this structure a DIR for ‘direct and
inverted repeat’. The same DIR structure was also found to be
present in pAC2, which is a population of DNAs including a
heteromultimer composed of one monomeric subunit containing
the palindrome and the other containing the DIR structure. The
stabilized plasmid pMS7 was found to be primarily a homomul-
timer of the palindrome-containing subunit. The unstable (sector-
ing) derivatives of pAC2 and pMS7 that had lost the 571 bp
Fiaure 3. Autoradioaranh oEcaR! sinale didests andecRl/Bant! double palindrome were all found to be heteromultimers with one subunit
digests of plasmids?oAE:Z, pDIR1, pl\/?S? agd pUC18. The bands at 46 ntin ingontaining the DIR structure and the other containing wild-type
EcaRI/BanHI double digests are products of partial digestioBayH|. pUC18 sequence. Small amounts of a DNA fragment of the
predicted size of pUC18 were also seen in the DNA of pAC2. Since
all these plasmids were maintained in Reslls, interconversion

4 bp derived from filling in thEcoR| site overhang with Klenow between various forms was occurring to generate subpopulations
enzyme) in both pAC2 and pDIR1. pMS7 and pUC18 do notha@ Plasmids. The results shown in Tablere consistent with
this secondEcaRI site. In contrast, all four plasmids have theheterogeneous populations of plasmids in the DNA preparations of

correct 25 bp (21 plus 4 bppoRI-BanH| fragment. pAC2 and pMS7 and the isolation of subpopulations by forcing
monomerization. Alternatively, monomerization may stimulate

rearrangement and future work will be needed to distinguish
between these two possibilities. The plasmids investigated here are
DNA sequencing of the polylinker region of pDIR1, pUC18 andhown diagrammatically in Figue

pAC2 was carried out on both strands using two primers: 596L Attention was focused on the nature of the DIR mutation. This
and —40 (see Materials and Methods). Since pDIR1 and pA@NA sequence was found to be composed of a direct repeat of the
were found to contain heteromultimers, sequencing of the 42 BigadRl-BanH]I portion of the pUC18 polylinker separated by an
insert required its separation from the other component of tleverted repeat of the same DNA sequence. This structure can be
multimer. This was done in two ways. Firstly, thedl fragment  viewed as a palindrome and a half, with the invésgatHI-Eco-
containing the insert was purified from the other parts of thRI fragment possessing the potential to form a hairpin structure
multimer by agarose gel electrophoresis and sequencing waih one of the direct repeats on either side. The ability to form
performed on the DNA fragment isolated from the gel. Secondlguch a structure would in theory make the sequence unstable and
pDIR1 DNA was used to transform JM83 and a homomultimesble to be deleted by illegitimate recombination using the direct
containing the 42 bp insert was isolated that could be sequencegeats.

directly. Normal ‘Sanger’ DNA sequencing revealed a region in These observations support the hypothesis that the sectoring
the multicloning site where the DNA polymerase seemed to stgihenotype is due to the presence of the DIR mutation in both

32-

T E 25

20 - -

Sequencing of the 42 bp insert present in pDIR1
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Figure 4. (a) Autoradiograph of the DIR sequence. The data shown were obtained using primer 596L on pUC18 and on the homomultimer substrate derived f
pDIR1 after transformation of JIM83. (i) DIR sequence using the standard sequencing method. (ii) pUC18 sequence using the standard method. (iii) DIR seqL
using the DMSO method to minimize pausing of Sequératsegions of secondary structure. The complete sequence of DIR could not be obtained on any individual
gel but all ambiguities could be resolved using the DNA sequence obtained from the —40 primer (data ndbs8egugnce of the pUC18 multicloning site and

DIR. (i) Sequence of the multicloning site of pUC18. (ii) Sequence of the multicloning site in pDIR1. (iii) Diagrammatic representation of DIR.

pAC2 and pDIR1. Itis possible that deletion of the 571 bp DNAacilitates replication across the fork from the leading to the
palindrome is responsible for some of the sectors in clonésgging strand. A new palindromic strand is thus formed which
containing pAC2, but this deletion event appears to occur lesan fold on itself to form a hairpin and leading strand synthesis
frequently than deletion of the DIR structure. can resume by recopying the already duplicated region. A further
Restriction analysis of the products of the monomerizatiostrand slippage event across the base of the extruded 571 bp
experiment showed that it is possible to generate the DIgalindrome using thEcadRlI sites bounding it as direct repeats
structure not only from pAC2 but also from pMS7. This arguekads to loss of the original palindrome and completion of a DNA
that the DIR mutation arises from a precursor containing the 58frand containing only the DIR sequence.
bp palindrome. This is also consistent with the interpretation thatlt is not clear how important this type of strand slippage event
the origin of the DIR mutation in pAC2 was a consequence of theas been in genome evolution. However, we have observed that
original cloning of the 571 bp palindrome in pUC18. Theseveral intergenic repeated units (IRYS), also known as
structure and origin of the DIR mutation are most easily explaineghterobacterial repeated intergenic consensus sequences (ERICs
if the 571 bp palindrome facilitates strand slippage across thd), have extended structures that include sequences duplicted in
replication fork from the leading to the lagging strand, as showdirect and inverted orientations (G.Cromie, J.Collins and D.Leach,
in Figure6. We suggest that the first step is the rare extrusion ohpublished data). The organization of these extended IRU/ERIC
the 571 bp palindrome to form a stable cruciform by intrastrarskquences is more complex than can be accounted for by the
base pairing. This causes the DNA polymerase to pause asithple mechanism envisaged for the formation of the DIR
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