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ABSTRACT

Higher eukaryotes are proficient at remodeling palin-
dromic DNA. As shown here, a fully palindromic
15.4 kb circular DNA can be introduced into rodent
cells with the novel result that the molecule is repro-
ducibly and site-specifically converted to a mono-
meric circle. The dimer-to-monomer conversion has
not been described previously, and in particular is

undetectable in Escherichia coli . Comparative DNA

sequence analyses of the new junctions found within

the monomer circles suggest that the resolution
process involves formation of hairpin DNA struc-
tures followed by the introduction of single-strand

nicks near their termini. By extension, hairpin nick-

ing combined with non-homologous end-joining may

be important as a general mechanism for the main-
tenance of genomic stability in mammalian cells. It is
suggested that the absence of a comparable strategy
for coping with palindrome-induced structure in

E.coli and other unicellular organisms underlies a
fundamental difference in DNA sequence organiz-
ation in the genomes of prokaryotes versus higher
eukaryotes.

INTRODUCTION

Palindromic DNA is biologically compromised. Anywhere a

The high instability of palindromic sequences, particularly in
bacteria, makes them difficult, and in some cases impossible,
to study by standard molecular genetic techniques. As a conse-
guence, the impact that a palindromic DNA sequence may
have on genome maintenance and transmission is not widely
appreciated. Nevertheless, several lines of evidence have
suggested that the problem of palindromy is significant and
that different organisms may have developed specific strat-
egies for coping with DNA sequences that comprise a perfect,
uninterrupted inverted repeat (3,4).

Here, both qualitative and quantitative differences between
Escherichia coliand vertebrate cells in their ability to convert a
fully palindromic circular DNA to a non-palindromic form have
been uncovered. Itis possible to show that hamster or mouse cells
reproducibly reduce a palindromic dimer circle to a simple mono-
meric circle through illegitimate recombinatidascherichia coli
in contrast, is incapable of either maintaining or resolving a palin-
dromic plasmid at any detectable frequency. An analysis of the
ability of either cell type to manipulate various forms of identical
DNA is presented below.

These studies indicate that the repair of genomes possessing
palindromy can be accomplished by fundamentally different
approaches. Acquisition of hairpin structure is thought to be a
key step in palindrome processing in either rodenEaroli
cells (5 and references cited therein). Here, evidence indicates
that differences arise in what occurs after hairpin structure
forms. It is suggested that different repair paradigms may well
account for the marked difference in sequence organization
between bacteria and higher eukaryotes.

particular sequence is contiguous to an inverted copy of itself ATERIALS AND METHODS

there is the potential for intrastrand base pairing. Because the

self-complementary nature of palindromic DNA allows it to Preparation of transfected DNA: monomer circles, open
adopt a non-B-form structure under certain circumstancesinear DNA, hairpin linear DNA and palindromic dimer
palindromy can interfere with genetic function in both circles

prokaryotes and eukaryotes (reviewed in 1,2). The presence ¢he polyoma-based shuttle plasmid pJH298 (6) was the source
palindromic sequences presents a special threat to genorpgsmid for all DNA in this study. Palindromic dimer circles
stability and might be considered an exceptional type of DNAyere prepared by incubating a gel-purified 7.8 kb fragment
damage. In many situations, DNA containing a palindromicgenerated byal and BanmHI co-digestion, at a concentration
sequence is indistinguishable from native B-form DNA. It isof 35 pg/ml, with T4 DNA ligase. The 15.6 kb palindrome
only when DNA has the opportunity to form intrastrand basedimer circles were then purified on an agarose gel. Hairpin
pairs that a latent ability to obstruct replication and causdinear and open linear DNA was prepared from this same

rearrangements becomes manifest.

pJH298 fragment, as described (7).
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Cell lines RESULTS

204-1-8 and S41 are Abelson murine leukemia virus (A-A novel palindrome resolution function is exhibited by
MuLV)-transformed pre-B type cells derived from a wild-type rodent cells
mouse and a mouse with severe combined immunodeﬁciencp/he fact thatE.coli is not transformed by DNA that is

(scid) defect, res_pectlvely. These cells, al_ong with NIH 3Tgcomposed of a head-to-head and tail-to-tail dimer of a plasmid
cells, were obtained fro”? sources dgscrlbed prewously (nlector illustrates the degree to which palindromy can be
CBP-9 and SCD-9 are wild-type argtid mouse embryoniC jompatible with replicon maintenance (11-13). The prohib-
fibroblast cell lines, respectively, and were a generous gift ofiion against inverted repeat structure is so profound in the case
Dr Gillian Wu (Ontario Cancer Institute). CHO-K1 and a o extrachromosomal elements that molecular biologists
derivative, CHO-K$, are Chinese hamster ovary cell Imes,thecommomy exploit the situation in ‘directional’ or ‘forced’
original source of which was Dr Penny Jeggo (University ofcioning. Here a DNA fragment with heterologous ends is
Sussex). ligated to a correspondingly cut vector DNA. The reason that it
is possible to specifically recover the desired product is
because palindromic vector-to-vector ligation products,
204-1-8 and S41 cells were transfected by the method givethhough formed, are without biological functionincoli.
previously (8), with DNA in the amounts specified here. All To investigate whether a palindromic DNA circle suffers a
other cell lines were transfected using Protocol 1 described igimilar fate in mammalian cells it was necessary to construct
Sambroolet al. (9): cells were treated for 6 min with a solution the test DNAIn vitro on a preparative scale. A circular, 15.6 kb
containing 1 mg/ml DEAE—dextran and DNA in the specified DNA was prepared through self-ligation of a 7.8 kb linear

Transfections

quantities. fragment (Materials and Methods). The linear DNA was
obtained byBanHI and Sal digestion of a plasmid DNA so
Transformations that any two molecules must ligate to one another in inverted

Escherichia colistrain DH10B was usedFf mcrA A(mrr- orientation. The parental plasmid and the palindromic dimer

hsARMS-mciBC) ¢80dacZAM15 AlacX74 enddl recAl are shown in Figure 1 (left column, top and bottom diagrams,
deoR A(ara, ley)7697 araD139 galU galk nupG rpsL A respectively). The palindromic DNA circle was constructed

Competent bacteria were either purchased (Bethesda Reseaic':r LT dab:rt]g;ttlsdviicgi)trhg)r’o?j%r:?itr Lh(,iectse?irglecagA preparation

Labor_atones) or prepared fOHOW'_ng protocols provided by the Consistent with earlier observations (11-13), the palin-
suppher. Standg_rd t_ransfo_rmanon proc_edures Were USefromic dimer DNA was not maintained ifE.coli. The
details are specified in Lewis (7). Selective media containefyjingromic DNA preparation, introduced in.coli strain

10 pg/ml chloramphenicol and/or 1/ml ampicillin. DH10B by either of two standard methods, gave a transform-
ation efficiency of <2x 10 ampicillin-resistant coloniegfy
(Table 1). These few transformants (of which a small number
The recoveries of products from mammalian cell transfectiongvere also chloramphenicol resistant) proved to be due to a
were determined based on colony counts &foli transfor-  ligation artifact. DNA obtained from a large number of
mation. The number of colonies expected for 100% recoveryandomly selected colonies was analyzed and found to consist
was the number of pJH298 (or related) DNA molecules transef a single copy of the vector into which a randdaal/
fected into the rodent cell culture, corrected for the size of thd&anHI-cut DNA fragment originating from thE.colichromo-
aliquot of harvested material that was transformed Biwoli ~ some had been cloned (data not shown). The artifactual trans-
and normalized to the per molecule recovery obtained by #rmants were evidently generated during palindromic dimer
parallel transformation o.coli with 10 pg pUC19. For dimer Preparation as a consequence of trace amount&.obli
DNA, the recovery was calculated according to an expecte@hromosomal DNA in the original plasmid DNA. (The arti--
two resolution circles per input dimer. By these calculationsfactual transformants did not greatly confound the analysis
the values in Tables 2 and 3 provide a direct comparison gpecause they were easily identified on the basis BaeH|
monomer circle recoveries for each different species of pnaandsal c_:o-dlgesuon.) . -

(open linear, hairpin, inverted dimer and monomer circle) a?hTo verify that the extremely low transformation efficiency of

transfected into NIH 3T3 or other rodent cells; variations int'€ Palindromic dimer DNA preparations was an attribute of
DNA itself, mixing experiments were performed. Co-transfor-

Eécecr):lf;r;r(;srfeogrgjflon from one experiment to the next haVemation with pUC19 DNA confirmed that palindromic dimer
: DNA preparations were free of factors that would interfere
DNA analysis with bacterial transformation (Table 1, experiment 2).
o ) . ) After testing in bacteria, palindromic dimer DNA was trans-
DNA sequence determination was as described in Lewis (7}ected into mouse or hamster cell lines. Recipient cells
All insertions from this study, as well as those previouslyyepresented different tissue types, including two mouse pre-B-
defined (7), were analyzed for this study by searching thgike cell lines (204-1-8 and S41), several mouse fibroblastoid
GenBank database maintained by the NCBI with the Blastgell lines (NIH 3T3, SCD-9 and CBP-9) and an epithelial-like
algorithm for identities (10). Insertions were also analyzechamster cell line (CHO-K1). Two days after transfection with
against the pJH298 sequence itself. Vector identities of greateiie palindromic dimer DNA, material was recovered from the
than nine nucleotides are indicated by the single asterisks itells by an alkaline lysis procedure and used to transform
Figure 2. E.coli. Ampicillin-resistant colonies arose and, notably, a

Calculation of recovery
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considerable fraction of these (up to 90%) were also chloram- Relative recovery

. . . . Transfected Recovered ;
phenicol resistant, suggesting that the input DNA had become E.coli  Mouse
rearranged. Colony numbers were not reduce®pwl treat-
ment of the DNA prior tcE.coli transformation (8). Th®pnl no change 10 10
resistance of the transforming DNA indicated that the detected
products were replicated in a eukaryotic cell and thus pre- monomer circle monomer circle
existed the transformation step itself (data not shown). ampF, cam$, Sal1*, BamH1+
' Q‘
Table 1. Comparison of transformation efficiency of circular, linear and ¢ 2} re-ciroularize / \%
hairpin DNA and palindromic dimers introduced iracoli DH10B %\J > %\j 9x10-6 |1.3x10-1
Experiment DNA (amount) Colonies (ppo)? open linear monomer circle
amp', camf, Sal1-, BamH1-
1(CaCl) pUC19 (10 pg) 5.6¢ 18
irpi b N TN
Hairpin (5 ng) <2x 107 & / X i /’ )
Dimer (60 ng) <17 %\J ’ %\J <1x10-6| 2.x10-2
2 (electroporatlon) pUClg (10 pg) 210 hairpin linear monomer circle
Hairpin (5 ng) <2x 1(Rb amp', camf, Sal1+/-~, BamH1+/-
Dimer (60 ng) 1.9¢ 1¢°
. . Q( N
Hairpirt + pUC19  1.7x 1(P¢ reshve 77X , \
Dimer+ pUC1d 1.8x 10°¢ %\J <5x10°7) 3x10-
3 (electroporation) pJH298 (37.5nQ) A0 monomer circle
Linear (20 ng) 2.1x 10 palindromic ampf, cam, Sali*, BamH1+
dimer circle
Hairpin (5 ng) <2x 12b
Dimer (60 ng) 6.7 107
4 (electroporation) pUC19 (10 pg) 181 Figure 1. (Left) Diagram of the DNAs used in this study. The top diagram
. shows the parental pJH298 plasmid (6).B&nHI (not shown are two sites
Dimer (60 ng) 1210 located 50 bp apart); Sal; Pr, a promoter; CAT, structural gene for chloram-
5 (electroporation) pUC19 (10 pg) 2:0108 phenicol acetyltransferase; STOP, a transcriptional terminator. The plasmid
) and its derivatives also contain a functiofialactamase gene (AMP), as well
Linear (100 ng) 1x10 as polyoma and OriC replication origins (not indicated). Linear, hairpin and
Dimer (100 ng) 2.1 10 palindromic dimer circle molecules are shown in descending order.

(Middle) Monomer circles produced by illegitimate recombination. The char-
o ) ) ) ) acteristics of each, with respect to drug resistance and the two axis-specific
aAmpicillin-resistant colonies; numbers include the artifactual products  restriction sites are given for each. Recovery of monomer circles scored for

discussed in the text. each form of DNA relative to an input monomer. Hércoli, values are from
bNo transformants detected. Table 1, experiment 3, and exclude molecules determined to be waitro
An aliquot of 5 ng of hairpin DNA was used. ligation artifact (see text). For mouse, values given are averages from Table 2.

dAn aliquot of 10 pg of pUC19 was used.
eNumber given is pepg pUC19 (other DNA was non-transforming).
fAn aliquot of 60 ng of dimer DNA was used.
transformation. In contrast, rodent cells reproducibly con-

T | h by which th lindromic di DN verted a completely palindromic dimer circle to monomeric
0 analyze the events by which the palindromic dimer orm through recombination at or very near sites specified by

had become reconfigured in rodent cells, chloramphenicoly,q o jindromic axes of symmetry. This novel function has not
resistant colonies were selected at random and DNA prepagaen previously reported for any other organism.

ations were mapped by restriction enzyme digestion. The
plasmids were all monomeric in size and, with one exceptionDNA sequence analysis of the monomer junctions suggests
possessed a simple structure consistent with a resolution evehat a hairpin nicking step is involved in dimer resolution

(Fig. 1, bottom right box). Recombination had appargntlyThe presence of P (for palindromic) insertions is a distinctive
occurred very close to the two symmetry axes of the originafe 51 re of the junctions that arise when hairpin-terminated DNA
palindromic dimer, although the breakpoints in the monomepecomes joined. For example, P insertions are observed when
products were variable. This was indicated by the fact thapna possessing preformed hairpin ends is recircularized in
many of the monomeric circles could be linearized withmgoyse cells (7). P insertions are also seen in joints arising from
BanH] or Sal. In the input dimer, one axis of symmetry con- sjte-specific V/(D)J recombination in lymphoid cells (14,15), a
tains a unique cleavage site fBanHl, while at the other, a process that requires connection of hairpin-terminated cleavage
unique cleavage site fdgal is present (Fig. 1, bottom right products (16,17). For these two established examples of hairpin
box). end-joining, the presence of P insertions is evidence that, prior to

In summary, palindromic DNA was not transforming whenligation, the covalently closed hairpin termini were opened by
introduced directly intde.coli. Nor, to the limits of the assay, the introduction of a single-stranded nick positioned near, but
were monomeric resolution products recovered after direatot exactly at, the tip (see 7,15,18 for further discussion).
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The DNA sequence of the palindromic dimer resolutionremained at many of the resolution junctions. The residual
products obtained in this study gave indications that here togalindrome was always quite short, never greater than 9 bp.
hairpin nicking was involved. As shown in Figure 2A (bold Interestingly, the residual palindromy showed cell type-
typeface), small amounts of inverted-repeat sequencspecific differences, where lymphoid cell products possessed

rather longer P nucleotide stretches than did those arising from
sal 1 Bam H1 transfection of non-lymphoid cells. This trend mirrored differ-
ences in the P nucleotides seen in hairpin linear recirculariz-

A GGCTGCAGGTCGACCT. . . « + «GGGGATCCCCGGGGAT . . - .
CCTACGTCCAGCTGGA. . . - - -CCCCT AGGGGCCCCTA ation experiments (as summarized in table 2 of 7). The
LEFT SIDE RIGHT S presence of P nucleotides within the junctions formed by
IDE palindromic dimer resolution and the differences in P nucleo-
Mouse fibroblastoid (NIH-3T3, CBP-, SCD-9) tides associated with different cell types suggested that dimer
DAL3  GGCTGCAGGTC @ (2)-29 resolution and hairpin end-joining are mechanistically related
94924 GGCTGCAGGTC GAT H
DFL2  GGCTOCAGGTC GA CCCOGGGEAT processes (7; Fig. 2A).
= GGCTGCAGGTC GA CCAGTGAA * g e . . .
OBLI9  GGCTGCAGGTC GA e coccoaaoaT Perhaps even more striking was the observation that similar-
sors  oroeaoo & TeCccoaaGAT ity between the products of hairpin end-joining and palin-
DoLgy  CocTGCAcoTC g TCCCCGGGGAT dromic dimer resolution extended to actual sequence identity
GG GGA TCCCCGGGGAT . .. .
poLd  cacrochss A TCCCCGRGGAT in a number of cases. Isolates arising through palindrome
G A TCCCCGGGGA' . . . .. .
uss A A TcCoroncaAT dimer resolution were found that were indistinguishable from
s woz 35 J— A those that arose through hairpin end-joining. Recombinants
DALY 13T seccsemmemreres TG presented in Figure 2B provide examples from hairpin end-
bess  Sacteca 3 joining experiments (7) that are seen to exactly match one or
oris 64 CGGGGAT more of the independently derived dimer resolution products
9491-1 -12(GG) -19 . . . . :
sam2 14 ace ccocaaecaT listed in Figure 2A. Accordingly, the dimer-to-monomer
Mouse lymphoid (204-1-8, 541) conversion is highly likely to involve some or all of the same
o™ Secrocasere CeoeeaAT biochemical operations that take place in hairpin end-joining.
194 GGCTGCAGGTC GA CCCGGGGAT
g:‘ %ﬁ}\% GACCT . )1$GA19 CCCCGGGGAT
A GA Ci *+19*+T GA TCCCCGGG! i 1 i 1cti i
151 cocracacenc cenzey e ccacaaaT Monomer junctions contain characteristic, but atypical
o GO Gccmecis | a g oo nsertions
W13 GACIGCAGATC GACCT or11ecs  cocean Tccoscaon DNA sequence analysis revealed junctional insertions in some-
MET15  GocTOCAG A mocccgGaaAT what less than half of the monomer circle junctions (Fig. 2,
see1s  aoerocha GA TCCCCGGGGAT central column). These were distinct from palindromic nucleo-
A TCCCCGGGGAT . . . . .
14 L |y {CAATACGEARAC | GGGGA TCCCCGGGGAT tides and fell into two general categories: small insertions that
- +10* +18*+ AT H
w6616 -30 5+197+5+30%+12 TCCCCGGGEAT were comprised of fewer than ~25 bp of apparently random
8466-6 -92 . . N B
96710 -140(ga) 3 o eoceaacant sequence; larger insertions, among which vector-derived
}3; """ ccchCAGGGm patches could be pletec';ed. . _ _
201 greTecass R CCOCGOGEAT Small, random insertions are associated with vector recir-
el COMTGCAGE GATTTA GGCGAT cularization in rodent cell lines, when either open or hairpin
22 -305 2+14743+10% (C) GGGGAT linear DNA is transfected (7; unpublished observations). The
- GGC 8+45*+3+19*+(no i.d.) ??
-2570 TCCCCGGGGAT
xésg?‘ —'2]5 70 GAT
g - CCCCGGGGAT
9467-6 -15 CCCCGGGGAT
s ;’:22::' jﬁ (@ 140 recce '33 Figure 2. DNA sequence analysis of resolution junction_s. All repeat jun‘ction_s
§ 946612 ->108 (>158) *TGA GGA TCCCCGGGGAT shown were derived in separate transfection experiments. Each junction

sequence reads continuously from left to right, but is displayed in a gapped

H ter (CHO-K1,CHO-K1d . . . . .
amster ) format in order to indicate the origin of every nucleotide (see header). Nucleo-

9541-8
o) %ﬁgg g T CCGGG;? tides f(_)r which_the assignment is ambiguous (ind_icating that recombinatior_] took
5415, oSl o are e place in a region of microhomology) are underlined. Inserts are shown in the
9539-2 GGCTGCAGGTC GA TCCCCGGGGAT middle column. Single asterisks denote patches of sequence appearing as inser-
x: mﬁﬁ g g‘éﬁggwg tions that are vector derived. As necessary, the length rather than the DNA
_______________________________________________ sequence of a patch is given. Where sequence information has not been provided,
Pt -25 cccceﬁg any microhomology is indicated by the underlined nucleotides in parentheses. In
s 95372 -105 76% (QCT) +>49% > the left-most column, s designates isolates that were chloramphenicol sensitive.
S 95391 GGCTGCAGGT -1778 (A) DNA sequences of resolution junctions (as in Fig. 1, bottom row) resulting
from palindromic dimer DNA transfection. The header gives the sequence at the
B :gggxggﬁgg TCCCCGUGAT _Sal symmetry axis (left) and at thBantH| symmetry axis (right). Nucleotides
just past the symmetry axes are analogous to P nucleotides (see text) and are
shown in bold. Joints are grouped according to the cell type from which they
LEFT (P) (P) RIGHT were isolated. Within each section, the dashed line separates recombinants where
HPFSS SOCTOCAGOTE the sequence from neith_er symmetry axis was r_et:_:line(_:i (grouped below the
HPF69  GOGTOCAGOTG o dashed line) from those in which at least one axis is still present (above the
HPF-77 GGCTGCAGGTC CCCGGGGAT dashed line). The minimum number of P nucleotides is indicated because every
i P ; LccaceaaT ambiguous assignment was made to the more deleted end. Missing nucleotides,
HPW-132  GGCTGCAGGTC GA TCCCCGGGGAT as scored from thé&al symmetry center (left) oBarHI symmetry center
rbog gﬁ:ﬁm <3 5 TeceegaaoaT (right), are indicated by the number®)(Sequences of a subset of junctions
TCCCCCGGGAT

arising from hairpin recircularization (7). Each junction shown is an exact match
HPF62  GGCTGCAGG GGAT to one or more of the junctions given in (A).
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remaining insertions, however, were qualitatively differenteither 10 or 120 ng of palindromic dimer DNA gave compar-

from those that had previously been encountered. Patches alble results, on a per molecule basis (Table 2). The rank order

sequence that were derived from either the vector itself or théor the various transfected DNAs with respect to the final yield

genome were apparent (Fig. 2, central column, asterisks). Alsef monomer circles indicated that end-joining (as required for

insertions that were not obviously vector-derived were atypicatecircularization of open linear DNA) was not limiting for

with respect to size. In one junction (marked by two asteriskgither the hairpin linear DNA recircularization or for palin-

in Fig. 2) the insert matched a segment of mouse genomidromic dimer resolution. Likewise, hairpin opening [which is

DNA at 38 of 43 positions (Materials and Methods; 10). required for recircularization of the hairpin linear DNA in
The insertions observed in resolution products suggest thaddition to non-homologous end-joining (NHEJ)] was not

DNA ends created when the palindromic dimer is broken aréimiting for palindromic dimer resolution.

available for transactions that do not necessarily occur during

hairpin end-joining. More generally, however, these data indi-  taple 2. Comparative recovery of monomer circles from circular,

cate that processing of palindromic DNA is highly related to linear and hairpin DNA and palindromic dimers transfected into

hairpin end-joining, likely including identical steps. This is NIH 3T3 cells

because, whether or not unusual insertions were present, other

features of the junctions (P nucleotide length and frequency Experiment ~ DNA (amount) Recovery (per molecéle)

and the extent of deletion at the joint) were consistent with the 7 Circle (10 ng) 0.06

products of hairpin end-joining. Extra steps indicated by the

. " Circle (10 ng) 0.10
presence of unusual insertions may be relevant to the resol-

ution of palindromes in a genomic context (see Discussion). Circle (10 ng) 0.18
. - . . . Dimer (120 ng) 7.%10°
The different proficiency with respect to palindromic _ .
dimer resolution betweenE.coli and mice can be explained Dimer (120 ng) 4.910°

by differences in hairpin DNA processing 3 Circle (10 ng) 0.10

Palindromic dimer DNA is reproducibly reduced to mono- Circle (10 ng) 0.04

meric form in rodent cells, whereas there is no evidence for a Linear (10 ng) 0.02
si_milar capability inE.coli. To explor_e the basig for thi§ Linear (10 ng) 5 4 103
difference, the recovery of monomer circles upon introduction o 5
of linear, hairpin linear and palindromic dimer DNA prepar- Hairpin (10 ng) 1.6<10°
ations into eitheE.colior NIH 3T3 cells was quantified. Hairpin (10 ng) 2.9¢10°%
As shown in Figure 1, monomeric circles can, in theory, be Dimer (10 ng) <1.6¢ 104
produced by illegitimate recombination from each of three Dimer (10 ng) 2 0 104

different input forms of a vector DNA: ‘open’ linear and hair-
pin linear DNA and palindromic dimers. Because these may
represent related steps in palindrome processing, it was of
interest to compare the recovery of monomer circles from
eitherE.coli or NIH 3T3 cells when challenged with each of ) ) ) ) N
these various DNAs. As tested here, the open linear, hairpin A less extensive analysis was carried out with additional

linear and palindromic dimer DNA possessed the identicamouse and hamster cell lines (Table 3). Palindromic dimer
primary sequence (see Materials and Methods). resolution could be detected in each case, and the various

The recovery of monomeric circles from NIH 3T3 cells was transfected DNAs showed similar trends with respect to the
quantified by harvesting transfected DNA and countingrelative recovery of product monomer circles.
colonies obtained after transformation Bfcoli. Ampicillin- Results of the comparable testHrcoliare shown in Table 1,
resistant colonies were scored for experiments with the parewvhich reports relative recoveries of ampicillin-resistant colo-
tal plasmid, whereas doubly chloramphenicol- and ampicillin-hies from each different type of DNA. In no experiment was
resistant colonies were scored for all other forms. Colonyeven a single colony recovered upon transformation of hairpin
counts were converted to per molecule recoveries as describigear DNA; however, to obtain true values for dimer DNA
in Materials and Methods. This approach, where the trandransformations as well as open linear DNA it was necessary to
fected DNA was introduced into bacteria for analysis, wasanalyze every transformant by restriction digestion and, where
possible only because every type of DNA apart from theappropriate, DNA sequence analysis. This was because, as
circular, monomer plasmid was poorly transformingEocoli ~ discussed above, an artifactual ligation product contaminated
(Table 1). In the case of the hairpin linear DNA experimentsthe palindromic dimer DNA preparations and, in addition, a
data have been reported previously (7) and raw numbers haft@action of the colonies arising from preparations of linear
been recalculated for consistency (details in Materials an®NA contained low levels of contaminating uncut pJH298.
Methods). For experiment 5 (Table 1) it was determined that no resolution

As shown in Table 2, and summarized in Figure 1, transfecproducts existed among the transformants scored after trans-
tion of NIH 3T3 cells with monomer circular, open-ended formation with palindromic dimer DNA (resolved monomers
linear or hairpin linear DNA or palindromic dimers gave arecovered at <1Qg of dimer DNA). In contrast, for experi-
relative per molecule recovery that was roughly 300:40:7:1ment 5, recircularized linear molecules (as verified by DNA
The per molecule recoveries provide some reflection of actuaequence analysis) were recovered at a frequency pf3i/
resolution efficiency, as seen by the fact that transfection witlbNA. This analysis showed, as have other studies (19), that

aMonomeric circles recovered per circle, linear, hairpin or dimer
molecule transfected.
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E.coliis far less proficient in NHEJ than are mammalian cells. Dimer Resolution Linear Re-circularization
Further, these data suggest that NHEJ, as assessed by recir-
cularization of open linear DNA, may not be limiting in the
rejoining of hairpin DNA ends. Recircularization of open Sal Bam ()< ®)
linear DNA, though low, was detectable, whereas recircular-
ization of hairpin ends or the resolution of palindromic dimer
DNA was not. ) |
Table 3.Recovery of monomer circles from linear and hairpin DNA and
palindromic dimers transfected into mouse or hamster cell lines \& \A
| <006~ .
Cell line DNA (n)?2 Recovery (per molecule)
Mouse fibroblastoid L a ¢ a.

NIH 3T3 Circle 1= 5) 0.10
Linear n=2) 1.3x 102 m

- (

Hairpin (n=2) 2.3x103
Dimer (= 4) 3.3x 10 \\_—/ b.
CBP9 Dimer 6=1) 6.9x 10 i
SCD9 Dimer (= 1) 1.8x10*
Mouse lymphoid
204-1-8 Hairpin (= 2) 3.5x10° c.
Dimer (n=5) 1.1x107
Resolved -
s-a1 Hairpin (1= 2) 8.4x 10 Re-closed
Dimer (n=3) 1.3x10°%
Hamster epithelioid
CHO-K14 Circle (0= 2) 7.6x 102 Figure 3. (Left) Mechanism of palindromic dimer resolution. Axis-specific
. s recombination of the palindromic dimer may follow cruciform extrusion via the
Dimer (h=2) 5.8x10° following steps: (a) hairpins are nicked at a near tip position; (b) nicked
CHO-K1 Circle b = 2) 3.9x 102 cruciforms are resorbed, leading to formation of open linear DNA; (c) linear
] molecules are circularized by end-joining. (Right) Steps in hairpin linear
Dimer (n=2) 6.5x 107 recircularization: (a) hairpins are nicked at a near tip position; (b) this leads to the
formation of open linear DNA; (c) linear molecules are circularized by end-
joining.

an, number of transfections.
b{Number of monomeric circles recovered per circular, linear, hairpin or
dimer molecule transfected. Number is the average of the indicated number
of transfections.
may be subject to specific repair processes is only beginning to

One can deduce from these observations that differenc&€ €xplored (20). The present study reveals that mammalian
between palindrome processing Encoli and NIH 3T3 cells cells contend with palmdromy in a quite efficient and repro-
may not be entirely attributable to differences in NHEJ.ducible manner. Here, it can be seen that rodent cells are
Another factor, related to hairpin opening, may also contributeS@Pable of converting a fully palindromic plasmid to a mono-
Possibilities to consider are that efficient hairpin nicking maymeric circle. No similar activity is detected HB.coli, suggest-
not occur in bacteria, a hairpin nicking function may be presenind that bacteria may employ fundamentally different tactics
that creates ends that are refractory to ligation, or perhap¥hen confronted with a problematic palindromic DNA.
hairpin nicking activities are present but are not effectively ; - ; -
integrated into the NHEJ pathway for double-strand breall(\/lechanlsm of inverted dimer resolution
repair. As is apparent from the analysis presented here, the two
symmetry centers in the circular palindrome are hotspots for
illegitimate recombination. The symmetry centers would seem
DISCUSSION to be demarcated somehow and an obvious inference is that
The notion that palindromic DNA, due to its potential for self- intrastrand base pairing creates a structural alteration at the
pairing into an aberrantly folded structure, is a form of DNA recombination sites. A model for the resolution of palindromic
damage has received increased attention in the last sevegimers in mammalian cells is depicted in Figure 3 (left).
years (reviewed in 1,2). Evidence that there exists a mechahrough cruciform extrusion at the two axes of symmetry, four
nism to alleviate the effect of large secondary structures thatairpin structures arise. This creates targets for a hairpin nick-
form at palindromes has been most fully developedEaoli,  ing activity that introduces a single-strand break very near the
(3). The extent to which palindromes also create problems itips of each structure. The net result is that the multiply nicked
mammalian cells and whether sequences bearing palindromdaner DNA has acquired two axis-specific double-strand
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breaks. Unit length linear molecules, liberated by brancta free 3'-end becomes annealed at a fortuitous microhomology
migration, then become circularized through the action ofn either the genome or the vector itself, elongated and released
NHEJ functions. prior to end-joining (22,23). As discussed, the nature of the
In this model, palindromic dimer resolution involves manyinsertions suggests that repeated dissociation of newly synthe-
of the same operations by which a hairpin linear DNA is recir-sized DNA from its template can evidently occur, indicating
cularized (Fig. 3, right; 7). The notion that most steps in dimethat multiple rounds of invasion/extension are a central feature
resolution and hairpin end-joining are shared is experimentallpf the process. The non-processive, synthesis-associated
supported by the observed similarities in the monomerio/ariation in the NHEJ pathway is not as evident in mammalian
circles produced in either case (Fig. 2). Indeed, as noted igells as in plants, when end-joining is assessed with extra-
Results, some of the circles generated in rodent cells aighromosomal substrates (22); however, the present study
identical. indicates that the possibilities for interim invasion/extension of
There is an incomplete overlap between dimer resolution an@NA ends prior to ligation may be enhanced during palin-
hairpin end-joining nonetheless. Vector-derived and genomeirome processing.
derived insertions are frequently included in the resolution Evidence that similar insertions accumulate in junctions
junctions (Fig. 2; 7), although similar insertions are rare wherarising from rearrangements of chromosomally located palin-
the corresponding hairpin linear DNA is transfected into thedromes has been reported (20). Insertions, comprised of
same cells (7). To gain insight into what sort of transactionsequences that lie near, but non-adjacent, to the symmetry
might give rise to the palindrome-associated inserts, it ienter of a large palindrome were observed for a large trans-
informative to examine their properties in some detail. Vectorgenic inverted repeat (20). Thus the variant aspect of end-
derived patches, where found, occurred in a variety of complijoining revealed by the accumulation of insertions in palin-
cated arrangements. They could be seen as a single shdrome rearrangements by the extrachromosomal assay may
stretch or as conglomerates of short segments pieced togethaso be significant in a physiological context.
in arbitrary orientations and interspersed with segments oé . . . .
non-vector origin (Fig. 2). In some cases a long continuou alindrome resolution, genome stability and evolution
stretch of vector sequence comprised the junctional insertiofor E.coli, it has been proposed that if a palindromic sequence
For these identified inserts, it was possible to determine thatdopts a hairpin structure during replication and thereby halts
many exhibited a ‘micro-homology’ of one or two nucleotidesfork progression, the SbcCD nuclease can cut near the tip of
at the point where they were connected to adjacent sequendd hairpin to initiate RecA-dependent post-replication repair.
(microhomologies are underlined in Fig. 2A). Though notThe SbcCD-mediated pathway is thought to fully reconstitute
proved in every case, it was clear for some recombinantthe palindrome within the replicated genome (3,5). If repair is
(e.g. 9466-10) that, according to restriction site analysis, theuccessful, however, the problematic sequence remains and,
vector-derived insertions were copies of sequences thatverall, a genome containing the palindrome will be disad-
remained at their normal location in the plasmid backbonevantaged due to underlying replication difficulties. In the
Thus the junctional insertion was either copied from the vectoabsence of repair, palindromic sequences that have a high
or had been incorporated as a fragment derived from a separgteobability of intrastrand base pairing during replication will
molecule, i.e. it was not translocated from one spot in theeither not become replicated or may be fully deleted due to rep-
vector to another. lication by-pass (reviewed in 1; see 24 for a recent discussion).
Although other junctional insertions had no discernible Problems with the replication of palindromic DNA, manifested
match to the plasmid, these may have arisen from events thas palindrome instability, are observed not onliinoli, but also
were similar to those generating the vector-derived insertionsn other organisms, including yeast and humans (25,26; reviewed
This was suggested when it was discovered by searching the1,2). However, several studies, including this one, indicate that
available public database (Materials and Methods; 10) that orfer mammalian cells palindrome remodeling need not involve
insertion contained a segment with a 38 bp identity to a mouseither homology-dependent post-replication repair or replication
genomic sequence (marked by two asterisks in Fig. 2)y-pass (4,20). By breaking a palindrome at the symmetry center
Possibly, other long insertions lacking vector identities mightand rejoining the ends through NHEJ, the mammalian strategy
likewise include genomic DNA (presumably derived from acreates changes that specifically interrupt the perfect symmetry of
still unsequenced region). the inverted repeat (4,27). Because central asymmetries greatly
The vector-derived and genome-derived insertions ireduce the likelihood that an inverted repeat can subsequently
palindrome resolution junctions indicate that 3'-ends arexdopt a problematic, self-annealed structure (reviewed in 28-30),
available for extension or ligation before NHEJ takes placethis operation specifically ensures that the palindrome-bearing
This could occur if the four hairpin tips created by cruciform sequence is altered to allow proper replication without
extrusion (Fig. 3) are not always cut simultaneously. Accorfearrangement. In mouse cells, a minimal sequence change at the
ding to both theoretical and experimental considerations aenter of a large palindrome is sufficient to achieve stable trans-
cruciform will not undergo an instantaneous collapse if singlemmission and this can be acquired in one generation (4,20;
strand breaks are introduced within the extruded domaih.Cunningham, M.Jasin and S.Lewis, unpublished observations).
(12,21). Thus there is no reason to suppose that in the modelWhereas a disparity betwe&ncoliand higher eukaryotes in
shown in Figure 3, hairpin nicking should be synchronous. Foresolution of palindromic dimer DNA is demonstrated in the
dimer resolution, between steps (a) and (b) (Fig. 3) a liberatepgresent study, there is additional evidence that this major
3'-end might participate in transactions other than direct enddifference between genome maintenance strategies arose long
joining. Borrowing from the literature on illegitimate recom- ago. As first revealed by reassociation kinetics, bacterial and
bination in plants, the filler sequences could be acquired wheyeast genomes largely lack sequences that are arranged as
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inverted repeats. In contrast, a zero time ‘snap-back’ fraction6.
constitutes fully several percent of the non-satellite DNA of

higher eukaryotes (31-36). The fact that inverted repeats
(many of which can be shown to be interrupted by a central

asymmetry) are common in higher eukaryotes and conspic-o.
uously rare in bacteria has never been assigned any functional A Laboratory Manual2nd Edn. Cold Spring Harbor Laboratory Press,

significance. According to the present work, it seems plausible
that the interrupted inverted repeats that occur throughou{
higher eukaryotic genomes may be the result of center-specifig;
DNA repair events. If palindrome-containing sequences have?.
consistently been stabilized by creating central alterations ins3.
higher eukaryotes but not in yeast or bacteria, the observett
accumulation of ‘repaired’ palindromes over evolutionary time
(i.e. interrupted inverted repeats) is expected in the one casg

and not in the other.
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