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ABSTRACT

Although significant efforts have been directed at
developing efficient techniques for rare and super rare
genome cutting, only limited success has been
achieved. Here we propose a new approach to solve
this problem. We demonstrate that peptide nucleic
acid ‘clamps’ (bis-PNAs) bhind strongly and sequence
specifically to short homopyrimidine sites on A and
yeast genomic DNAs. Such binding efficiently shields
methylation/restriction sites which overlap with the
bis-PNA binding sites from enzymatic methylation.
After removing the bis-PNA, the genomic DNAs are
guantitatively cleaved by restriction enzymes into a
limited number of pieces of lengths from several
hundred kbp to several Mbp. By combining various
bis-PNAs with different methylation/restriction
enzyme pairs, a huge new class of genome rare cutters
can be created. These cutters cover the range of
recognition specificities where very few, if any, cutters
are now available.

INTRODUCTION

permits the conversion of any restriction enzyme into a rare cutter.
To this end, a sequence-specific tool is required, which shields
one or a few of the methylation/restriction sites for the choosen
pair of methylation/restriction enzymes on the genomic DNA.
However, up to now this approach was limited to cleavage of
genomic DNA at predetermined sitég{18). We have recently
proposed a new approach, which offers a general solution to the
problem (9).

Our approach assumes a ligand which sequence specifically
targets short DNA sites overlapping with restriction/methylation
sites. After methylation of accessible sites and removal of the
ligand, DNA is cut with the restriction enzyme in a very limited
number of sites. To meet the goal of rare cleavage of an arbitrary
genome it is necessary to be able to cut DNA of unknown
sequence. Therefore, the ligand must target a short DNA region.
If the target region is 15 bp or longer, at the most one cutting site
in the entire genome is expected statistically, given its size
equivalent to the human one. To cut an unknown genome into
pieces in the range from several hundred kbp to several Mbp one
needs the total length corresponding to the ligand target site plus
the non-overlapping part of the restriction site to be 812 bp long.
This requirement for targeting short sequences makes our
approach radically different from the existing approaches, which
permit cutting of DNA only at predetermined sites consisting of

While pulsed-field gel electrophoresis (PFGE) solves the prol20 bp or morel(2-18). Within the framework of these methods

lem of separation of large DNA moleculégf, a recent optical

shorter ligands either do not bind to DNA or are displaced at the

mapping technology allows a rapid construction of ordered mapsethylation stage.

for rare cut individual chromosome34) and the problem of
cloning of large DNA fragments has also been sohzg), (

We achieve the goal of targeting short DNA sequences by using
peptide—nucleic acid (PNA), which sequence specifically forms

cleavage of genomic DNA into a limited number of large piecesxceptionally stable complexes with duplex DNA. PNA is an
still remains a problem. Most restriction enzymes recognize ondfigonucleotide mimic in which the common DNA nucleobases

4 or 6 nt {), so the target sites are met too often in a particulare attached via a linker to Br(2-aminoethyl)glycine backbone
genome. Although significant efforts have been directed towar80). As a result of sequence-specific binding to duplex DNA of
developing efficient methods for rare and super rare genorhemopyrimidine PNAs, a stable P-loop structure emerges
cutting, only partial success has been achieved. Very fewonsisting of a PNA-DNA triplex and the displaced DNA strand
naturally occurring rare cutting restriction and intron-encode(1,22). Furthermore, it has been shown that a restriction site
endonucleases and other enzymes with recognition sites of 8dmljacent to the P-loop is completely protected from cleavage by
or longer have been identified-Q). Therefore, further widening restriction endonucleasgd). The X-ray crystallographic struc-

of the arsenal of rare DNA cutters is very desirable. Among thtare of the triplex of the oligonucleotide with two PNA strands
different approaches, the Achilles’ cleavage general strategy H@¢) has indicated why the DNA-PNAtriplex is so
proven to be most efficient and versatile to increase the selectiviyceptionally stable. It appeared that, in addition to classical
of restriction enzyme cuttind.,11). In principle, this strategy Hoogsteen pairing, this triplex is stabilized by hydrogen bonds
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Figure 1. Schematics of the PARC technique for rare enzymatic cleavage of genomic DNA mediated by a peptide—nucleic acid ‘clamp’ (bis-PNA).

formed by the peptide NH group of the PNA residues, which formsuffer solution (20 mM MES, 10 mM NaCl, 2 mM EDTA,

a Hoogsteen pair with an oxygen of the phosphate groups of thiel 6.3) containing the desired PNA for 5-10 h. Then the samples
oligonucleotide. were equilibrated in buffer containing either 25 mM sodium
Since two PNA molecules bind to the DNA single stranctitrate, 10 mM NaCl and 5 mi#mercaptoethanol, pH 7.2, or

forming the P-loop, PNA ‘clamps’ (bis-PNAS) consisting of two25 mM sodium citrate and 5 mBAmercaptoethanol, pH 7.0, and
PNA molecules connected with a flexible linker proved to bevere incubated overnight with 1 U methyl@séBlll, with 15 U
much more efficient in targeting short regions on duplex DNAnethylaseHhal or with 8-12 U methylaskEpall at 4°C in the
than monomeric PNAs26,26). Further stabilization of the same buffers containing 10@/ml BSA. After that, S-adenosyl-
P-loop at neutral pH can be achieved by replacing cytosines witethionine was added up to 3@ and methylation was
pseudo-isocytosines in that half of the bis-PNA, designed farerformed for 1.5—4 h at 3. Methylation was stopped and the
Hoogsteen recognitior2$). We have demonstrated that suchPNA-DNA complex was dissociated by incubation for 50 min at
bis-PNAs, carrying extra positive charges to promote additiondB°C in 1% SDS, 500 mM NaCl, 10 mM EDTA, 50 mM
electrostatic stabilization of the PNA-DNA complexes boundris—HCI, pH 8.9. Then the samples were equilibrated in an
strongly and sequence specifically to quite short target sites appropriate buffer and digestion with a desired restriction
genomic DNA and efficiently protected a limited number ofendonuclease was performed under optimal conditions in the
methylation sites overlapping with thei®). After removingthe presence of 10Qug/ml BSA. The digestion was stopped by
bis-PNA, the restriction enzyme made very few cuts in the yedsicubating for 10-20 min in 50 mM EDTA, pH 8. Finally, the
genome 19). Here we present the detailed data, which stronglgamples were equilibrated with TE buffer, pH 7.5, and loaded
suggest that short, positively charged bis-PNAs combined witnto a 1% agarose gel. The PFGE was run on a CHEF Mapper
various methylation/restriction enzyme pairs provide a huge nesystem (BioRad).
class of genome rare cutters. This opens new opportunities for
genome mapping, cloning and sequencing.

RESULTS AND DISCUSSION
MATERIALS AND METHODS ) ) .

Cleavage ofA DNA using various bis-PNAs
PNA oligomerization was performed as previously described
(27) and the PNA monomers and egl linker were obtained frofhe PNA-assisted rare cleavage (PARC) approach we describe
PerSeptive Biosystems. The PNA oligomers were purified bfpllows the general scheme of the Achilles’ cleavage strategy and
reversed phase HPLC and characterized by MALDI-TOF masses PNA to protect a limited number of genomic sites from
spectroscopy. The following bis-PNAs (J is pseudo-isocytosirenzymatic methylation (Fid). To check whether short bis-PNAs

and egl is 8-amino-3,6-dioxaoctanoic acid) were used: can be used within our approach, we first tested cleavage of
PNA 1, H-T2JT3T2-egk-ToCoTCTo-LysNH; A DNA and used bis-PNA HsIT)T2-egh-ToCoTCTo-LysNH,

PNA 2, H-Lyss-Tobh T3~ egh-T3CoTo-LysNHp; (PNA1). This PNA contains pseudo-isocytosines in one half of
PNA 3, H-Lysy-TJyT2J-egb-CToC4T- LysNH,. the molecule for stabilization of the P-loop at neutralpBINA

All enzymes were from New England Biolabs except methylaseontains a unique site for binding PNIAAAGAGGA ATCGAT
CviBlll and endonucleas&fu, which were purchased from at position 35 050, consisting of a homopurine tract, which has a
Boehringer Mannheim\ phage DNA was obtained from New 1 bp overlap with th€lal methylation/restriction site (here and
England BiolabsSaccharomyces cerevisigeast strains PSY316 below, the PNA binding sites are in bold and the restriction sites
and BP1 28) were kindly provided by Dr N.Silverman (MIT, are underlined). We applied the PARC strategy using the PNA
Cambridge, MA). Yeast DNA was isolated as descriBéj ( UM-Clal/Clal combination toA DNA predigested byindlll

For PARC analysis\ or yeast DNA embedded in a 0.65% lowrestriction enzyme (the target site was located on the 9.4 kbp
melting agarose plug was incubated with shaking &C3@  Hindlll fragment ofA DNA).
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Figure 2.Cleavage ok DNA with restriction endonucleases after treatment of the PNA-DNA complexes with the mé&higadsea low temperature isoschisomer
of M-Tad). (A) The PNA2/M-CviBIIl/ Sfu combination was used. Lanes 2 and 3 present the results obtained for PNA concentrations of 0.48\&md<€pBitively.
Lanes 1 and 4 with no PNA added demonstrate complete digestion v@fil tiezyme (the length of the larggfu fragment is 18 050 bp) and no digestion when
M-CviBIIl was used before the restriction enzyme, respectively. Lane 5 shows the uitieki&d(B) The PNA3/M-CviBIll/ Tag combination was used. Lanes
3-6 present the results obtained for PNA concentrations of 0.11, 0.13, 0.15 ard,Gd<pectively. Lanes 8 and 7 demonstrate complete digestion widxthe
enzyme and no digestion wherQuiBIII was used before the restriction enzyme, respectively. Lane 1 shows the uiti2idid ane 2 gives the DNA markers
obtained by digestion &f DNA with Ead restriction enzyme (the lengths of the fragments obtained are shown in bp at the sides of both patterns).

Binding of PNA1 selectively protected the desired site fromwithin the PARC approach, agarose-embedded full-length
methylation by MClal (data not shown), yielding the expectedA DNA is quantitatively cleaved by th8fu enzyme. This
7.6 kbp fragment upon subsequent cleavageClay endo- cleavage yields only two fragments with the expected lengths
nuclease. However, as the time of incubation with the methylasestead of eight fragments, the two largest of which (18 050 and
increased, a gradual decrease in PNA protection was obsen@810 bp) are clearly seen after comp&ftedigestion. Figur@B
This clearly indicated that PNAwas gradually displaced from (lane 6) shows that with PN#within the same approachDNA
its binding sites on the duplex DNA. Because of the displacementcleaved by thdad enzyme virtually completely and totally
effect we failed to acheive a quantitative and selective cleavagequence specifically, also yielding only two large fragments with
of agarose-embedded full-lengttDNA at a chosen site using the expected lengths instead of 122 small fragments after
this bis-PNA, which carried two positive charges, one at each endmplete digestion byad enzyme. Under the chosen experi-
(data not shown). Thus, to achieve quantitative cutting, furthenental conditions we did not observe any additional bands, even
stabilization of the PNA-DNA complex was needed. An obviou#houghh DNA contains one binding site with a single mismatch
way of so doing by increasing PNA length was unacceptable ftar PNA3 overlapping with th&ad site at position 29 230. Thus,
our purposes (see Introduction). bis-PNAs carrying multiple positive charges proved to be

We therefore used another approach to stabilize PNA-dsDNamarkably good tools for sequence-specific cutting DNA
complexes. We enhanced the electrostatic attraction of PNAswdthin the PARC strategy.
the negatively charged DNA targets by tagging PNAs with
positively charged oligolysine ‘tails’, which is an efficient way tox, 1+ i i i
increase its binding efficiency (V.V.Demidov and P.E.Nielsen,CUttlng of yeast chromosomes using different enzyme pairs
unpublished results). Hence, in the next series of experiments Wecheck whether the PARC approach will work on long genomic
used bis-PNA H-LysTohT3-egh-T3CoTo-LysNHy (PNA 2), DNAs we have applied PNato the whole yeast genome, as we
with five positive charges, which was targeted to the compldrave already reported9). Here we present additional data on
mentary 7 bp homopurine tract at position 27 99D DNA. We  yeast genome cutting by this technique. We first tried the
also tested bis-PNA H-LysTJT2J-egh-CToCqT-LysNHy  M-Hpall/ Sma pair of methylation/restriction enzymes. FigGre
(PNA 3), with four positive charges, which was initially chosenand B show the results. When PRAnd the MHpall/ Sma pair
to target chromosomes 2 and 3 of yeade(infrg), but which also  are applied to chromosomes from yeast strain PSY31&&ig.
proved to target the adjacent 8 bp homopurine tradtODNA  lanes 1 and 2), several additional strong bands appear between
located around position 27 980. This is a unique §BCC-  chromosomes IV and XV/VII, below chromosome XI, above and
CTTCGAAGGAAA, at positions 27 975-27 990 ADNA in  below chromosome IX and above chromosome VI. Chromosomes
which homopurine/homopyrimidine binding sites for PN&nd IV, XVI and Il are quantitatively cut. Figui@B, lane 2 shows
PNA 3 overlap with one of 12Tad sites (TCGA) and one of results similar to those in Figu8a but obtained for another yeast
sevenSfu sites (TTCGAA) om\ DNA,; both homopurine tracts strain (BP1). It is observed that the cleavage patterns are very
overlap with MCviBIll site TCGA (here and below, the similar for the two strains, which have clear differences in the
methylation sites are italicized). Figi# (lanes 2 and 3) shows lengths of some of their chromosomes (compare, for example,
that with PNA2 as a shield protecting agai@stiBIll methylase  chromosomes Xlll and XVIin lanes 1 and 3 in Big). Another



2486 Nucleic Acids Research, 1996, Vol. 24, No. 13

A B 12 545 C 12 5456

PHE - 4 i - PHA + x = + -

. EHA MeHpaIl = + - + - M Mpall + + = =# -

. ”f;’li Bmal = 4 - & Hpall + + - - i
fd

-

=K¥aV1l

—EY+¥I
=EKIE+K¥1
i
—XIn
=|1 v
—x =T e
- =¥
VR -
NI
i
- =X
::I'u'l =0T

Figure 3. Application of the PARC technique to yeast genomes (the chromosome order numbers are shown at the right of the pattern) u3fikigHpel PSiia
combination. A) PFGE separation of chromosomes from yBastrevisiastrain PSY316 (28). Lanes 1 and 2 show the PARC results falMORNA with 8 and

12 U methylase, respectively. Other lanes present various control experiments: lane 3 gives results of methylation/digestion without PNA; lane 4 presents rest
incubation with PNA but without enzymes; lane 5 gives the intact genome; lane 6 presents digestion of the yeast gendsnedveitizyinee; lane 7 gives results

for PNA pre-incubation and methylation but without restriction enzyme treatBeRegults of experiments similar to the ones presented in (A) with 8 U methylase
but for anotheB.cerevisiageast strain, BP1 (28). Lane 1, untreated PSY316 genome. Lanes 2-5 correspond to the BE) Rasirits(of PFGE separation of

the yeast genome (strain PSY316) treated with thipall/ Hpall enzyme pair (8 U methylase) in the PARC strategy. Lane 5, digestionSmérestriction enzyme.

pair of enzymes, Mihal/Hadll, also yielded additional, although PNA 3/M-Hhal/Hadl system. Among the sequenced yeast
quite different, bands when combined with PBI/&Specifically, chromosomes, we found only one potential cutting site
we could clearly see several new very distinct bands, belo@TCC CCGGG on chromosome Il for the PN#M-Hpall/ Sma
chromosome Xill, above chromosome IX and below chromosomgstem. The PNA binding site here is 1 bp shorter than the full
. Furthermore, chromosomes XVI, lll and Il are quantitativelybinding site for PN/, so the complex of PNawith this binding
cut while the rest of the chromosomes were urid)t ( site should be weaker than with the full site. This is probably the
In the above experiments with the yeast genome we usgshson why chromosome Il in lanes 1 and 2 of Fig@ris only
restriction enzymes recognizing 6 bp. As anticipated, in combinatigaytially cut, in contrast to the majority of other cases, where
with bis-PNA recognizing 8 bp sites such enzymes produced Vefytyally complete digestion was observed. However, this site still
limited cutting in the entire yeast genome. We expected MO nhayves as a cleavage site, probably because of extensive overla
frequent cutting of the genome when using a restriction enzymnyeen the PNA binding site and thelpall methylation site.
recognizing 4 bp. FigurgC, lane 1, shows that experiments fully 1 o fragments produced from this cutting are most probably

;%‘Xrénedléhiz explectation. Tft'tem?”/ Hﬁ)all patir (r:1ombined Withth {ocated just above chromosome IX and just below chromosome
ylelded a cleavage pattern for afl yeast chromosomes aI'P(lg). In addition to cutting chromosome I, the PNA

most similar to one of a restriction endonuclease recognizing 8 _
Our cleavage data are consistent with available seque%i:? M-Hpall/ Smd system also cuts chromosomes IV:and XV1. We

information about yeast genomes. The sequenceSiatah@ro- Slieve that the two other short fragments clearly seen at higher

mycesGenome Database) for chromosomes Il and Il show th SO'“;'X” 19), as dweltl as ttthe tV‘]ﬁo rl1arger fragm?\r/]ts Sde;C/Im
each carries a unique binding site for PB@verlapping with the IguresA, appear dueé 1o cutling of chromosomes 1V an :
Hael restricton site and Hhal methylation site: The main conclusion from these experiments is that the

GGCGCTTCCCCT. We assign four fragments of the yeastemployment of positively charged sh(_)rt bis-PNAs in cc_meination
genome cut by the PN&M-Hhal/Hadl combination to cutting With an appropriate methylase permits the con- version of very
of chromosome Il nearly into two halves and chromosome lil intGeéduent cutting restriction enzymes into extremely rare DNA
one third and two thirds of its length. It should be emphasized tHatters. Application of our method to the yeast genome yields
because of variability of yeast chromosome lengths from strain€baracteristic, fully reproducible and, in most cases, virtually
strain, one cannot expect full agreement between fragmetfmplete cleavage patterns which depend on the PNA/methylation/
lengths observed in our experiments and those predicted fra@striction enzyme combination. In contrast to RARE
analysis of th&accharomycesenome Database. We did not find (4,14,15,17,18), the PNA-DNA complex does not require any
any potential cutting sites for this combination in the rest of thieivalent cations and therefore the methylation reaction can be
sequenced yeast chromosomes (I, V, VIII, IX and XI) angerformed under conditions disfavoring activation of contaminating
these chromosomes were uncut in our experiments with timeicleases.
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It should be emphasized that the requirements for orientationtof quantitatively cleave an unknown genome into a limited
the PNA strands relative to the DNA strand in the PNA-DNAwumber of pieces with lengths of from several hundred kbp to
complex is far less stringent than in the case ofeveral Mbp, thus operating in the range of recognition
oligonucleotide—DNA complexes. The available data indicatspecificities where very few, if any, cutters are now available.
that in the PNA-DNA duplex the parallel complex (N-terminus
of the PNA strand facing thé-8nd of the DNA strand) is only ACKNOWLEDGEMENTS
slightly less stable than the antiparallel d31§).(Thus, although
the proper choice of bis-PNA strand orientation in the P-loop/e thank Dr N.Silverman for yeast strains and Drs C.R.Cantor
(antiparallel orientation of the ‘Watson—Crick’, cytosine-containand C.L.Smith for sharing with us some of their equipment during
ing half of the bis-PNA relative to the DNA strand and parallethe early stage of the project. This work was supported in part by
orientation of the ‘Hoogsteen’ half of the bis-PNA with J basedhe NIH, PerSeptive Biosystems and the Danish National

results in a more stable P-lodtb), our PARC data demonstrate Research Foundation.

that bis-PNAs work quite well on the target sites in both
orientations. Indeed, in experiments vNtBNA, PNA 2 had the

‘correct’ orientation with respect to its target site and ensured FfREFERENCES

protection of the overlapping methylation site (see Z49. 1
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