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ABSTRACT

Arrays of up to some 1000 PNA oligomers of individual
sequence were synthesised on polymer membranes
using a robotic device originally designed for peptide
synthesis. At [0P6%, the stepwise synthesis efficiency
was comparable to standard PNA synthesis pro-
cedures. Optionally, the individual, fully deprotected
PNA oligomers could be removed from the support for
further use, because an enzymatically cleavable but
otherwise stable linker was used. Since PNA arrays
could form powerful tools for hybridisation based DNA
screening assays due to some favourable features of
the PNA molecules, the hybridisation behaviour of
DNA probes to PNA arrays was investigated for a
precise understanding of PNA-DNA interactions on
solid support. Hybridisation followed the Watson—
Crick base pairing rules with higher duplex stabilities
than on corresponding DNA oligonucleotide sensors.
Both the affinity and specificity of DNA hybridisation to
the PNA oligomers depended on the hybridisation
conditions more than expected. Successful discri-
mination between hybridisation to full complementary
PNA sequences and truncated or mismatched versions
was possible at salt concentrations down to 10 mM Na
and below, although an increasing tendency to unspe-
cific DNA binding and few strong mismatch hybridisa-
tion events were observed.

INTRODUCTION

analyses remains the same: hybridisation of an unknown DNA
sample to an ordered array of immobilised DNA sensor molecules
of known sequence produces a specific hybridisation pattern which
can be analysed and compared to a given standard. The sensol
molecules consist of synthetic oligonucleotides or longer, enzy-
matically generated DNA, specifically PCR products and isolated
clone DNA. Array production is being done either by a transfer of
individual DNAs onto a solid suppor?{4) or, in the case of
oligonucleotides, alternatively by @msitu synthesis $-8).

Although there are many promising developments and a few
already working systems, some problems remain. One important
aspect is the sensitivity and selectivity of the binding of the
assayed DNA molecules. With long sensor molecules (PCR
products) the sensitivity is less of a problem, since the stability of
the duplex formed with the target sequence is rather high.
However, there is a pay-off in the form of reduced selectivity.
Certain assays, most obviously DNA sequencing by hybridisa-
tion (SBH; for short reviews se&10), do require the use of
oligonucleotides. Oligomers, though, have the inherent disadvan-
tage of a relatively low duplex stability. An optimal sensor
molecule should combine the specificity of DNA oligomers with
a relatively high duplex stability.

Second, DNA sequences form stable duplexes only in the
presence of salt which is needed to counteract the interstrand
repulsion. Such conditions, however, also stabilise secondary and
tertiary structures within a target molecule. Sequences might
thereby not be accessible and be prevented from hybridisation to
the gridded DNA11).

The use of peptide nucleic acid (PNA) oligomers could
circumvent the above problems. In this nucleotide analogue the
sugar backbone has been replacedii{§2-aminoethyl)-glycine

In recent times, the number of possible applications of nucleic adishits (Fig.1) but the bases nevertheless form a specific duplex
hybridisation technigues in molecular biology and medicine hastructure with complementary DNA sequences. Since its inven-
grown immensely. Especially the stimulus by the fast increase tion (12), PNA has been intensively studied, because of its
genetic information that becomes known and thus available f@otential as a gene-targeting drug or a biomolecular probe. The
genetic analysis procedures has spurred technical developmentBMA-DNA duplexes that were analysed in solution exhibited a
this field. The capacity to assay quickly very many samples makesry high thermal stability due to the missing interstrand
this technology almost indispensable for a variety of applicationrgpulsion between the DNA phosphate groups and the uncharged
(for a review sed). Different methods for the creation of DNA peptide backbone of the PNA molecules. The stability is reported
arrays are being used, but the basic idea on how to perfotmincrease at physiological conditions [i.5°C per base pair

*To whom correspondence should be addressed. Tel: +49 6221 424680; Fax: +49 6221 424682; Email: j.hoheisel@dkfz-heidelberg.de



Nucleic Acids Research, 1997, Vol. 25, No. 12793

NS CHs [o}
e Hij\l(c"'a
~HN ° o 0 H 9 nu o
N NH, w NH, nm"fw‘ﬂ N “J\W_PNA
o, © 1Y 0 fj H 0 L o H
ox oW o=p-0_0 wwood A
NH [} \
: W \
cH, O N NH N-~“NH
o=¢ Nf:"‘uu O=\P<07 PN trypain
N-k [¢}
H N NH, NHz
CH NN o NN TFA
o;‘c\ P o=hRC0- el BocHN
NH ow
PNA N~ DNA b
CH, H H 0 o
o=c NAMJ"TWHJY 4 =-'~U0 u
H <] 0 N PNA
; i
tBUDOC L\ Me0. o
Figure 1. PNA consists of repeating unitsgf(2-aminoethyl)-glycine linked
by amide bonds. The nucleobases are attached to the backbone by ethylene OMe

carbonyl linkages. trypein

Figure 2. Linker chemistry used for the automated SPOT synthesis of PNA
compared to that of the equivalent DNA-DNA hybritB)( oligomers. The growing PNA chain is linked to the peptide spacer
Furthermore, the base pair mismatch discrimination of PN ACIU[OtBU]-eAhx-eAhX via an enzymatically cleavable Glu-Lys handle and an
seems to be as good as or even superior to that of DIYA ( optional acid-labile Rink-amide finker.

Here, the synthesis of PNA arrays and their use in hybridisation
assays is reported. For quality control, linkers were employed that
allow the release of the intact PNA molecules after synthesiginker attachment
Obviously, this mechanism could be utilised for a parallel . ) ] ]
synthesis of many different oligomers and the subsequelit three synthesis cycles, the amino-functionalised membrane
removal of individual sequences for other analyses, similar to¥as derivatised with the peptide spacer glutamic aeier
recent report on DNA oligonucleotide arrag. On the grids, ~butylester)-§-aminohexanoic  acidfaminohexanoic  acid)
studies on the interaction of PNA and DNA molecules ofGlu[OtBu]-eAhx-eAhx; Fig.2) using standard Fmoc-chemistry.
complementary sequence were carried out, with the PNAhe respective amino acid derivative was activated by the
attached to solid support. The thorough understanding of ti@ldition of 1.2 equivalent diisopropycarbodiimide (DIC) and 1
hybridisation under such conditions is not only instrumental fopquivalent HOAt and used at a final concentration of 0.2 M in
the use of PNA as sensor molecules in the oligomer arrdymethyl-2-pyrrolidone (NMP) with no preactivation. For coupl-
technology but could also be used to screen for sequences thatiBge membranes were submerged in this solution for 15 min using

most suited for various applications, such as the antisenddlat polypropylene container with lid. The membranes were then
strategy. washed with dimethylformamide (DMF), and the Fmoc-groups

were removed by a 5 min incubation in 20% piperidine in DMF.
The membranes were again washed in DMF, rinsed with ethanol

MATERIALS AND METHODS and dried in a stream of cold air.
_ Subsequent to the addition of the spacer, the membranes were
Chemicals mounted in the ASP 222 Automated SPOT Rob&tABIMED

GmbH, Langenfeld, Germany) and a grid of the desired format
9-Fluorenylmethoxycarbonyl (Fmoc)-protected PNA monomergas spotted using at each position @L3f activated Fmoc-
with the exocyclic amino groups of A, G and C being blocked, sine-g-tert-butyloxycarbonyl) (Fmoc-Lys[Boc]). After a reac-
with the benzhydryloxycarbonyl (Bhoc) group, 1-hydroxyazatjon time ofcB0 min, the membranes were treated with 5% acetic
benzotriazole (HOAt) and amino-functionalised membranegnhydride in dry NMP to cap all amino groups outside the spotted
were obtained from PerSeptive Biosystems Inc. (Framinghargreas. The membranes were washed and deprotected as describe
USA). Amino acid Fmoc-derivatives were from Novabiochemypove and the spots were visualised by treating the membrane
Calbiochem (L&aufelfingen, Switzerland). Solvents and reagen{gith a solution of 0.01% bromophenol blue in DMES)

for peptide and PNA chemistry were from Fluka (Neu-Ulm,optionally, the acid cleavable Rink-amide linkéfywas added
Germany), trypsin from Boehringer Mannheim (Germany)in another cycle (FicR).

Unlabelled and sdigoxygenin (5DIG) labelled DNA oligo-

nucleotides were obtained from Interactiva (Ulm, Germany ;
[y-32P]ATP (10 mCi/ml), T4 polynucleotide kinase and buffers)PNA array synthesis
for radioactive labelling of DNA oligomers at thefrfosition  In each cycle, 2@mol of each Fmoc-protected PNA monomer
were purchased from Amersham and New England Biolabgjere dissolved in 5l of 0.4 M DIC in NMP and 5%l of 0.4 M
respectively. DIG labelled uridine-triphosphates and kits for thetHOAt in NMP to yield 125ul of activated mixture. Reagent
use in PCR amplification and subsequent fluorescence detectismiutions were used afteb—10 min preactivation, a time required
were from Boehringer Mannheim (Mannheim, Germany). for complete dissolution, centrifugation and instrument prépara
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Aliquots of 0.4pl of the 0.16 M solution were deposited to thewere varied in different experiments. Subsequent to hybridisa-
individual spots on the membranes using the ASP 222 Automatédn, the membrane was washed for 30—60 min in the same buffer.
SPOT Robot. The complete synthesis cycle comprised: couplimg some cases, gradual washing at higher temperatures was done
(spotting of activated derivative followed by 20 min reaction timén order to obtain better discrimination. Exposure was by
after placing material to the last spot); 5 min of acetylation in 5%utoradiography, at room temperature or at>€7Qsing inten-
acetic anhydride in DMF; five washes of 1 min each in 10 méifying screens, and by a phosphorimager. Alternatively, hybri-
DMF; 5 min of deprotection with 20% piperidine in DMF; disation was carried out with fluorescently labelled probes. For
staining with 0.01% bromophenol blue in DMF; three rinses in 1ihdirect detection of enzymatically amplified fluorescence, 20
ml ethanol and subsequent drying. Usually, arrays of 384 (16pmol of 3-DIG labelled oligomers or DIG-dUTP labelled PCR
24) or 576 (1& 32) spots were synthesised. The area of each spgohgments were hybridised to PNA membranes as described
was [0.2 cn? with a final loading off1l0 nmol crude PNA above. Fluorescence signals upon dephosphorylation of added
compound. After completion of the synthesis, the PNA oligomerattoPhos™ substrate were obtained as descriig)l Alterna-
were deprotected by a 1 h incubation in a mixture of 90%vely, direct detection was carried out via fluorescein or infrared
trifluoroacetic acid (TFA), 5% water and 5% triethylsilane. dye labels. Data quantification was done by processing the
hybridisation results with the Biolmage HDG Analyser software,
Release of PNA oligomers version 2.1, run on a SUN Sparc 5 station. Finally, probes were
] ] ] stripped off by incubating the membranes in boiling hybridisation
Spots on the PNA array were visualised with bromophenol bluguffer for several hours. Sometimes, membranes were also

and pieces of the desired spots of were cut out. They were rinsgshted with 90% TFA in water at room temperature to remove
for 5 min in 33% acetonitrile/70 mM ammoniumbicarbonate angery strongly bound molecules.

5 min in 100 mM ammoniumbicarbonate to remove the
bromophenol blue stain. To release the PNA oligomers from the

solid support, 10ul of 30 ngfl bovine trypsin solution RegyLTS
(Boehringer Mannheim, sequencing grade) in 50 mM ammo-
niumbicarbonate was added followed by an incubation & 37 ,

cleaving the lysyl—glutamic acid bond. The digestion wag NA synthesis on membrane supports
terminated after 3 h by addition of neat formic acid to a final
concentration of 10% acid. PNA molecules attached to t
Rink-amide handle could alternatively be cleaved off by TF.
during the PNA side chain deprotection. The crude PN
compound was extracted with 20% acetonitrile in water an
analysed by mass spectrometry.

s opposed to DNA synthesis, which usually is based on
osphoramidite chemistry, the synthesis of PNA oligomer grids
S greatly simplified by the fact that no complete absence of
Hloisture is required. The peptide character of the compounds
allows for the application of the SPOT method originally
developed by FranKig) for parallel oligopeptide synthesis. In a
recent communication, we reported the suitability of the auto-
mated SPOT method for the generation of arrays of short PNA
sequences20).

MALDI matrix surfaces were prepared by the fast evaporation Since the reliability of hybridisations to oligomer arrays
method using a solution of 4-hydrogyeyanocinnamic acid and depends strongly on the quality of the surface-bound oligomers
nitrocellulose in acetone/isopropan®8), This matrix, whichis  (€.9, 21), it was essential for an accurate assessment of the
optimal for peptide analysis, was chosen because PNA hag@formance of the PNA membranes to check the quality of the
peptide amide backbone instead of a DNA phosphodiestBNAIN situsynthesis. Two different cleavable linkers were used
backbone for which other types of matrices are preferable. Afrig- 2) by which individual PNA sequences could be removed
aliquot of 0.5ul of PNA solution was deposited onto the matrixfrom the membrane after completed synthesis. Prior to PNA
surface and allowed to dry at ambient temperature_ The Samﬁwj"\thess, the amlInO'fUnCtlonallsed membrane was derivatised
deposit was rinsed with 30 of 5% formic acid. Samples were With the tetra-peptide spacer Lys[Boc]-Glu[OtBiujhx-eAhx

mass analysed using a MALDI time-of-flight mass spectrometdtsing Fmoc-chemistry. The spacer length had been selected to
(REFLEX 11, Bruker Daltonics, Bremen, Germany) equippededuce steric interference between the PNA chains a_nd the
with delayed ion extraction. Spectra were acquired as the sumRstlymer on the membrane. For a release of the eventual oligomer,
signals generated by irradiation of the sample deposit withe lysyl-glutamic acid bond within this linker molecule could be
100-200 laser pulses. The resulting mass spectra were madsWith trypsin, the resulting PNA compounds bearing a lysine
calibrated by using trypsin autodigestion peptides (m/z 2163.05/€sidue at their C-terminus. In few cases, the acid labile

2289.155) as internal standards. Monoisotopic molecular masd@&k-amide handlel(?) was added to the tetra-peptide by an
were determined. additional synthesis step to provide an alternative target for

chemical cleavage. With either molecule, the loading of linkers
on the membranes was about identical to the initial 70 nml/cm
of amino functions present according to the manufacturer. This
DNA oligonucleotide probes wereBbelled with {-32PJATP as  was determined by a bromophenol blue treatment of the
described earlielg]. After heat denaturation, hybridisation was membranesi). The colour intensities indicated the number of

in 10-20 ml of 60 mM sodium citrate, pH 7.5, 7.2% sodiunreactive amino groups present at each position. The proceeding
N-lauroylsarcosine and NaCl with abolll Mc.p.m./ml of PNA synthesis was also continuously monitored by this method
labelled probe (concentration = 2-5 pmol/ml); thé dbancentra-  after each synthesis cycle. Moreover, a few spots were reacted
tion, the temperature (0—90) and the duration of hybridisation with an activated solution of rhodamine during every synthesis

Matrix-assisted laser desorption/ionisation (MALDI)
mass spectrometry

Hybridisation of DNA oligonucleotides
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cycle; in addition to data on the efficiency of synthesis, this -
reaction generated orientation marks on the membranes. TTCTCAATGCCTTEC s
Separate control experiments on the quality of the activated PNA
mixtures had been done. An activation with azabenzotriazolyl«
N,N,N’,N'-tetra-methyluronium hexafluoro-phosphate (HATU),
as suggested by the manufacturer (PerSeptive manual on the s T A A
Expedite synthesiser) led to a nearly complete loss of reactivity
after >15 min of activation. As the distribution of 1000 spots
takes(B0 min, a different activation scheme was appli&g.( 2
PNA monomers were activated with DIC and HOAt in dry NMP
and applied as 0.16 M solution. After 5-10 min of pre-activation,
time, 0.4pl drops were distributed to the membrane spots.
Reaction took place for at least 30 min. The somewhat larger
volume of 0.4ul as compared to the OB used during linker 2000 2500 3000 3500 4000 2500
attachment was applied in order to avoid uncomplete coupling at miz
the border of the spots. After completion of the synthesis process,
the PNA oligomers were sjde-chain deprotected by submergin e 3. MALDI m um of the PNA CeNACTCAATGCC.
the dry membranes in a mixture of 90% TFA, 5% water and 59 ?%ga (M, 4172?755).33%2 :ing?yt(f+) andsggﬂzl;%ﬂ gha?ged i?)(n:gignals
triethylsilane. Arrays of some 1000 PNA sequences of a length @fom this PNA molecule are evident and confirm that the desired product was

up to 16 nucleotides (nt) could be synthesised with this refinedynthesised. Additionally, some termination products are labelled which allow
protocol. a read-out of the N-terminal part of the PNA sequence for quality control.
Trypsin autolysis products are also indicated (Tr).

PNA oligomer quality
cases, few oligomers were removed for analysis by MALDI-TOF

During the SPOT synthesis, the colour intensity resulting frorspectrometry before the arrays were used in hybridisation
the bromophenol blue assay weakened slowly with the increasisgperiments. The length of the synthesised PNA oligomers varied
number of synthesis cycles. Compared to original startingetween 5 and 16 bases. In some instances, identical sub-pattern:
material, the colour intensity was >50% after completion of thevere generated on one filter (e.g., nine fields of 64 oligomers
synthesis of 16mer PNA molecules, for example. This figureach) and cut up for individual analyses. Evaluation of the signal
translates into an average coupling yield of 95-96% and iatensities obtained on such twin filters by identical probes also
attributed to steric effectd§). The colour intensity of the spots demonstrated good uniformity of synthesis across the mem-
was uniform across the membranes with no indication of loc@ranes. The accessibility of N- and C-termini was confirmed by
differences in reactivity. Slightly better results still were obtainedhybridisations of short DNA oligomers.
when the monomer solutions were diluted to a concentration of The linkage of the PNA oligomers to the membranes was found
0.1 M and spotted twice during each cycle. In this way, stepwise be very stable. No apparent decrease in signal intensities could
coupling rates of- 97% were obtained. Similar synthesis efficiencybe detected even after 30 subsequent hybridisations; all mem-
values could be concluded from the rhodamine reactions. Theanes produced to date are still in use. Even repeated TFA
yield of anin situ PNA synthesis on membranes is thereforgreatments for the removal of unspecific but extremely stable
comparable to standard solid-phase procedures on polystyrefmplexes occasionally formed by hybridisation probes and
supports. homo-G PNA sequences (see below) had no negative effect.

For mass spectrometry analyses some spots were cut out.
Oligomers were released enzymatically by a trypsin digestion o
as% control in a few cases, cr):emicallyywi)t/h TE’E Sincg the T&uplex stability

labile handle is being cut during side chain deprotection, theor an initial analysis of the binding and dissociation behaviour
merely trypsin cleavable I_mke_zr was used in all other experimeng DNA probes to arrayed PNA oligomers, pools of different
reported here. Characterlsat|or_1 of the re_Ieased_ PNA products ®¥mer DNA oligomers were hybridised under physiological
MALDI-TOF spectrometry confirmed a high purity as suggeste¢onditions (37C, 100 mM N4) to an array containing 64 16mer

by the bromophenol blue assay. A typical example of a MALDpNA sequences that represent genes of the budding yeast
mass spectrum of a released PNA oligomer is shown in RBguregenome. Under such conditions, a lot of unspecific binding
The major signal in the mass spectrum originated from the desirggcurred besides the annealing to the full match sequencetjFig.
product (calculated MA172.76) and confirms successful synthesisetter discrimination was obtained by subsequent washes at
A series of minor signals correspond to intermediate terminatiqfradually increased temperatures (Hig-—d). From such experi-
products and allowed part of the PNA sequence to be determinggents, the dissociation temperatureg) (6f the full-match

This is a convenient way of quality control of the releasebpNA—DNA duplexes were determined to range between 70 and
product; no modifications or internal sequence deletions could l%o(:, the actual value Seeming|y dependent on the base

detected. composition. ldentical hybridisations were done to an array
bearing the 64 corresponding DNA oligomers. No background
Hybridisation of DNA fragments to PNA arrays signal was obtained at 3€ and the experimentally determined

range of T of the full-match DNA-DNA duplexes was 50—°%5
For the hybridisation studies, mostly PNA grids of 384 or 57data not shown). Comparable to results on PNA-DNA interaction
different sequences were generated by the SPOT method. In sameolution, the duplex stabilities on solid support of a complex
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Figure 4. DNA hybridisation to PNA arrays. A PNA grid containing a set of 64 different 16mer sequences complementary to someaegilllajetegenes of the
yeastSaccharomyces cerevisiaas hybridised with a mixture of eight radioactively labelled 21mer DNA probes. The PNA oligomers positioned in the fiest row w
entirely complementary to the probes, while the other spots contained completely different sequences. Hybridisation wasic&@iedV NaCl, 6 mM sodium
citrate, pH 7.5, and 0.7% sodiuxdauroylsarcosine (adding up to a'N@ncentration of 90 mM) at 3T (a). Subsequent washes in gradually heated buffer [e.g.,
67°C (b), 74°C (c) and 80C (d)] increased the probe discrimination. &f), hybridisation was carried out at%5 instead of 37C. No further washing at higher
temperatures was necessary under these more stringent conditions.

formed by a DNA probe and a surface-attached PNA oligomer of )
mixed base composition can be described as being in general 1—- o7 Pp.p.0% 0| %GC prediction
1.5°C higher per base pair than that of the corresponding B nﬂ;ﬁ;‘eiﬂhbour
DNA-DNA hybrid. L P

actual intensities

Experiments on the kinetics showed that the specific hybridisa-
tion process of DNA probes to arrays of 16 nt long PNA
sequences was at equilibrium within some 30 min. Extending the
annealing period substantially, for example to overnight, only led
to higher background signal and more unspecific binding of
mismatched sequences. Best hybridisation results were usually
obtained when hybridisation was fat h at a temperature not
much below the actualyTfollowed by a wash at the same
temperature (Fig4a*). In the experiments described here, a
temperature of 11UC to, at most, 20C below Ty was used.

Our results indicate that the stability of PNA-DNA duplexes
longer than1l5 bp can be compared on the basis of their base
composition, since they correlate with thg determined by
empirical rules for the corresponding DNA-DNA hybrids [Ep.
GC-content £2); nearest neighbour analys3)], although the
absolute §values are very different. Similar to the predictions of
DNA stabilities, there is an increasing error for sequences shorter
than 15 bp or certain sequence features, such as homonucleotide
sequences. Even for 16mers of mixed base composition, how-
ever, relatively large discrepancies were found; the oligomers B_B'tgure t_5- Prt/%_\ditctiolnb_og the \;aria_tti_on inbttherrgal ,tshtiailitggof PIEQ—ADNAb
and B9 of Figures, for example, differ considerably in their Nteractions. Actual binding Intensities obtained with the 29mer probe
stability, although no such effect was predicted. Currently, furthecl(ez'n'i‘grgsT T\/\;AQS?:SQEI;A%T?hAeG\ZArEg Oar} \%ﬁzzdplrimgezh]{grc?&
experiments are in progress on complete libraries of short PNRorresponding DNA-DNA duplexes. Hybridisation of the DNA probe to the
oligomers (e.g., all 1024 pentamer sequences) for an unambiguoBA oligomers (positions B1-B13 on a grid as shown in Fig. 6) was &t 55

and fully quantitative determination of PNA-DNA duplex in 60 mM NaCl, & mM sodium citrate, pH 7.5, and 0.7% sodkauroyisar-
stabilities cosine (totalling 90 mM N9.

relative stability
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J19 GTGATATCCCTTAAGC |K6 GTGATATCCCATAAGE |K16 GTGAATTCCCTTAAGE K24 CACATATCCCTTAAGC
K7 GTGATATCCCTAAAGC (K17 GTGATAAGCCTTAAGC |L1 GTGTATTCCCTTAAGC
J20 CTGATATCCCTTAAGC |[K8 GTGATATCCCTTTAGC (K18 GTGATATCGGTTAAGC |L2 GTGATAAGGCTTAAGC
J21 GAGATATCCCTTAAGC |E9 GTGATATCCCTTATGC (K19 GTGATATCCCAAAAGC |[L3 GTGATATCCGAAAAGC
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J23 GTGTTATCCCTTAAGC [K1l GTGATATCCCTTAAGGE |K21 GTGATATCCCOTTAACG

Figure 6. Hybridisation of the DNA probe CGAGCTTAAGGGATATCACTCAGCATAAT to an array of 345 PNA oligomers. Positions B1-B14 represent all
full-match 16mers that cover the entire 29mer DNA probe, the sequences at B15—C5 represent all full-match 15mers, arsbgortm Andil8-J17, finally, all
respective hexamer sequences were located. Apart from the full complements, derivatives of the oligomer B11 with 1-Fcoiseattived bases at various
positions along the sequence were synthesised. As an internal control of reproducibility, the oligomer sequence at BiEehant@dswed at several other positions

on the grid (J19, K13 and K23). Spots K12, K22 and a few others contained unrelated PNA sequences. Hybridisation wasitafi€dro60 mM NaCl, 6 mM
sodium citrate, pH 7.5, and 0.7% sodiNhtauroylsarcosine (totalling 90 mM N(a) or in the same hybridisation buffer diluted 1:10 in watgrlf the (partial)

list of PNA oligomer sequences mismatches to the 29mer DNA probe are printed in red.

versus J19) under these conditions. Lowering the concentrations
of either or both buffer components, the salt or the lauroylsarco-
The concentration of salt and the presence of detergensine, caused a reduction in the binding specificity of some
significantly influenced the specificity of the hybridisation sequences with decreasing concentration. Still, mostly specific
process on the solid support, especially with regard to tHainding could be detected (data not shown).

discrimination between full-match and mismatch duplexes. For At a salt concentration beloiil 0 mM, the signal intensities of
such analyses, DNA probes of 10-30 ntin length were hybridis@dDNA probe on the set of fully complementary PNA oligomers

to grids of 16mer PNA sequences. Apart from fully complemershowed significant differences (Figb). More mismatched

tary 16mers, the membranes also contained sets of truncatigplex formation occurred, although there was relatively good
oligomers down to a length of six bases as well as correspondidigcrimination still between most full-match and mismatch
oligomers with mismatch sequences at various locations alowlyiplexes. For others, however, there was strong binding even to
the PNA molecule (Fig6). Hybridisation was carried out at PNA oligomers that contained up to three continuous mismatches
different concentrations of NandN-lauroylsarcosine. Usually, (Fig.6b). Surprisingly, these mismatched duplexes were found to
good discrimination was obtained above 90 mM Biad in the  be stable even if they were located in the centre of the oligomer.
presence ofN-lauroylsarcosine (Fig6a). However, a few Such central mismatches are supposedly the weakest ones
mismatched sequences already showed an unexpected dugdessible due to the only short specific regions of complementary
stability at this and higher salt concentration. The signal intensisequence remaining at either side. The PNA sequences at the grid
ratio of the strongest mismatch sequences identified by us verquasitions K1, K16 and L1 in Figufib, representing a T-T single,

the full complement was about a third to a quarter (K1 and L& (AT)-(AT) double and a (TAT)-(TAT) triple mismatch, respect-

Specificity
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ively, were the strongest ones found, withK1 and L1 beingnearly | 2 3 4 5 6 7 8 12345678
as stable as the full-matches (J19, K13 and K13) under thes
conditions. Applying more stringent washing conditions could
not improve the discrimination either. Hybridisations with
different DNA probes indicated that the PNA-DNA mismatch o
stability was not dependent on the location within the duplex but E
on the sequence as such; other, in part different, oligomer.
containing the sequence region around the mismatch exhibite r
the same effect. Up to now we have no explanation for this effect
A similar phenomenon of stronger binding of certain mismatches
compared to the respective full-match sequence has been report a b

for few DNA-DNA duplexesZ4), the reasons for this also being

unclear.

Under discriminative condition, no significant signal inten- rigure 7. Fluorescence detection of a hybridisation of a 528 bp PCR product
sities could be detected by hybridisations of DNA probes of gconcentration 15 ng/ml) to PNA arrays. Full-match positives are coordinates
sequence identical in orientation to the PNA oligomers present of (&) and E5). The weakly positive oligomers at C6 and B5 contained the
the membranes, such as a hybridisation of the 29mer DNp\unne-nch stretches AAAAGCAA and GAGGGGA, respectively.
sequence 'STAATACGACTCACTATAGGGAATTCGAGC-3 to
the array used in the experiments documented in Fi§aeds.

At very low temperature some binding occurred but was mo
likely due to antiparallel interaction between partial sequence
This demonstrates that on arrayed PNA molecules a formation of

parallel oriented PNA-DNA complexes is clearly disfavoured

versus the antiparallel duplex configuration. DISCUSSION

Apart from the mismatching events, entirely unspecific adhesioR (achni f ffici llel hesis of |
of DNA probes to homopurine and especially homo-G sequenc technique for an efficient, parallel synthesis of large numbers

ld be ob d | | / (A3 A7 BPdifferent PNA oligomers in nanomole amounts was established
could be observed at very low salt concentrations@Igh3, A7, \yhich as an option, can be removed from the grids as intact

All and A15). These complexes could not be denatured eveniecules b :
- ) . X y enzymatic cleavage. Apart from the apparent
boiling buffer. Only a treatment with 90% TFA in water, which jicasion of this set-up as a device for the production of very

causes depurination of the DNA, led to the removal of the probg,- " PNA oliqomers. diverse PNA arravs for hvbridisation
An explanation for this result might be the known effect that certaigtudi)és can beggeneréted this way. An agplicationyas a tool in
PNA-DNA complexes tend to precipitate at low pH and in thescreening assays of DNA fragments would gain most, if

absence of counterions (PerSeptive manual on PNA). Results Vet rmed at low salt concentrations. Observations by Teac
similar to those obtained at low salt concerdratook place in the al. (25) suggested that this should be possible: in solution, a

absence di-lauroylsarcosine, even at aNancentration 0f 100 jecrease of the concentration of monovalent salt ions coincided

mM for example. with a slight increase in melting temperature of an antiparallel
PNA-DNA duplex; this was explained by electrostatic effects
Analysis of PCR products and is in contrast to the formation of DNA-DNA duplexes.
Hybridisation to the PNA arrays occurred following the
For potential applications of PNA arrays, such as their use asd/atson—Crick base pairing rules. In agreement to experiments in
tool for the optimisation of PNA sequences for antisenseolution, array-bound PNA oligomers exhibited a higher affinity
strategies, expression profiling by hybridising complex mMRNAo DNA probes than the corresponding DNA oligonucleotides.
probes to oligomer grids that represent gene sequences, or ektmwever, both the affinity and specificity of DNA hybridisation
the sequence determination of a DNA fragment by hybridisatiolo the PNA oligomers depended on the hybridisation conditions
to a comprehensive set of oligomer sequences, the use of langre than previously expected. Successful discrimination between
DNA fragments as probes is important. During such studies, wall complementary short PNA sequences and truncated or
also tested different fluorescent labelling techniques for theinismatched sequences was possible at salt concentrations dowr
suitability on the PNA membranes. Direct labelling of the probéo (110 mM salt. However, there was an increasing tendency to
with infrared dyes, fluorescein and the AttoPibsystem, all  unspecific DNA binding. Also, the presenceNsfauroylsarco-
gave results that were comparable to radioactive labelling of tlsine was required for discriminative hybridisation. Certain very
probe or even produced lower background. strong binding mismatch sequences were identified even at
PCR fragments of various origin were hybridised to arrays diighly stringent conditions that, subsequent to duplex formation,
PNA oligomers that were contained in the respective sequencesuld not be eliminated by more stringent washing conditions, but
The binding stability was compared to those obtained with shaittis as yet unclear why they exhibit such a tremendous stability;
DNA oligonucleotide probes. In all cases examined, no apparekihetic effects might be an explanation and are being investigated.
influence of the position of the complement within a PCR produdExceptionally strong and entirely unspecific complexes on G-rich
could be found. However, weak binding to few apparentfPNA sequences occurred below a concentration of 10 mM Na
unrelated sequences could be observed again7Figome of  This complexation could be the consequence of precipitation.
these events (e.g., at grid position C6 in Féegand B5 in Figrb) Further experiments are in progress on comprehensive libraries
were probably due to homopurine stretches within the sequenag;all 1024 pentamer PNA sequences and related sets of heptamer
for the others no apparent reason for hybridisation could b@igomers. Only from such analyses, a complete understanding of

IGTTmoamw>

identified. Unspecific binding, however, could be discriminated
om the respective full-match signals.
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the PNA-DNA interaction will be possible. Error-prone sequences? Lamture,J.B., Beatie,K.L., Burke,B.E., Eggers,M.D., Ehrlich,D.J.,

will be identified and tested for methods to circumvent the ng"‘éf’s-’ 'l*‘?”'i"’.'dA-hKosg'Cz"i’zBiBé lgg'Ch'R-K-'Sm"h'S-m’al
respective problem. Also, effects such as the influence of, (Scherza,l;/i,eghaf(;n?&,elgzav’is,R.V\z and Brown,P.O. (198Bnce270,
dangling ends26) on the duplex stability need to be studied.  467-470.

Nevertheless, our experiments indicate the potential of PNA Maskos,U. and Southern,E. (199®)cleic Acids Res20, 1679-1684.
0|igomer arrays. For some app”cationS, a |eve||ing of Stab|||ty6 Matson,R.S., Rampal,J., Pentoney,S.L., Anderson,P.D. and Coassin,P.

; ot s (1995)Anal. Biochem.224, 110-116.
would be advantageou_E?lo. Recent investigations on mOdI_erd 7 Chee,M., Yang,R., Hubbell E., Berno,A., Huang,X.C., Stern,D., Winkler,J.,
PNA monomers containing methylene backbone extensions or | ockhartp.J., Moris,M.S. and Fodor,S.P.A. (1986)ence274 610-614.

other modifications48) indicate that such modulation could be 8 wWeiler,J. and Hoheisel,J.D. (199&)al. Biochem 242, 218-227.
possible. 9 Hoheisel,J.D. (1994)rends Genet10, 79-83.

The analyses with PCR products yielded effective discriminatioff Southem.E.M. (199%jlectrophoresis1, 1539-1542.

. . . . . 1 Southern,E.M., Case-Green,S.C., Elder,J.K., Johnson,M., Mir,K.U.,
on immobilised PNA oligomers, with very few exceptions. Thus;, Wang,L. and Wiliams,J.C. (199&ucleic Acids Res22, 1368-1373.

PNA arrays might be a pOWe_rfm_ tool for investigations in12 Nielsen,P.E., Egholm,M., Berg,R.H. and Buchardt,0. (188Bnce254
antisense studies for the optimisation of the chosen sequences.1497-1500. ' _
This seems to be of special importance because of the large degi®eEghoim,M., Buchardt,0., Christensen,L., Behrens,C., Freier,S.M.,

Of mismatCh hybridisation detected at phySiO|Ogica|, IOW Rriver,D.A., Berg,R.H., Kim,S. K., Norden,B. and NieIsen,P.E. (1993)
. 2. ature 365 556-568.
stringency conditions (100 mM Na37°C), although the data 14 nielsen,P.E. (199%)nnu. Rev. Biophys. Biomol. Stryugd, 167183

shown here were produced with DNA and might not quite refleas Frank,R. (1992Jetrahedron48, 9217-9232.
PNA-RNA interactionScreening for genetic mutatior&% or 16 Krchnak,V.,, Vagner,J. and Lebl,M. (1988). J. Pept. Protein Res32,
analysing gene expression pattemns by hybridising very complex 415-416.

probes like total MRNA to oligomer grid8Q) are alternative Eg Tgf&v_v'cz’M'S" Daniels,S.B. and Koster,H. (15e@jahedron Led.

appl!gations, particularly_d_ue to the large increase in hybrigls jensen,0.N., Shevchenko,A. and Mann,M. (1997) In Creighton, T.E. (ed.),
stability and thus sensitivity as compared to arrays of DNA Protein Structure - A Practical Approach, 2nd Editi@xford University

oligonucleotides. Arrays of >6000 spots could be generated with Press, Oxford, UK pp 29-57.

litle modifications to the current set-up; these would represerf Yaer=, Crolius,H. and Lehrach,H. (199fcleic Acids Res22

the Comp|6te_ set of yeast genes, for example. Beside their Ot%f Gausepohl,H., Weiler,J., Schwarz,S., Fitzpattrick,R. and Hoheisel,J.D.
advantages, it seems that PNA arrays can be re-used much morg1997) in Ramage,R. and Epton,R. (e@sdceedings of the 24th

often than conventional oligonucleotide arrays, since the PNA Symposium of the European Peptide Sadi€3COM Press, in press.
molecules are extremely stable under conditions which naturgd Prrungwc and Bradley,J.-C. (1996)0rg. Chem.60, 6270-6276.

DNA cannot withstand. :I”tggggaég Rossi,J.J. and Wallace,R.B. (1984nu. Rev. Biochenb3,

23 Breslauer,K.J., Frank,R., Blocker,H. and Marky,L.A. (1986). Natl.
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