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Figure 1. Chemical structure of PNA backbone with and without
cyclohexyl.
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. . : : . . (PNA-TTTTTsT TTTT-L-LysNH,), + PNA-A;cGIyNH, 62+ 2°
Pept]de nucleic acid (PNA) is a DNA mimic in which the (PNA-TTTTTraTTTTT-L-LysNHy); + PNA-A1cGIiyNH, 61+ 2°
deoxyribose phosphate backbone of DNA has been replaced (pNA-TTTTTTTTTT-L-LysNH,), + PNA-Ai-GlyNH,  76.0

by an achiral pseudopeptide backbdieMixed-sequence PNA (PNA-TTTTTsSTTTTT-L-LysNH,); + DNA-A 1o 7060
oligomers have been found to form stable hybrids with DNA (PNA-TTTTTreI TTTT-L-LysNH,), + DNA-A 1o 52

and RNA? In addition, two PNA strands, if complementary, (PNA-TTTTTTTTTT-L-LysNH;)> + DNA-A1o 7.5

can form Watson Crick base-paired helical duplexéswhile aBuffer: 100 mM NaCl, 10 mM sodium phosphate, 0.1 mM EDTA,

homopyrimidine PNA oligomers had been found to bind very pH 7.0.b CD measurements Absorption (hypochromicity) measure-
strongly to homopurine DNA by PNADNA—PNA triplex ments.

formationl-5®no pure PNA triplexes have so far been reported.

We here show that, indeed, an all PNRNA—PNA triplex is 20
formed between one adeninBPNA decamer and two thymine
PNA decamers. When a chiral cyclohexyl moiety is located at
a single position in the thymirePNA backbone (Figure 1),
the formation of a helically stacked complex could be sensitively
monitored by circular dichroism (CD).

Two complementary mixed-sequence PNA oligomers have
earlier been found to form a WatseRrick base-paired helical
duplex#” A fast base-pairing step resulting effectively in a 1:1
racemic mixture of left- and right-handed double helices is
followed by a relatively slow inversion of the whole double
helix to adopt the helical sense preferred by the terminal amino-
acid residué. We here demonstrate the existence of a corre-
sponding triple-helical structure consisting of solely PNA N '
molecules. 200 220 240 260 280 300 320

In order to use the CD of helically stacked nucleob&ses Wavelength (nm)
monitor the hybridization, we studied a thyminBNA decamer ) L ) ) i
having a chiral cyclohexyl moiety incorporated in the backbone Figure 2. CD titration of PNA-T(SS) into PNA-Aqin 5 mM sodium
at a single central position (see Table 1), interacting with an ?ohro\fg::;i (t%;'nzr?egﬁl 'tgszgesr‘:i‘r?:’g}g ;h;t%z aégﬁgei?fasgs gtm
ﬁ]di?é?fepy Awﬂi(r:]agﬁ,t-\-(g- il((lsng-clzggllgﬁgxﬂ)“ri??{?éteéjsiite(;an the saturation point: 25 mM adenine bases, 50 mM thymine bases.

’ . . RO . CD spectra recorded on a JASCO 720 spectropolarimeter.
PNA-A;q, a strong CD signal arises, which increases linearly
with PNA concentration and saturates at a 2:1 T:A stoichiom-

etry. This shows that the PNA:J is indeed able to bind to to adenine bases. The melting profile, measured by CD, showed

the PNA-Aj as a triplex. The linearity of the titration curves h " tina i t that no dublex int di
as well as the appearance of isodichroic points in the CD spectra® S"arP 0ne-step meiling In agreement that no dupléx intermedi-

indicates that no duplex is formed but that the triplex is the ate is ef‘fecti_vely formed. The melting temperaturE_sih Table
. : 1) for the triplexes formed between PNAfand either PNA-
only product. Also, a plot of hypochromicity as a function of Tho((S9-cyclohexyl) or PNA-T-(RR-cyclohexyl) were found

CD (mdeg)

PNA ratio (not shown) verified a 2:1 stoichiometry of thymine

25‘(11)1‘l\1lsi)e7lsen, P. E.; Egholm, M.; Berg, R. H.; Buchardt,$Ziencel 991, to be high and comparable with those for the (PNA)YFDNA-

(2) Egholm, M.: Buchardt, O.; Nielsen, P. E.: Berg, R.HAm. Chem. Ajptriplexes. As expected_, the CD_spec_trum of the tnplex with
S0c.1992 114, 1895. PNA-T16-((SS-cyclohexyl) is the mirror imagdeof the triplex

(3) Egholm, M.; Buchardt, O.; Christensen, L.; Bejrens, C.; Freier, S.; formed with PNA-T-((RR-cyclohexyl) (Figure 3}° Further-
?ég’grée%'g)%%r_gés'g: H.; Kim, S. K.; Nortie, B.; Nielsen, P. ENature more, the CD spectrum of the (PNA(SS)2-PNA-Ay, triplex

(4) Wittung, P.; Nielsen, P. E.; Buchardt, O.; Egholm, M.; NardB. strongly resembles those of the (PNAgE-DNA-A1p and
Nafure 1994 368 561. . _ (PNA-T1o(S9)2-DNA-A 1o triplexes!t12suggesting similar right-
16éS) Nielsen, P. E.; Egholm, M.; Buchardt, @.Mol. Recognit1994 7, handed helical structures.

(6) Betts, L.; Josey, J.; Veal, J.; Jordan,S®iencel995 270, 1838.

(7) Wittung, P.; Eriksson, M.; Lyng, R.; Nielsen, P. E.; Nondd. J. (9) A slight deviation from perfect symmetry can be ascribed to the
Am. Chem. Sod 995 117, 10167. presence of the terminatlysine in both the RR- and §3-cyclohexyl

(8) CD in the nucleobase absorption region of the DNA bases arises PNA-Tyo (see Table 1).
from helical stacking of the bases as a result of exciton interactions between (10) CD titrations were also performed in a buffer containing 100 mM
the transitions in neighboring bases and from their interactions with NacCl. Identical results as obtained without NaCl were found, in agreement
transitions of the chiral deoxyribose moiety. By contrast, the PNA backbone with the earlier verified lack of salt-dependence for PNPNA duplexes.
is achiral and the electronic interaction between the majority of the bases  (11) Kim, S. K.; Nielsen, P.; Egholm, M.; Buchardt, O.; Berg, R. H,;
with the chiral terminal lysine is small. Thus, the CD of PNA is due Norden, B.J. Am. Chem. S0d.993 115, 6477.
practically only to a chiral orientation of the base pairs relative to each (12) Lagriffoule, P.; Wittung, P.; Kilsa-Jensen, K.; Eriksson, M.; Norde
other. B.; Nielsen, PAngew. Chemin press.
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30 lysine does not significantly affect the reactin.The time-
dependence could be fitted to a first order kinetics, and the rate
20 4 Fay constant was found essentially independent of the PNA con-
Y centration (not shown). In contrast to the slow CD change, the
hypochromicity upon mixing occurs within seconds, showing
that the association of the PNA strands is fast. We thus
conclude that the CD kinetics reflects a monomolecular internal

o
3 5 e that the CD k : ;
E S reorganization (inversion) process in an already formed triplex,
8 in analogy with what was previously found for the reorganiza-
//'ﬂ_— tion within PNA—PNA duplexes. From the CD kinetics as a
H function of temperature, an activation energy of approximately
M“’ 73 kd/mol and an activation entropy of abou81 J/(mol K)
s were estimated_. These valugs could be compar_ed to those
30 ettt observed for helix-propagation in PNA’NA duplexes induced

by a terminal lysine residue (activation energy 34 kJ/mol and
200 220 240 260 280 300 320 activation entropy-70 J/(mol K))? although one should recall
Wavelength (nm) that the chiral centers are different. The helix propagation in
Figure 3. CD spectra of (PNA-1(S9)-PNA-Ay and (PNA-Ti¢- the PNA triplex, hence, seems to require a larger activation
(RR)-PNA-Aotriplexes. Base-triplet concentration 25 mM. The insert  energy, in accordance with a larger energy cost for rearranging
shows the CD at 255 nm as a function of time (in seconds) upon mixing three strands compared to only two strands in a duplex.
the PNAs in a 2:1 base ratio (2C). The possibilities of formation of corresponding CGC or
CGCt triplex structures were tested also for a mixed purinic
We also studied the complex formed between PNa-#nd motif. UV and CD titrations of the PNA H-GAGAGGAAAA-
a PNA-Tyo having a terminal-lysine residue as the only chiral | -LysNH, with PNA H-TTTTCCTCTCt-LysNH, gave a
moiety. Absorbance measurements (hypochromicity) indicated duplex complex only (both at pH 5 and 7), indicating that
that also here a complex with a 2:1 thymine to adenine formation of PNA pyrimidine-purine—pyrimidine structures
stoichiometry is formed. The melting temperature for this may not be a general property. For these mixed-base sequences,
triplex was also high (Table 1), similar to those of the both strand polartity and pH may play crucial roles.
cyclohexyl-containing PNAtriplexes. The FA—T triplet with In conclusion, here we demonstrate the existence of pure
the PNA-Tio—lysine did not exhibit any significant CD (not  peptide nucleic acid triplexes. These are formed as extremely
shown) which is not surprising in view of the previous finding cooperative WatsenaCrick—Hoogsteen T-A-T triplets which
that an A:T base-pair is a poor transmitter of chirality from a virtually form and dissociate (melt) in one step. As concluded
terminal lysine in PNA-PNA duplexed. For the cyclohexyl from CD they have helical stuctures, right-handed with PNA-
as well as the lysine PNA+§oligomers in mixtures with PNA-  T;(S9 (left-handed withRR), and display an inversion rear-
Ao, electrospray mass spectroscopy verified that triplexes butrangement like that previously reported for PNA duplexes.
not duplexes were formed. Together with the latter, PNA triplexes may be regarded as a
In order to study the kinetics of triplex formation, we followed novel type of robust supramolecular structures that may find
the evolvement of ellipticity at 255 nm as a function of time exploitation as structural elements for the design of various
upon mixing the PNA-To(SS or PNA-T1o(RR with PNA-A;o molecular devices in nanotechnology.
(examples of kinetic traces shown in insert of Figure 3). Within
experimental errors, these “mirror-image” reactions proceeded JA964341H
with identical rates showing that the chirality of the end-terminal  (13) CD kinetics in presence or absence of 100 mM NaCl were identical.




