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Peptide Nucleic Acids (PNAs) are DNA mimics in which the chiral monomer inserted in the middle of the strand is able
to induce a strong preference in the helix handedness of adeoxyribose phosphate backbone has been replaced by a

pseudo-peptide skeleton composed of N-(2-aminoethyl)- PNA-PNA duplex. The effect is increased by the presence of
three chiral charged monomers. The L-Lys- and L-Asp-PNAsglycine units; they bind to complementary DNA strands with

high affinity and selectivity. In order to study the effect of induced a preference for the left-handed and the D-Lys and
D-Glu-PNAs for the right-handed conformation. As expected,stereogenic centers within the backbone on PNA

preorganization and DNA binding properties, chiral PNA the PNA-DNA duplexes are dominated by the DNA strand
and thus are right-handed with both D- and L-PNAs.decamers were synthesized which contained thymine

monomers derived from L-Leu and D- or L-Lys inserted either However, the D-PNAs, being inherently right-handed, lead
to more stable PNA-DNA duplexes than the L-PNAs. Theat C-terminus and/or in the middle of an achiral PNA strand.

PNAs containing three chiral thymine monomers derived lysine-based PNAs form more stable complexes with the
DNA at low ionic strength, due to the electrostaticfrom L-Leu, D- or L-Lys, L-Asp, or D-Glu were also

synthesized. CD spectral analyses showed that a charged interactions between the charged lysine side chain and DNA.

DNA,[8] and especially a PNA-PNA duplex[9] and a PNA2-Introduction
DNA triplex[10]), have indicated that the conformation in-

Peptide nucleic acids (PNAs) are DNA mimics in which herently adopted by PNA is not optimal for hybridization
the deoxyribose phosphate backbone has been replaced by to complementary RNA or DNA. PNA seems to prefer a
a polyamide skeleton composed of N-(2-aminoethyl)glycine wider helix (28 Å) with a much larger pitch (18 bp) than
units, with the nucleobases linked to the glycine nitrogen DNA or RNA.[9]

via a methylene carbonyl group.[122] PNAs bind efficiently
Since the first reports on PNA, several strategies of struc-

and with high sequence selectivity to both single stranded
ture modification have been explored in order to better

RNA, DNA, and PNA as well as to double stranded
understand the chemical and structural features which de-

DNA.[3]
termine PNA-DNA molecular recognition. The basic struc-

In particular, PNA oligomers bind to complementary
ture and the constrained flexibility of the PNA backbone

DNA oligonucleotides forming helical PNA-DNA duplexes
appear to be of fundamental importance. [6]

that are in general more stable than the corresponding
PNAs are inherently achiral, and therefore PNA-PNA

DNA-DNA duplexes. [4] Furthermore, PNA oligomers of
duplexes are racemic mixtures of double helices of opposite

complementary sequences have been shown to hybridize
handedness. [5] A preferred handedness in the duplex may

forming helical PNA-PNA duplexes of higher thermal sta-
be induced by linking a chiral amino acid (e.g. - or -

bilities (Tm) than those observed for the PNA-RNA and the
lysine) to the C-terminus of the strand. The process was

PNA-DNA duplexes. [5] The results obtained so far show
described as “a seeding of chirality, beginning from the ter-

that PNA has many of the properties required for an anti-
minal base pair and migrating through the stack of the

sense or antigene drug including high biological and chemi-
bases”. As expected, helices induced by - and -lysine were

cal stability. [6]

found to be of opposite helicity. [11] By substituting -lysine
However, recent structural studies by NMR and X-ray

with -phenylalanine or -isoleucine the preferred helical
crystallography on PNA complexes (PNA-RNA,[7] PNA-

form was maintained, whereas with -glutamic acid the op-
posite handedness was preferred. These results indicate that[a] Dipartimento di Chimica Organica ed Industriale, Università di

Parma, the preferred helical sense of a PNA-PNA duplex is not
Viale delle Scienze, I-43100 Parma, Italy

related in a simple way to the absolute configuration of theFax: (internat.) 13920521905472
E-mail: marchell@ipruniv.cce.unipr.it amino acid attached to the carboxy-terminus.
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amino acids inserted into the backbone of the PNA strand,[c] Center for Biomolecular Recognition, Panum Institute, Depart-

ment of Biochemistry, it was found that the type of amino acid side chain and the
Blegdamsvej 3c, DK-2200 Copenhagen, Denmark configuration of the chiral center affect the stability ofFax: (internat.) 145231396042
E-mail: pen@imbg.ku.dk PNA-DNA duplexes. [12]

Eur. J. Org. Chem. 1999, 1972204  WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 14342193X/99/010120197 $ 17.501.50/0 197



S. Sforza, G. Haaima, R. Marchelli, P. E. NielsenFULL PAPER
These monomers allow the investigation of having Results and Discussion

specifically positioned stereogenic centers within the PNA
PNA Synthesisoligomer. Thus, it is of a general interest to investigate how

many stereogenic centers inserted at which positions of a
The TLeu, TLys, TGlu, TAsp monomers were prepared as

PNA oligomer can induce a preferred handedness of the
described in literature.[12213] PNAs incorporating TL-Leu (2,

single or double stranded PNA, and if an eventual stereoch-
3), TL-Lys (6, 8), TL-Asp (10), and TD-Glu (11) monomers were

emical preorganization of PNAs can favor the DNA recog-
synthesized as previously described.[12,13,15]

nition process.
The oligomerization of PNAs incorporating TL-Leu (1),

In order to establish the influence of chirality on the in-
TL-Lys (4), and TD-Lys (5, 7, 9) monomers was performed by

duction of helical structures and to correlate the hand-
means of the standard procedure on a (4-methylbenzhy-

edness of the PNA-PNA helix with the DNA affinity, PNA-
dryl)amine resin with HBTU/diethylcyclohexylamine in

PNA and PNA-DNA hybrids were studied by means of
DMF/pyridine as coupling reagent. The free PNAs were

thermal denaturation measurements (Tm, from which the
cleaved from the resin using a TFMSA/TFA mixture, puri-

thermodynamic parameters were derived) and CD spec-
fied by HPLC and characterized by MALDI-TOF mass

troscopy. The handedness of PNA helices is discussed on
spectrometry.

the base of circular dicroism spectra.
The integrity of the stereogenic centers during the syn-

Chiral PNA monomers derived from polar (- and -Lys,
thesis of the monomers and the oligomers was verified by

-Asp, and -Glu) and apolar (-Leu) amino acids (Figure
chiral GC.[14]

1) were inserted centrally and/or distally in a PNA 10-mer
by means of a standard procedure on a solid phase: [15] H-
GTAGATCACT-NH2, H-GTAGATCACT-NH2, H-GTA- Duplex Formation and Stability
GATCACT-NH2 (the chiral monomer is represented as T).

PNAs containing -Leu and - and -Lys were
hybridized to the complementary achiral parallel or
antiparallel PNA (H-CATCTAGTGA-NH2 and H-
AGTGATCTAC-NH2) and to the complementary parallel
or antiparallel DNA (59-dCATCTAGTGA-39 and 59-
dAGTGATCTAC-39). Thermal stabilities (Tm) of the hy-
brids were determined by UV spectroscopy and compared
with those obtained for the achiral 10-mer PNA of the same
sequence (H-GTAGATCACT-NH2) hybridized to the same
targets. The results are summarized in Table 1.

As expected,[425] the chiral PNAs bound considerably
better to the complementary PNA in the antiparallel rather
than in the parallel orientation. The presence of three chiral
monomers in the strands, both in the TLeu- and in the TLys-
PNAs, caused a decrease of stability for both the parallel
and the antiparallel PNA-PNA duplexes, whereas one chi-
ral lysine monomer inserted at the C-terminus exerted a
positive effect.

The type of the amino acid side chain affected the PNA-
DNA duplex stability in a different way. The TLeu-PNAs
showed decreased affinity for DNA, the effect being more
pronounced for the PNAs containing three chiral mono-
mers.

In contrast, several TLys-PNAs showed a higher affinity
for DNA than the achiral PNA, probably due to the electro-
static interactions between the positively charged lysine and
the DNA phosphate groups. Moreover, the antiparallel and
the parallel PNA-DNA duplexes showed an opposite en-
antioselectivity. In particular, with TLys-PNAs bearing the
chiral monomer in the middle or with three chiral mono-
mers, the -enantiomers (7) and (9) showed a relative pref-
erence for antiparallel complexation, whereas the -enanti-
omers (6) and (8) bound relatively stronger in the parallel
mode compared to the achiral PNA. In contrast, the PNAs
incorporating TLys monomers at the C-terminus (4) and (5)Figure 1. Structures of the monomers containing chiral amino

acids and thymine as the base and the PNAs synthesized did not show a significant enantioselectivity. The en-
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Table 1. Melting temperatures (Tm,°C)[a] of -leucine and - and -lysine-based PNAs and comparison to an achiral PNA[b] (∆Tm,°C,
in brackets)

PNA/PNA PNA/PNA PNA/DNA PNA/
DNA

PNA antiparallel parallel Chirality antiparallel parallel

TLeu (C-term.) 66 (11) 44 (24)  (1) 46 (23) 38 (21)
TLeu (middle) 63 (22) 42 (26)  (2) 47 (22) 39 ( 0)
3TLeu 58 (27) 38 (210)  (3) 45 (24) 31 (28)

TLys (C-term.) 68 (13) 45 (23)  (4) 52 (13) 38 (21)
 (5) 51 (12) 39 ( 0)

TLys (middle) 65 (0) 44 (24)  (6) 47 (22) 44 (15)
 (7) 51 (12) 40 (11)

3TLys 63 (22) 41 (27)  (8) 49 ( 0) 42 (13)
 (9) 53 (14) 38 (21)

[a] Measurements were made in a 10 m phosphate buffer, 100 m NaCl, 0.1 m EDTA, pH 5 7.0. The melting temperatures for the
PNA-PNA duplexes are the average of the results obtained with the two enantiomers. Estimated deviations: ±1°C. 2 [b] PNA sequence:
H-GTAGATCACT-NH2.

anctioselectivity and the orientation selectivity of Lys- ence the binding orientation, thus exerting a certain degree
of direction control.PNAs are schematically shown in Figures 2 and 3.

Thermodynamic Parameters

Thermodynamic parameters for duplex formation can be
extracted from experimental Tm measurements via determi-
nation of the concentration dependence of the Tm.[16] For
the association of two non-self-complementary strands, the
relationship between Tm and the total strand concentration
Ct is given by the following equation:

1/Tm 5 (R/∆H°)lnCt 1 (∆S°2 Rln4)/∆H°

By applying this equation, the thermodynamic param-
eters for the formation of the antiparallel duplexes were ob-Figure 2. Melting temperatures of Lys-PNA-DNA antiparallel du-

plexes compared to the achiral PNA-DNA antiparallel duplex (esti- tained (Tables 2 and 3). The measurements were made over
mated deviations ±1°C) a 100-fold concentration range in solutions with a low salt

concentration (10 m phosphate buffer, NaCl not present)
in order to better evaluate the effects of the electrostatic
interactions. So the results are not directly comparable with
those reported in Table 1 (10 m phosphate buffer, 100
m NaCl).

The formation of PNA-PNA and PNA-DNA complexes,
as also reported previously, [17] was accompanied to large
enthalpy gains and entropy losses, in agreement with the
formation of the more rigid duplex structures.

Table 2. Thermodynamic parameters[a] for antiparallel TLeu-PNA-
PNA and TLys-PNA-PNA duplex association

PNA in ∆H° ∆S° ∆G°298K ∆G°328K
PNA/PNA duplex kJ/mol J/mol K kJ/mol kJ/molFigure 3. Melting temperatures of Lys-PNA-DNA parallel duple-

xes compared to the achiral PNA-DNA parallel duplex (estimated
deviations ±1°C) Achiral 2404 21079 282.4 249.9

TLeu (C-term.) (1) 2390 21045 278.3 247.0From these results, it is clear that for both PNA-PNA
TLeu (middle) (2) 2357 2960 270.6 241.8

and PNA-DNA duplexes the stability depends on the num-
TLys(middle) (7),(8) 2415 21124 279.7 245.8ber of chiral monomers inserted, on their position in the
3TLys (11),(12) 2431 21182 278.7 243.2

strand and on the nature of the amino acid side chain. In
particular, with the Lys-PNAs, it has been demonstrated [a] Errors in the given values were estimated as ±5%. Measurements

were made in a 10 m phosphate buffer, 0.1 m EDTA, pH 5 7.0.that the configuration of the stereogenic center can influ-
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Table 3. Thermodynamic parameters[a] for antiparallel TLeu-PNA- and similar but weaker signals for the single strands (Figure
DNA and TLys-PNA-DNA duplex association 4). In the case of the PNAs containing three lysine mono-

mers in the strand, (8) and (9), the shape and the intensity
PNA in ∆H° ∆S° ∆G°298K ∆G°328K of the spectra of the PNA-PNA duplexes were very similarPNA/DNA duplex kJ/mol J/mol K kJ/mol kJ/mol

to the TLys(middle)-PNAs, indicating that the handedness
was mainly conferred by the central monomer. However,Achiral 2286 2772 256.0 232.8
the CD spectra of the single strands were less well definedTL-Leu (C-ter.) (1) 2287 2776 255.4 232.1
(Figure 5).TL-Leu (middle) (2) 2301 2830 253.1 228.2

TL-Lys(middle) (6) 2370 21036 261.5 229.7
TD-Lys(middle) (7) 2325 2886 261.3 234.7
3TL-Lys (8) 2543 21542 283.5 237.3
3TD-Lys (9) 2559 21574 290.2 242.8

2224[b] 2644[b] 251.8[b] 232.5[b]

[a] Errors in the given values were estimated as ±5%. Measurements
were made in a 10 m phosphate buffer, 0.1 m EDTA, pH 5 7.0.
2 [b] Measurements were made in a 10 m phosphate buffer, 140
m KCl, 0.1 m EDTA, pH 5 7.0.

The presence of chiral monomers in one PNA strand re-
sulted in only minor changes in the overall enthalpic stabi-
lization of the PNA-PNA duplexes (Table 2), as compared
with the corresponding achiral PNA duplexes. In particular,

Figure 4. CD spectra of single strand TLys-PNAs and antiparallelthe presence of a TLeu monomer gives rise to a less favorable TLys-PNA-achiral PNA duplexes. Thin broken curve: single strand
TL-Lys-PNA (6); thin solid curve: single strand TD-Lys-PNA (7); thickenthalpic variation, whereas the TLys monomers induce a
broken curve: TL-Lys-PNA (6) - achiral PNA duplex; thick solidmore favorable enthalpic variation and a less favorable en-
curve: TD-Lys-PNA (7) - achiral PNA duplex.

tropic change.
In contrast, for the PNA-DNA duplexes (Table 3), the

presence of chiral monomers (either TLeu or TLys) generally
gave rise to more favorable enthalpy. The TLeu-PNAs pro-
duced very small differences in DNA binding, if compared
to achiral PNA, whereas TLys-PNAs gave rise to higher en-
thalpy gains, the effect being dependent on the number of
lysine residues and, to a lesser extent, on their absolute con-
figuration. It is worth noticing that 3TLys-PNAs, (8) and
(9), are only slightly favored at high temperature (e.g. at 328
K, which is near the Tm of most hybrids), whereas at room
temperature they show a much higher affinity for DNA
than the achiral PNA, with a stabilizing effect of 27.5 and
34.2 kJ/mol for the -(8) and the -enantiomer (9) respec-
tively. Thus, the presence of lysine monomers in PNA oligo- Figure 5. CD spectra of single strand 3TLys-PNAs and antiparallel

3TLys-PNA-achiral PNA duplexes. Thin broken curve: single strandmers induces a high DNA affinity at low ionic strength at
3TL-Lys-PNA (8); thin solid curve: single strand 3TD-Lys-PNA (9);room temperature. This may be exploited in diagnostic and thick broken curve: 3TL-Lys-PNA (8) - achiral PNA duplex; thick
solid curve: 3TD-Lys-PNA (9) - achiral PNA duplex.molecular biology tool applications. However, the effect is

absent at higher ionic strength (140 m KCl), and thus
The PNAs bearing a lysine monomer at the C-terminus,should not enhance the antisense potency of these deriva-

(4) and (5), showed no CD signals in the single strands andtives from an affinity point of view.
a weak signal in the PNA-PNA duplexes (data not shown).
As expected, in this case the sign of the CD bands in the
absorbance region of the nucleobases was opposite (al-CD Spectroscopy
though the signals were weak), when comparing the - and
-TLys-PNAs. Specifically, TD-Lys(C-ter.)-PNA-PNA had aThe CD spectra of the single strand PNAs and the anti-

parallel PNA-PNA duplexes were recorded in order to ob- molar elipticity of about 2500 and TL-Lys(C-ter.)-PNA-
PNA of about 1500 degree/ cm.tain information about the helix characteristics.

Neither the single stranded TL-Leu-PNAs nor the TL-Leu- In order to further elucidate the effect of the amino acid
side-chain in inducing a helical preference, PNAs contain-PNA-PNA duplexes showed significant CD signals, indicat-

ing that the chiral centers failed to give a defined preferred ing monomers based on negatively charged amino acids (-
glutamic acid and -aspartic acid) were also studied by CDhandedness (data not shown).

In contrast, the TLys(middle)-PNAs, (6) and (7), showed spectroscopy. Although -Glu and -Asp are not enanti-
omers, differing by a methylene group in the side chain,strong signals of opposite signs for the PNA-PNA duplexes
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they can reasonably be taken as sufficiently close optical the left-handed helix the situation is naturally reversed.

Thus, the chemical functionality on the amino acid sideisomers. The same sequence was utilized and the three chi-
ral monomers were inserted at the same positions: H-GTA- chain is important. However, since two groups with op-

posite charges showed the same helical induction, we canGATCACT-NH2.
The 3TL-Asp- (10) and the 3TD-Glu-PNAs (11) were hy- deduce that the interaction involved is not a specific ion-

dipole interaction or hydrogen bonding, but rather a solv-bridized to the complementary antiparallel achiral PNA.
The CD spectra of the duplexes and the single strands are ation effect of the polar groups, which are likely to be

shifted away from the PNA backbone because of waterreported in Figure 6.
solvation. The induced conformational changes are trans-
mitted to the closest base, thus modifying the stacking in-
teractions and affecting the helical preference. In the single
strand the same helical preference is present, although less
pronounced because of the much weaker stacking interac-
tions.

In order to better understand the influence of the chiral
monomers on the structural organization of PNAs, we con-
sidered in more detail the PNA-PNA duplexes, which
showed the higher elipticity. By correlating the molar elip-
ticity of the PNA-PNA duplexes at 256 nm, interpreted as
a significant parameter to assess the preference for one
handedness, with the Tm of PNA-DNA duplex, i.e., to the
stability of the hybrid, we observe that the higher the CD

Figure 6. CD spectra of single strand 3TL-Asp- and 3TD-Glu-PNAs signal, the higher is the difference of melting temperatures
and antiparallel 3TL-Asp- or 3TD-Glu-PNA-achiral PNA duplexes.

between the duplexes formed by enantiomeric PNAs andThin broken curve: single strand 3TL-Asp-PNA (10); thin solid
curve: single strand 3TD-Glu-PNA (11); thick broken curve: 3TL-Asp- the complementary DNA (Table 4). It is also noteworthy
PNA (10) - achiral PNA duplex; thick solid curve: 3TD-Glu-PNA that, of a couple of enantiomers, the one giving higher Tm(11) - achiral PNA duplex.

against DNA is always inducing a positive band in the spec-
trum of the PNA-PNA duplex at 256 nm.

As already observed for TLys-PNAs, the CD spectra of
The CD spectra of the TLys-PNA-DNA duplexes (boththe PNA-PNA duplexes showed a higher elipticity, but were

the - and - enantiomers), as well as those of the TL-Leu-otherwise quite similar to the spectra of the single strand.
PNA-DNA duplexes (data not shown), closely resembledThis may indicates that a preferred handedness was already
the CD spectrum of an achiral PNA-DNA duplex, al-induced by the chiral centers in the single strand, and that
though a decreased elipticity in the 260 nm wavelength re-this preference was enhanced in the duplex.
gion is observed in all cases (Figure 7).Furthermore, the helical preference of the 3TD-Glu-PNA

On the other side, the CD spectra of a DNA-DNA du-(11) was identical to that observed for the 3TD-Lys-PNA (9),
plex and those of the separated strands are very similarand the helical preference of the 3TL-Asp-PNA (10) was
(Figure 8), indicating that the DNA structure does not un-identical to that of the 3TL-Lys-PNA (8). Since the TLeu-
dergo dramatic changes upon duplex formation, probablyPNAs did not show significant CD signals, it is unlikely
due to its intrinsic rigidity.that the helical preference is due solely to steric factors. In-

deed, the crystal structure of a PNA-PNA duplex[9] indicate Furthermore, the CD curves of both - and -Lys-PNA-
DNA duplexes, as well as that of the achiral PNA-DNAabsolutely no steric interference by either of the α-substitu-

ents. However, for the right-handed helix, the “-substitu- duplex, are quite similar, suggesting that the preferred
handedness of the duplex is dictated by the DNA. By sub-ent” is positioned to interact with the major groove, while

the “-substituent” is “pointing directly into solution”. For tracting the signal of the DNA strand from the CD spec-

Table 4. Correlation between the molar elipticity at 256 nm of the PNA-PNA duplexes and the difference of melting temperatures (∆Tm)
in the PNA-DNA duplexes for enantiomeric PNAs

PNA-PNA PNA-DNA

Strand [Θ]256 [Θ]256 TmD (°C) TmL (°C) TmD 2 TmL

TLys (C-term.) (4, 5) (2500) (1500) 51 52 21
Lys (C-term.)[a] 15500 25500 54[a] 51[a] 13
TLys (middle) (6, 7) 16500 26500 51 47 14
3TLys (8, 9) 17500 27500 53 49 14
3TL-Asp (10) 2 210800 2 36[b] (16)
3TD-Glu (11) 111200 2 42[b] 2 (16)

[a] From ref. [2] 2 [b] From ref. [6]
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Figure 9. CD spectrum obtained by subtracting the DNA signalFigure 7. CD spectra of complementary antiparallel PNA-DNA
from the spectrum of TL-Lys(middle)-PNA (6) 2 DNA antiparallelduplexes. PNA sequences: Open circles: H-GTAGATCACT-NH2;
duplex (broken curve) compared to the CD spectrum of TL-Lys-thin broken curve: TL-Lys-PNA (6); thick broken curve: 3TL-Lys-PNA
(middle)-PNA (6) 2 achiral PNA antiparallel duplex (solid curve).(8); thin solid curve: TD-Lys-PNA (7); thick solid curve: 3TD-Lys-

PNA (9).

Figure 8. CD spectrum of a DNA-DNA antiparallel duplex com-
pared with the spectra of the separated strands. Thick broken Figure 10. CD spectrum obtained by subtracting the DNA signal
curve: DNA(1), 59-dGTAGATCACT-3; thin broken curve: from the spectrum of TD-Lys(middle)-PNA (7) 2 DNA antiparallel
DNA(2), 59-dAGTGATCTAC-39; thick solid curve: DNA(1)- duplex (broken curve) compared to the CD spectrum of TD-Lys-DNA(2) duplex. (middle)-PNA (7) 2 achiral PNA antiparallel duplex (solid curve).

trum of the PNA-DNA duplex, it is possible to obtain a on similarities of CD spectra of DNA-DNA and PNA-
CD spectrum essentially attributable to the PNA strand in PNA duplexes at longer wavelength. In fact, the DNA-
the PNA-DNA duplex itself. In Figures 9 and 10 the CD DNA duplex has a positive band with a maximum at 275
spectra of the PNA-DNA duplexes after subtraction of the nm and molar elipticity of about 16500; the -Lys-PNA-
signal due to the DNA strand are shown and compared to PNA has a positive band with a maximum at 270 nm and
the enantiomeric -PNA-achiral PNA and -PNA-achiral molar elipticity of about 12000; the -Lys-PNA-PNA has
PNA duplexes. We conclude that both - and -PNA have a negative band with a minimum at 270 nm molar elipticity
a very similar conformation when complexed to DNA; and of about 22000. On these grounds, a right-handed helical
because the DNA itself is right-handed, both - and -PNA conformation had been assigned to the -Lys-PNA-PNA
must have a right-handed helicity (when complexed to duplex. However, it is now known from crystallographic
DNA). Additionally, if we compare the curves resulting data[9] that the P-form of the PNA-PNA helix is very differ-
after the subtraction of the DNA curve with those of the ent from the classic B-form of DNA, so that any assignment
PNA-PNA duplexes, we must conclude that the TD-Lys- of handedness, based either on CD similarities of different
PNA-PNA duplexes are right-handed, whereas the TL-Lys- oligomers or theoretical calculations[11] assuming a B-like
PNA-PNA duplexes are left-handed. The difference in sta- helix for PNA, is not straightforward.
bility observed for enantiomeric PNAs, when complexed to
complementary DNA, is therefore attributable to the differ-
ent preference for the right-handed helix, in which both Conclusions
PNAs are forced upon complexation.

This assignment is opposite to that proposed for PNA- Chiral charged monomers introduced in a PNA strand
induce a preferred handedness in the PNA-PNA duplexes.PNA duplexes containing - and -lysine as terminal amino

acid, [5] which was based on theoretical considerations and The extent of the induced chirality depends upon the num-
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PNA is a decamer bearing one chiral T-monomer based on -Lysber of the monomers and their position in the strand. In
in the middle of the strand, whereas 3TD-Lys-PNA has 3 chiral T-particular, monomers containing amino acids with either a
monomers based on -Lys]. The sequences are given from the Npositively or a negatively charged side chain inserted in the
to the C direction.middle of the strand exert the largest effect, indicating that
The achiral PNA monomers Boc-TGly-OH, Boc-C(Z)Gly-OH, Boc-solvation effects are mainly responsible for the preferred
A(Z)Gly-OH, and Boc-G(Z)Gly-OH were commercially availableconformation. The sign of the charge on the amino acid
from Perseptive Biosystems (Framingham, MA, USA). The Boc-side chain does not affect the preferred handedness, which
TLeu-OH, Boc-TLys-OH, Boc-TGlu-OH, Boc-TAsp-OH monomersessentially depends on the original configuration at the
were prepared as described in literature. [12] The oligomerization ofamino acid stereogenic center. The helix propagation most
PNAs was performed by means of the standard procedure on a (4-probably occurs through base stacking, since the preference
methylbenzhydryl)amine resin (Novabiochem) with HBTU/diethyl-

becomes more pronounced in the duplex than in the single cyclohexylamine as coupling reagent in DMF/pyridine.[12,13,15] The
strand. According to the present results, the -PNA-achiral syntheses were performed on a 6 µmol scale. The free PNAs were
PNA duplexes are left-handed, whereas the -PNA-achiral cleaved from the resin using a TFMSA/TFA mixture (typical yields
PNA duplexes are right-handed. of the crude products: 70290%). The crude PNAs were purified

by HPLC (RP-C18 column, eluent: water-acetonitrile mixtures withAs expected, the DNA-PNA duplexes are always right-
0.1% TFA, gradient: from 100% water to 100% acetonitrile in 25handed, both with the - and -monomer containing
minutes, flow 1 mL/min) and characterized by MALDI-TOF massPNAs. The relatively rigid structure of DNA forces both -
spectrometry on a Kratos Compact instrument using sinapinic acidand -PNAs to bind in a right-handed helicity. The -PNA,
as matrix (Table 5).which has a preference for right-handedness, is therefore

favored in the binding, whereas the -PNA must assume the
Table 5. MALDI-TOF mass spectra of TLeu and TLys-PNAsunpreferred handedness. Thus, the complexation of DNA

with chiral PNAs containing a charged side chain (Lys, PNA Calculated mw Measured mw
Glu, Asp) is enantioselective. The difference in melting tem-
peratures between PNA-DNA duplexes formed by enanti- TL-Leu (C-term.) (1) 2782.8 2782.9

TL-Leu (middle) (2) 2782.8 2783.0omeric PNAs clearly indicates that enantioselectivity is
3TL-Leu (3) 2895.0 2891.6based on structural features. Thus, the preferred helical con- TL-Lys (C-term.) (4) 2797.8 2796.5

formation induced by the stereogenic center in PNAs plays TD-Lys (C-term.) (5) 2797.8 2799.9
TL-Lys (middle) (6) 2797.8 2794.9a definite role in DNA recognition. In the case of Lys-
TD-Lys (middle) (7) 2797.8 2796.3PNAs, a certain direction control is observed, in connection 3TL-Lys (8) 2940.0 2938.3

with the configuration of the stereogenic center. 3TD-Lys (9) 2940.0 2938.3
The presence of charged chiral monomers only slightly

preorganizes the single stranded PNAs, but it enhances sig-
nificantly the helical preference of the PNA-PNA duplexes, The enantiomeric purity of the chiral monomers and oligomers was

checked by GC[14] (Chirasil-Val column) and was always found toas shown by circular dicroism.
be between 94 and 98%.Finally, the 3TLys -PNAs, (8) and (9), show a very high

affinity for DNA at low ionic strength, which is ascribed The decameric DNAs used in the hybridization experiments were
mainly to stabilizing electrostatic interactions. Therefore, courteously synthesized by Prof. Otto Dahl (Department of Or-
the introduction of D-lysine monomers in PNAs should be ganic Chemistry, The H. C. Ørsted Institute, Copenhagen,

Denmark) by an automatic synthesizer.an efficient way of enhancing the performance of PNA pro-
bes in diagnostic and molecular biology applications. All hybrid samples reported were incubated at 90°C for 5 minutes,

then slowly cooled at room temperature. Samples not incubated as
above described showed no different behaviors during Tm measure-
ments. The melting temperatures were measured by UV spec-Experimental Section
troscopy on a Gilford response spectrophotometer in a 10 m so-

General: DMF: N,N-dimethylformamide; HBTU: O-(1H-benzotri- dium phosphate buffer containing 100 m NaCl and 0.1 m
azol-1-yl)-N,N,N9,N9-tetramethyluronium hexafluorophosphate; EDTA, pH 7.0 (standard deviations were estimated as ±1°C). The
TFMSA: trifluoromethanesulfonic acid; TFA: trifluoroacetic acid; melting temperatures used to determine thermodynamic param-
EDTA: ethylenediaminotetracetic acid; Leu: leucine; Lys: lysine; eters were measured in the same buffer without NaCl. The total
Glu: glutamic acid; Asp: aspartic acid. strand concentration for each sample was calculated from the ab-

sorbance at 70°C using the following ε260 (m21 cm21) for the fourThe abbreviations used for the nucleobases (T, C, A, G) indicate
bases: T 8.8, C 7.3, A 10.4, G 11.7.different chemical structures in PNA and DNA oligomers: in the

former case the nucleobase is connected to a pseudopeptide back- Circular dicroism spectra were obtained on the same samples used
bone, in the latter to a sugar-phosphate one. for the Tm determination by employing a Jasco model J710 spectro-

polarimeter. The concentrations used for calculating the molar elip-PNA chiral monomers incorporating thymine are indicated as Taa,
where aa is the abbreviation for the incorporated amino acid (i.e. ticity were derived from the absorbances at 70°C recorded during

the Tm measurements. The given molar elipticity was calculated forthe chiral monomer incorporating thymine and based on -Lys is
indicated as TL-Lys); PNA oligomers bearing chiral monomers are the average base, assuming an average ε260 of 9.6 m21 cm21 per

base. All spectra were zeroed, smoothed and treated with a noiseindicated as Taa-PNA, where Taa indicates the number and the type
of the chiral monomers inserted in the strand [i.e. TL-Lys (middle)- reduction software.
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