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The synthesis and structural characterization of four PNA-
DNA chimeras - °TGGG®-t (Cl), *TGG®*-gt (C2), t-
SGGGT? (C3) and tg->GGT?® (C4), where lower and upper
case letters indicate PNA and DNA residues, respectively —
are reported. The oligomers were synthesized through the
use of commercially available Bhoc/Fmoc PNA monomers
and 3’- or 5'-phosphoramidite nucleosides as building
blocks. All the molecules were studied by 'H NMR, CD and
UV spectroscopy and by molecular modelling. The CD spec-

tra and NMR spectroscopic data of C1 and C3 are typical of
quadruplexes involving four parallel strands. Moreover, the
UV melting profiles indicate that their thermal stabilities are
quite similar to that observed for the reference quadruplex
[A(TGGGT)]4. The *H NMR spectra of C2 and C4 show that
these oligomers are not able to fold into a single, well de-
fined species.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

PNA is a versatile molecule, characterized by a pseudo-
peptide backbone that mimics the phosphodiester counter-
part in nucleic acids. It has been shown to form several
types of stable double-stranded structures (PNA-DNA, !
PNA-RNAU and PNA-PNAP)) as well as triple helices
[DNA-(PNA),,B1  RNA:(PNA),,¥ PNA:(DNA),,! and
(PNA); 1], These properties have suggested potential appli-
cations of PNA as antisense and antigene agents.[*7-8! Fur-
thermore, very recently, the formation of a (PNA),(DNA),
hybrid quadruplex has been reported,”” confirming the
ability of PNA to mimic DNA even in more complex multi-
stranded structures. However, poor water solubility, to-
gether with the inability to activate RNase H in PNA-RNA
heteroduplexes,i rather limit these potential applications.
Substantial improvements in the biological, chemical and
physical properties of PNA have been achieved through the
construction of PNA-DNA chimeras!!”l in which a DNA
strand is bound to a PNA moiety. PNA-DNA chimeras
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possess interesting biological properties as antisensel' !l ag-
ents and also as decoys against NF-kB transcription fac-
tors.!?l Furthermore, some types of PNA-DNA chimeras
have also been shown to form triple helix structures.!3-14]

In an effort to expand the versatility of these molecules,
we have been investigating the ability of PNA-DNA chim-
eras to form quadruplex structures. In fact, the presence of
a PNA tract should enhance the exonuclease stability and
hence the biological activity of these structures, the rel-
evance of which has been dramatically increased by their
presence in telomeric sequences and in several biologically
active aptamers, as well as by finding of a number of
quadruplex-binding proteins.!'!

Results and Discussion

The oligonucleotide d(TGGGT) is known to form a par-
allel quadruplex [d(TGGGT)]y, the structure of which has
been already investigated by 'H NMR spectroscopy.l'® We
therefore proposed to replace some nucleotide residues at
the 3'- or 5'-end of this sequence with the corresponding
PNA counterparts, in order to evaluate the effects on the
formation of quadruplex complexes. The following chim-
eras were therefore prepared: > TGGG?-t (C1), > TGG? -gt
(C2), >’ GGGT? (C3) and tg->GGT? (C4), where lower
and upper case letters indicate PNA and DNA residues,
respectively. C1 and C2 were synthesized by a recently re-
ported solid-phase strategy!!”! based on the use of commer-
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cially available Bhoc/Fmoc PNA monomers (3, 4) and 3’-
phosphoramidite nucleosides as building blocks (Scheme 1).
This synthetic approach has been further implemented here
by the use of 5'-phosphoramidite nucleosides for easy syn-
thesis of PNA-DNA chimeras containing 5'-phosphorami-
date bonds (C3 and C4) (Scheme 1). Both synthetic ap-
proaches use a Tentagel-OH resin functionalized with an
N-Fmoc glycine residue (1). After deprotection of the

amino group, the first PNA unit 3 was attached to support
2, to give 5. After the removal of the Fmoc protecting
group, support 5 was treated with 5'- (or 3")-DMT-amino-
protected guanosine-3'-(or 5')-phosphoramidite, thus fur-
nishing support 8 (or 9), which in turn, after completion of
the synthesis of DNA tract, afforded the chimeric pentamer
C1 (or C3). Alternatively, Fmoc-deprotected support 5,
after treatment with Bhoc/Fmoc guanine PNA monomer 4,
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Scheme 1. Reagents: (i) piperidine/DMF, 1:4 v/v; (i) 3, HATU, DIPEA, DMF/CH;CN, 1:1 v/v; (iii) Ac,O/piperidine, 2:3 v/v (capping
step); (iv) 4, HATU, DIPEA, DMF/CH;CN, 1:1 v/v; (v) TFA in DCM 75% w/w; (vi) BzCl/pyridine, 3:7 v/v; (vii) coupling with 3'-
phosphoramidite monomer; (viii) coupling with 5'-phosphoramidite monomer; (ix) DNA chain assembly on the automated synthesiser;
(x) concd. NH,OH
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provided support 6. It has been demonstrated!!”! that the
Bhoc group is unstable under detritylation conditions
(DCA/DCM) and its final removal under acidic conditions
may induce depurination on dG nucleotides. For these re-
asons, 6 was converted into 7 by replacement of the Bhoc
guanine protecting group with a benzoyl (Bz) group, which
is completely stable under the conditions of the standard
phosphoramidite technique.

As in the case of 5, treatment of 7 with 5'-(or 3")-DMT-
amino-protected guanosine-3’-(or 5')-phosphoramidite fur-
nished support 10 (or 11), the direct precursor of the chim-
eric pentamer C2 (or C4). Thus, in C1 and C2, the 3’-phos-
phoester end of the DNA tract is linked through a 3’-phos-
phoramidate bond to the N-terminal of the PNA moiety
[(C)-PNA-(N)-p-3'-DNA-5'], whereas C3 and C4 are linked
to the N-terminal of the PNA moiety through a 5'-phos-
phoramidate bond [(C)-PNA-(N)-p-5'-DNA-3’]. No signifi-
cant difference in the coupling yields of 3'- and 5'-phos-
phoramidite nucleosides with amino groups of PNA was
observed in these reactions. After detachment from the
solid support and deprotection, the crude oligomers were
purified by HPLC, desalted and analysed by ESI mass spec-
trometry. Furthermore, the quadruplex complexes were in-
vestigated by '"H NMR, CD and UV spectroscopy, and by
molecular modelling.

In a preliminary structural analysis of quadruplex-for-
ming oligonucleotides, '"H NMR spectroscopic data both
from exchangeable and from non-exchangeable protons can
provide useful information. For example, the number of
slowly exchanging imino protons can substantiate the
strand stoichiometry, the number of G quartets and the
symmetry of the quadruplex structure. Furthermore, the
range of proton resonance frequencies may indicate the
presence of Watson—Crick or Hoogsteen base-pairing as
well as the presence of exchange-protected imino protons
from unpaired residues. In particular, imino proton chemi-
cal shifts observed in the 6 = 10.5—12 ppm range are in-
dicative of guanine NH/O hydrogen bonds, typically found
in Hoogsteen arrangement of the G quartets.!'$1°]

In our case, the 'H NMR spectra of both >*TGGG?'-t
(C1) (Figure 1, A) and t->’ GGGT? (C3), in a buffer stabiliz-

ing quadruplex structures (see Exp. Sect.), show the pres-
ence of five signals belonging to three guanine H8 and two
thymine H6 protons in the aromatic region. It is interesting
to note that the proton signals of PNA bases are shifted
upfield in comparison with those of the corresponding
DNA residues. Moreover, three well defined singlets were
detected in the 8 = 11—12 ppm region, thus suggesting the
presence of imino protons involved in Hoogsteen hydrogen
bonds of G tetrads.

These data are consistent with the formation of G-
quadruplex structures containing three G-tetrads and pos-
sessing fourfold symmetry with all strands parallel to each
other. The exchange rates of the imino protons with solvent
for C1 and C3 were qualitatively estimated by partial drying
of the samples in water and their reconstitution in D,O.
Periodic examination of the imino proton signals showed
that they exchange very slowly, in agreement with what has
been observed for other quadruplex structures.””! Proton
signals for C1 and C3 have been partially assigned on the
basis of NOESY and TOCSY data obtained at 500 MHz
(T = 300 K). The NOEs between H2'/H2'" and H6/HS are
initially used for peak assignment (Figure 1, B). The obser-
vation of an unbroken path of NOE connectivities along
the strands, in contrast to what is observed for antiparallel
quadruplex structures, suggests that the backbone confor-
mations of both C1 and C3 are similar to that of regular
parallel quadruplex DNA.P!I The relative intensities of
NOEs observed between G HS and ribose H2', in compari-
son with the NOEs observed between G H8 and H1’, indi-
cates that the glycosidic torsion angles in all G residues are
in anti conformations and the polarity connectivities (G H8
to ribose protons on the 5’ side only) are indicative of right
handed helices, as would be expected for a parallel
quadruplex.l?>~24

Further evidence of the formation of parallel quadru-
plexes for C1 and C3 could be obtained from circular
dichroism data. The resulting CD spectra are very similar
to that produced by the canonical [d(TGGGT)]4, with the
presence of maximum and minimum Cotton effects at
263 nm and 243 nm, respectively, which is typical of
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Figure 1. Aromatic and imino proton regions of the 500-MHz 'H-NMR spectrum (A) and H2'/H2'’ to base region of the phase-sensitive

NOESY spectrum (B) of C1
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Figure 2. CD spectra (A) and melting profiles (B) of [d(TGGGT)]4 (=), C1 (= —) and C3 (— — -)

quadruplexes involving four parallel strandst'® (Figure 2,
A).

In the case of *TGG?*-gt (C2) and tg-> GGT? (C4), the
'"H NMR spectra are very complex and not attributable to
well defined and stable single structures. In order to sim-
plify these spectra, by eliminating signals due to aggre-
gation phenomena sometimes present in solution, we re-
corded '"H NMR spectra at higher temperatures of up to
323 K. In this range, unfortunately, no spectra presented
signals attributable to single and well defined quadruplex
structures, while at 323 K only the resonances correspond-
ing to the single strands were present. In order to estimate
the effects on thermal stability of the substitution of DNA
residues with PNA units, the quadruplexes C1—C4 were
further analysed by UV thermal denaturation experiments.
The melting profiles of C1, C3 and the corresponding ca-
nonical [d(TGGGT)],, recorded at 295 nm,>3! give well-
shaped sigmoid curves (Figure 2, B). The T, values, calcu-
lated as the maxima of the first derivative plots of ab-
sorbance vs. temperature, are listed in Table 1. These data
show that thermal stabilities of both C1 and C3 are quite
similar to that observed for the reference structure
[A(TGGGT)],, thus indicating that both the PNA and the
glycine moieties, as well as the different PNA-DNA junc-
tions — namely (C)-PNA-(N)-p-3'-DNA-5" (C1) and (C)-
PNA-(N)-p-5'-DNA-3’ (C3) — do not affect the quadru-
plex stability. As expected, no significant melting curves
could be obtained for chimeras C2 and C4.

In order to explore the ability of the PNA tract of the
strand to participate in the quadruplex formation, molecu-
lar mechanic calculations were performed on C1, C2, C3
and C4.

The general appearance of all structures clearly suggests
that the PNA tract is perfectly able to adapt its backbone

Table 1. Melting temperatures of the quadruplexes formed by chim-
eras C1 and C3 and [d(TG;3T)],

Compound T (°C)
[d(TG3T)]4 55.1
[d(TG5-)]4 (C1) 52.9
[d(t-G3T)]4 (C3) 54.9
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to the quadruplex structure motif. In particular, all the
bases of the PNA domains retain the correct orientation to
form the Hoogsteen H-bonds after energy minimisation
and, in the same way, the stacking interactions are also re-
tained. Furthermore, in all four models, the PNA backbone
is able to adopt a correct geometry without causing any
distortion in the PNA-DNA junction region and, conse-
quently, the Hoogsteen hydrogen bonds in the oligonucleo-
tide tract of the quadruplex are also preserved. It is interest-
ing to note in all models that glycine residues at the 3’-end
or at the 5'-end of the quadruplexes form a “cage”, which
could be a possible coordination site for a cation. Molecu-
lar models of the quadruplexes formed by > TGGG?*-t (C1)
and t->’GGGT? (C3) are shown in Figure 3.

Conclusion

We report the usage of 5'-phosphoramidite nucleosides
for easy preparation of PNA-DNA chimeras containing 5'-
phosphoramidate bonds. We then explored the capability of
PNA-DNA chimeras to form quadruplex structures. Re-
sults from NMR and CD clearly indicate that chimeras
STGGG-t* (C1) and t->GGGT? (C3) adopt quadruple
helical structures. The CD spectra of C1 and C3 show
bands characteristic of quadruplexes and are similar to that
of [d(TGGGT)]4, which exists as a tetramolecular system.
In particular, NMR spectra show that the modified quadru-
plexes possess fourfold symmetry with all strands parallel to
each other and all DNA nucleosides in anti conformations.

Furthermore, as indicated by UV experiments, the pres-
ence of the PNA moiety at the edge of the quadruplexes, as
well as the different PNA-DNA junctions — namely (C)-
PNA-(N)-p-3'-DNA-5" (C1) and (C)-PNA-(N)-p-5'-DNA-
3’ (C3) — do not affect the thermal stability of the mol-
ecules.

On the other hand, the *TGG-gt*" (C2) and tg->GGT?
(C4) sequences do not form well defined structures. This is
probably due to the flexibility of the PNA backbone, which
renders quadruplex formation entropically unfavourable on
increasing the number of PNA units in the DNA-PNA
strands.

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3367
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Figure 3. Molecular models of quadruplex structures C1 and C3; the PNA tract is in red; A: top view, B: front view

However, it is interesting to note that PNA-DNA chim-
eras with only one PNA unit at the 3’-ends are still 25 times
more stable in human serum than the corresponding un-
modified oligodeoxynucleotides.?®! Therefore, substitution
of a DNA residue with a PNA one in biologically active
quadruplex-forming oligonucleotides (i.e. aptamers) could,
in principle, improve the activity of those molecules. The
effects of such modifications on structural and biological
stability is currently under investigation in our laboratories.

Experimental Section

General Remarks: The following abbreviations are used throughout
the test: benzhydryloxycarbonyl (Bhoc), fluorenylmethoxycarbonyl
(Fmoc), 4,4'-dimethoxytrityl (DMT), isobutyl (iBu), dichloroacetic
acid (DCA), dichloromethane (DCM), O-7-azabenzotriazol-1-yl-
N,N,N',N'-tetramethyluronium hexafluorophosphate (HATU), di-
isopropylethylamine (DIPEA), trifluoroacetic acid (TFA), N,N-di-
methylformamide (DMF), N,N'-dicyclohexylcarbodiimide

3368 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(DCCI), N-hydroxybenzotriazole (HOBt), benzoyl chloride (BzCl),
cyanoethyl (CE).

The Tentagel-OH resin was purchased from Novabiochem. The
solid support functionalization and PNA tract assembly were car-
ried out in a short glass column (12 cm length, 1 cm i.d.) with a
sintered glass filter, a stopcock and a cap. The oligonucleotides
were synthesized on a Millipore Cyclon Plus DNA synthesiser by
solid-phase B-cyanoethyl phosphoramidite chemistry, cleaved from
the support and purified by standard procedures. HPLC purifi-
cations were carried out with a Waters 515 Pump and a Waters
2487 UV detector. NMR spectra were recorded with a Bruker
AMX 500 spectrometer (500.13 MHz for 'H) at 300 K. The solvent
signals were used as internal standards, which were related to TMS
with 6 = 4.734 ppm (H,O and HDO).

ESI mass spectra were recorded with a API 2000 (Applied Biosys-
tem) machine used in negative mode. UV measurement and ther-
mal denaturation experiments were carried out with a Jasco V-530
UV spectrophotometer equipped with a Jasco 505T temperature
controller unit, with detection at A = 295 nm. CD spectra were
obtained with a Jasco 715 circular dichroism spectrophotometer.

Www.eurjoc.org Eur. J. Org. Chem. 2003, 3364—3371
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Functionalization of the Resin. Supports 1 and 2: Fmoc-Gly-OH
(476 mg, 1.60 mmol) and DCCI (330 mg, 1.60 mmol) were dis-
solved in DMF (6.0 mL). After 10 min at room temp. the resulting
mixture and HOBt (216 mg, 1.60 mmol) were added to Tentagel-
OH resin (572 mg, 0.28 mmol/g of hydroxy groups), previously
washed with DMFE. The mixture was kept at room temp. with shak-
ing for 24 h. The support was filtered and washed with DMF and
Et,0, and then dried under reduced pressure, thus providing sup-
port 1 (0.25 mmol/g, 89% coupling yield). Support 1 was washed
with pyridine and then treated with acetic anhydride in pyridine
(6.0 mL, 2:3, v/v, 1 h, room temp.) to block the unchanged hydroxy
groups. The level of incorporation of the glycine residue was calcu-
lated by quantitative UV measurements (300 nm) of the fluorene
derivative released by piperidine/DMF treatment on 1 (1:4, v/v, 3
X 10 min) to afford support 2.

Synthesis of PNA Tract (General Procedure). Supports 5—7: Sup-
port 5 was obtained by washing of support 2 (500 mg, 0.125 mmol)
with DMF and then by leaving it in contact with a DMF/CH;CN
solution (6.0 mL, 1:1 v/v) of the thymine PNA monomer (3,
506 mg, 1 mmol) in the presence of HATU (380 mg, 1 mmol) and
DIPEA (259 pL, 1.5 mmol) for 1h at room temp. with shaking.
The coupling yields, measured as for support 1, were 90%. A cap-
ping procedure was carried out on support 5, after washing with
DMEF, by the addition of acetic anhydride in pyridine (2:3, v/v, 1 h,
room temp.). The total amount of support 5 was divided into two
parts (250 mg each). The first was used for the elongation of the
DNA tracts (in order to obtain C1 and C3; see below), whereas
the second portion, after removal of Fmoc group, was treated with
a solution of guanine PNA monomer (4, 334 mg, 0.45 mmol) in N-
methylpyrrolidone (4.0 mL) containing few drops of DMF, in the
presence of HATU (171 mg, 0.45 mmol) and DIPEA (117 pL,
0.67 mmol) with shaking for 1 h at room temp., to yield support 6
(0.20 mmol/g, 90% coupling yield). Support 6 (200 mg, 0.04 mmol)
was washed with DCM and then treated with a solution of TFA
in DCM (75% wiw, 6.0 mL) for 1 h at room temp. After exhaustive
washings with DCM and pyridine, a solution of benzoyl chloride in
pyridine (6.0 mL, 3:7 v/v, 6 h, room temp.) was added as acylating
mixture. The resin was then washed with pyridine, DMF and Et,O
and dried under reduced pressure, thus furnishing support 7.

Synthesis of DNA Tract (General Procedure). Products C1—C4:
Support 5 was divided into two fractions (100 mg each), and these
were independently washed with DMF and then left in contact with
a solution of piperidine in DMF (20%, 3 X 10 min, room temp.).
After washings with DMF and CH;CN, a phosphoramidite chem-
istry-based coupling step with guanosine 5'-O-DMT-3'-0-(2-cyan-
oethyl)phosphoramidite or guanosine 3'-O-DMT-5'-O-(2-cyano-
ethyl)phosphoramidite building blocks was performed on each sup-
port’s fraction. These coupling steps, which gave supports 8 and 9,
respectively (80—85% coupling yield), were carried out with solu-
tions of the amidite units (50 mg/mL) in CH3CN in the presence
of tetrazole standard solution and with use of longer reaction times
(20 min) than standard and were repeated twice. The oxidation step
(20 min, room temp.) was performed by use of the oxidizing stand-
ard solution (I,/pyridine/H,O). ODN chain assembly was per-
formed on each supports on an automated DNA synthesiser by the
standard phosphoramidite procedure with final DMT removal. As
before, 5'-O-DMT-3'-0-(2-cyanoethyl)phosphoramidite and 3'-O-
DMT-5"-0-(2-cyanoethyl)phosphoramidite nucleoside building
blocks were used on supports 8 and 9, respectively, to complete the
synthesis of the DNA tract. Two sequences were assembled (C1
and C3), with observed coupling yields always being greater than
98%. Support 7 was divided into two fractions (100 mg each) and,
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after Fmoc removal, was treated with 3'- or 5’-phosphoramidite
guanosine building blocks as described above, to afford supports
10 and 11 respectively. Two sequences were assembled (C2 and C4)
with observed coupling yields always greater than 98%.

HPLC Purification of Oligomers C1—C4: Oligomers C1—C4 were
detached from the support and deprotected by treatment with
concd. aqueous ammonia at 55 °C for 12 h. The combined filtrates
and washings were concentrated under reduced pressure, redis-
solved in H,0, and analysed and purified by HPLC on a Nucleogel
SAX column (Macherey—Nagel, 1000—8/46); buffer A: 20 mm
KH,PO, aq. solution, pH 7.0, containing 20% (v/v) CH3CN; buffer
B: 1 m KCI, 20 mm KH,PO, aq. solution, pH 7.0, containing 20%
(v/v) CH3CN; a linear gradient from 0 to 100% B in 30 min, flow
rate 1 mL/min., were used. The isolated oligomers (retention times:
C1 = 11.9 min; C2 = 6.1 min; C3 = 11.9 min; C4 = 6.1 min) were
collected and successively desalted on Sep-Pak columns (C18). The
isolated oligomers proved to be more than 97% pure (NMR) and
were further analysed by ESI-MS: C1 and C3: m/z = 1617 [M —
H]~; C2 and C4: m/z = 1579 [M — H]".

Nuclear Magnetic Resonance: NMR samples were prepared at con-
centrations of approximately 0.5 mm, in 0.5 mL (H,O/D-0, 9:1 v:v)
buffer solution containing 10 mM potassium phosphate, 70 mm
KCl, 0.2 m M EDTA, pH 7.0. For D,O experiments, the H,O was
replaced with D,O by drying down of the sample, lyophilization
and redissolution in D,O alone. 1D proton spectra of samples in
H,O were recorded with the use of pulsed-field gradient
watergatel?”) for H,O suppression. Phase-sensitive NOESY spec-
tral®®! were recorded with mixing times of 50, 100 and 200 ms (T =
300 K). Pulsed-field gradient watergate was used for NOESY spec-
tra in H,O. TOCSY spectral®! with mixing times of 120 ms were
recorded with D,O solutions. NOESY and TOCSY were recorded
with use of the TPPIP procedure for quadrature detection. In all
2D experiments the time domain data consisted of 2048 complex
points in ¢, and 400—512 fids in 7; dimension. The relaxation delay
was kept at 1.2 s for all experiments. The NMR spectroscopic data
were processed on a SGI O2 workstation with FELIX 98 software
(Byosym, San Diego, CA).

NMR assignment for the quadruplex formed from C1: (t5 residue
is considered at the 3’ end of the strand) 'H NMR (D,O, T =
300 K): 6 = 7.54 (T1, H6), 8.19 (G2, HS), 7.87 (G3, HY), 7.80 (G4,
HS), 7.20 (t5, H6), 6.02 (T1, H1"), 6.16 (G2, H1"), 6.12 (G3, HI"),
6.09 (G4, H1"), 1.52 (T1, Me), 1.57 (t5, Me), 11.72 (G2, NH), 11.40
(G3, NH), 11.04 (G4, NH) ppm.

NMR assignment for the quadruplex formed from C3: (tl residue
is considered at the 5’ end of the strand) 'H NMR (D,O, T =
300 K): 6 = 7.11 (t1, H6), 8.15 (G2, HS), 7.85 (G3, H8), 7.70 (G4,
HS), 7.35 (TS, H6), 6.06 (t1, H1"), 6.11 (G2, H1"), 6.26 (G3, HI"),
6.08 (G4, H1"), 1.62 (t1, Me), 1.60 (T5, Me), 11.81 (G2, NH), 11.39
(G3, NH), 11.18 (G4, NH) ppm.

UV Thermal Denaturation Experiments: The concentrations of the
synthesized chimeras were determined spectrophotometrically at
A = 260 nm at 80 °C, by use of the molar extinction coefficient
calculated for unstacked oligonucleotides [11700 (G); 8800 (T)
cm~ ! M. A 10 mm KH,PO,, 70 mm KCI, 0.2 mm EDTA, pH =
7.0 aq. solution was used for the melting experiments. Melting
curves were recorded with a concentration of approximately 1 p M
of single strand in 1 mL of the tested solution in Teflon-sealed
quartz cuvettes of 1 cm optical path length. The resulting solutions
were then heated at 80 °C for 15 min, then slowly cooled and kept
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at 20 °C for 20 min. After thermal equilibration at 20 °C, the UV
absorption at A = 295 was monitored as a function of the tempera-
ture, increasing at a rate of 0.5 °C/min. The melting temperatures
were determined as the maxima of the first derivatives of the ab-
sorbance vs. temperature plots.

Circular Dichroism: CD spectra of C1 and C3 were recorded in the
same buffer as used for UV melting experiments at 5 °C in 0.1-cm
pathlength cuvettes. The wavelength was varied from 200 to 340 nm
at 5nm-'min~!, and the spectra were recorded with a response of
16 s, at 2.0 nm bandwidth and normalised by subtraction of the
background scan with buffer. The temperature was kept constant
at 5 °C with a thermoelectrically controlled cell holder (JASCO
PTC-348).

Molecular Modelling: In order to obtain the models of the PNA-
containing quadruplexes, the corresponding DNA quadruplex
[d(TGGGT)],4 was generated by substitution of the A-tetrad with a
T-tetrad in the structure of [d(AGGGT)], reported by P. K. Patel
et al.?*1 All the PNA-containing quadruplexes were then generated
by substitution of one or two nucleotidic units with the correspond-
ing PNA monomer into the [d(TGGGT)], structure. In particular,
the 5'-phosphate groups (in C3 and C4 quadruplexes) and 3'-phos-
phate groups (C1 and C2 quadruplexes) of the oligonucleotides
were linked to a NH, group of PNA through a phosphoramidate
bond. For all the strands the C-terminus of PNA was capped with
a glycine residue. The resulting coordinates of the quadruplexes
were then energy-minimised in a vacuum for 200 steps of the steep-
est descent method, the bases being kept fixed in positions, al-
lowing only the new backbone to relax.

New parameters for the phosphoramidate bond and for the PNA
units were added to the Amber force field.[3!1 The stretch, bend and
torsion force constants were assigned to the N-P group by analogy
with phosphate constants in the Amber force field. The bond-
stretch force constants for NQ-P and CT-NQ (NQ is atom type of
nitrogen in phosphoramidate bond) were set slightly higher than in
the unmodified backbone in order to model the possible conju-
gation in the N-P group, by utilisation of the parameters reported
by Ding et al.®?! In order to describe the PNA part of the each
strand the parameters and atomic charges reported by Shields et
al.33 were used.

The four quadruplexes were neutralised by addition of potassium
counter-ions. Each K* counter-ion was placed on the phosphate
bisector 3.5 A from the phosphorus atom. For PNA units no coun-
ter-ions were needed. Each of the quadruplexes with counter-ions
was individually placed in a 35A X 35A X 35A box of Monte
Carlo TIP3P water,?¥ with periodic boundary conditions. The
water molecules nearer than 2.8 A to any solute atom were re-
moved.

The same energy minimisation was used for all the quadruplexes.
Each solvated system was energy-minimized for 400 steepest de-
scent steps, the solute being kept fixed in position to allow only the
counter-ions and water molecules to reorient themselves favourably
around the solute. The solute was then energy-minimised for 400
steepest descent steps under fixed solvent and counter-ion coordi-
nates to remove any local distortion or bad contacts. Finally, solute
and solvent molecules were energy-minimised together by use of
1500 steps of the steepest descent method followed by the conjugate
method until convergence to a r.m.s. gradient of 0.1 kcal mol !
AL
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