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Hybridization Studies with Chiral Peptide Nucleic Acids
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A novel class of chiral peptide nucleic acids has been synthesized in which the sugar-
phosphate backbone of DNA has been replaced with the glycyl-proline backbone of both
the L- and the D-configurations, nucleobases being attached through the 4-position of proline
with cis- and trans-stereochemistry. The T10 homopolymers with cis-stereochemistry in the L-
and D-series bind strongly to poly(dA) with Tm values of 69 and 708C, respectively. They bind
more strongly to poly(rA) with Tm values of 73 and 728C, respectively, and with apparent
1 : 1 stoichiometry. Using a mixed sequence decamer it was found that the thermal stability
of the chiral peptide nucleic acid/oligonucleotide complex was comparable to that formed by
Nielsen’s polyamide nucleic acid.  1997 Academic Press
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INTRODUCTION

The search for analogs of oligonucleotides which are stable intracellularly and
which bind more effectively than natural oligonucleotides to complementary DNA
or RNA sequences has been the objective of much endeavor since Zamecnik and
Stephenson showed that oligonucleotides could control genetic expression (1, 2).
Their observation adumbrated the possibility that oligonucleotide analogs could be
used to selectively arrest cellular processing at the translational or transcriptional
level, such molecules now being known as antisense or antigene agents, respectively
(3, 4). These agents have immense potential, for example, in the identification of
gene function from sequence, in diagnosis of genetic diseases, and in therapy.
Oligonucleotide analogues reported include mono- (5) and dithiophosphates (6,
7), methylphosphonates (8, 9), boranophosphates (10), formacetals (11), carbamates
(12, 13), siloxanes (14), dimethylenethio-, sulfoxido-, and sulfono-linked species
(15–18), etc. (19). The discovery by Nielsen and his colleagues that the N-
(2-aminoethyl)-glycine backbone to which nucleobases are attached through a meth-
ylene carbonyl linker binds to complementary oligonucleotides with higher Tms
than oligonucleotides themselves provided great encouragement (20). We reasoned
that if the sugar-phosphate moiety of nucleotides could be replaced with a dipeptide
(both contain six bonds) with appropriate stereochemistry, a novel class of chiral
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FIG. 1. Structural comparison of (a) DNA with (b) the target chiral peptide nucleic acid.

peptide nucleic acids (cPNAs)2 could be synthesized by the solid phase method
using standard peptide chemistry.

The conformational constraints and stereochemical relationship between substitu-
ents on the 29-deoxyribose ring of nucleotides in DNA appear to be well matched
by D-proline with nucleobases incorporated at the 4-position in a cis-relationship
to the carboxyl group (Fig. 1). Moreover, peptides containing proline derivatives
at alternating sites have the added attraction that they are unlikely to be susceptible
to proteolysis especially if they have the D-configuration. Numerous amino acids
could be used in the ‘‘spacer site’’ of the dipeptide synthons, allowing a whole
family of cPNAs to be made with varied physical and biological properties. Thus
by using lysine or arginine as a ‘‘spacer,’’ a positively charged cPNA could be made
which would be expected to bind exceptionally strongly to DNA (21). Initially,
however, glycine was selected as the spacer primarily for synthetic expediency. In
any event such uncharged cPNAs are expected to bind more strongly to nucleic
acids than complementary oligonucleotides, and independently of ionic strength,
because they do not introduce the electrostatic effect which offsets the binding free
energy arising from hydrogen bonding between Watson–Crick base pairs, van der
Waals forces, and f-stacking between adjacent base pairs in DNA duplexes (22).

EXPERIMENTAL

The synthesis of the three chiral synthons 1, 3, and 5 has been reported (23) as
has the synthesis of T10 chiral peptide nucleic acids 2, 4, and 6 (24) (Scheme 1).

Sterile deionized water was used for all experiments involving oligonucleotides
and cPNAs.

Poly(29-deoxyadenylic acid) [poly(dA)] (sodium salt, average Mr 8.9 3 104) was
obtained from Pharmacia Biotech. Polyadenylic acid [poly(rA)] (potassium salt,

2 Abbreviations used: cPNA, chiral peptide nucleic acid; PNA, polyamide nucleic acid; Fmoc,
9-fluorenylmethoxycarbonyl; pfp, pentafluorophenyl; ABz, N6-benzoyladenin-9-yl; CBz, N4-benzoylcy-
tosin-1-yl; GIbu, N2-isobutyrylguanin-9-yl; HPLC, high performance liquid chromatography.
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SCHEME 1

average Mr 7 3 106) was obtained from Fluka Chemicals Ltd. Triethylammonium
acetate buffer was prepared by carefully mixing equimolar amounts of triethylamine
(redistilled) and glacial acetic acid (redistilled) and then diluting with an appropriate
volume of water to give a final concentration of the stock solution of 2.0 M. The
pH was then adjusted to 7.4 by addition of acetic acid or triethylamine. Sodium
phosphate buffer was prepared by dissolving equimolar amounts of NaH2PO4 · 2H2O
(BDH) and Na2HPO4 (BDH) in water, the pH was adjusted to 7.0 with diluted
HCl or diluted NaOH, and the solution was diluted with water to give a final
concentration of 0.50 M.

Oligonucleotides were synthesized by Mrs V. Cooper by the phosphoramidite
method on an Applied Biosystems DNA synthesizer (Model 380B). The exocyclic
amino protecting groups were removed by heating with concentrated aqueous
ammonia solution at 558C overnight and the solvent was evaporated under vacuum
at 408C on a Savant SpeedVac vacuum concentrator (Savant Instruments). The
oligonucleotides were purified by ethanol precipitation in the presence of ammo-
nium acetate, reverse phase HPLC (0.1 M triethylammonium acetate buffer–
acetonitrile gradient system), or by an oligonucleotide purification cartridge (OPC
column, Applied Biosystems Inc.) as appropriate and were stored as a concentrated
aqueous solution at neutral pH at 2208C.

The concentration of oligonucleotide, nucleic acid, and cPNA solutions was deter-
mined from the absorbance at 260 nm (OD260). The following molar extinction
coefficients («) were used without compensation for the hypochromic effect due to
the formation of ordered secondary structure of single-stranded nucleic acids [A,
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15.4 eL/mmol · cm; T, 8.8 eL/mmol · cm]. The same values were also used for the
chiral peptide nucleic acids.

Tm Measurements

All the Tm measurements were carried out on a Varian CARY 13 UV spectropho-
tometer equipped with a temperature control system. The instrument was controlled
by CARY 13 software running on an IBM PS/2 system, Model 30/286. The sample
for Tm measurement was prepared by mixing calculated amounts of stock oligonucle-
otide and cPNA solutions together and the calculated amounts of NaCl and sodium
phosphate buffer (pH 7.0) were then added as stock solutions and the final volumes
were adjusted to 3.0 mL by addition of water. The samples were transferred to a
10-mm quartz cell with a Teflon stopper and equilibrated at the starting temperature
for at least 30 min. The OD260 was recorded in steps from 20 to 958C (heater
temperature) with a temperature increment of 0.25 to 0.58C/min. The results were
normalized by dividing the absorbance at each temperature by the initial ab-
sorbance. Analysis of the data was performed with KaleidaGraph software 2.1.3
(Abelbeck Software) running on a MacIntosh LC III computer. The melting temper-
atures were determined from the maxima of the first derivative plots of the normal-
ized OD260 against temperature. Percentage hypochromicity was calculated from
the ratio of the OD260 at the end of experiment to the initial OD260 .

UV-Titration

The UV titration experiment was performed on a Pye Unicam SP8-100 UV
spectrophotometer at room temperature. To a solution containing the cPNA 2
(OD260 5 0.145; 16.5 eM dT nucleotide) and 10 mM sodium phosphate buffer, pH
7.0 (2.0 mL), was added a 10-mL aliquot of a concentrated stock solution of poly(rA)
(OD260 5 4.34; 0.28 mM dA nucleotide) in 10 mM sodium phosphate buffer, pH
7.0. The absorbance was read against a blank (10 mM sodium phosphate) and more
poly(rA) aliquots were added until a total volume of 500 eL has been added. The
ratio of the observed OD260 and the calculated OD260 (Eq. [1]) were plotted against
the mole ratio of T : A nucleotide (Eq. [2]) and the stoichiometry was determined
from the inflection point (25):

calcd. OD260 5
OD260(T) 3 VT 1 OD260(A) 3 VA

VT 1 VA

5
0.145 3 2 1 4.34 3 VA(mL)

2 1 VA(mL)
[1]

ratio of T : A 5
«A 3 OD260(T) 3 VT

«T 3 OD260(A) 3 VA

5
15.4 3 0.145 3 2

8.8 3 4.34 3 VA(mL)
. [2]
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FIG. 2. The melting curves of the 1 : 1 hybrids of (a) cPNA 4, (b) cPNA 2, (c) cPNA 6 with poly(dA)
at 150 mM NaCl, 10 mM sodium phosphate, pH 7.0, and (d) poly(dA) alone. The poly(dA) concentration
was 10.8 eM dA nucleotide. The melting curves were recorded at 260 nm and the rate of heating was
0.58C/min.

RESULTS AND DISCUSSION

The melting curves of the hybrids of the three stereoisomeric cPNAs 2, 4, and
6 with poly(dA) and that of poly(dA) alone are shown in Fig. 2. The Tms of the
cPNAs with poly(rA) and poly(dA) are summarized in Table 1. The cPNA 2

TABLE 1
Melting Temperatures

Tm with poly(rA) (8C) Tm with poly(dA) (8C)
cPNA and % hypochromicity and % hypochromicity Tm with dA10 (8C)

2 72 (45%) 70 (28%) 61
4 73 (36%) 69 (40%) 42
6 No melting observed No melting observed No melting observed

Note. Melting temperatures Tm(8C) and % hypochromicity obtained from melting curves (recorded
at 260 nm) of the hybrids of the cPNAs with poly(rA), poly(dA), and dA10 in 150 mM sodium chloride,
10 mM sodium phosphate, pH 7.0. The Tms were determined from the maxima of the first derivative
plots of the normalized OD260 against temperature. The Tm for the T10 oligodeoxyribonucleotide bound
to poly(dA) is 278C at the same pH and ionic strength.
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FIG. 3. Titration of the cPNA 2 with poly(rA) at 208C. Calculated amounts of poly(rA) in 10 mM
sodium phosphate buffer, pH 7.0 (0.282 mM rA nucleotide), were added to a solution of cPNA 2 (16.5
eM) in the same buffer. The ratio of observed OD260 to calculated OD260 is plotted against % mol of
cPNA 2.

binds to poly(dA) and poly(rA) with similar Tms although somewhat different
hypochromicities. The cPNA 4 hybridizes with poly(dA) and poly(rA) with similar
stability as reflected in the Tms. In both cases binding to poly(rA) was slightly more
effective than to poly(dA) (Table 1). However, no evidence for binding of the
cPNA 6 to either poly(dA) and poly(rA) could be detected, clearly demonstrating
the critical stereochemical requirement for hybridization. The difference in Tms of
cPNAs 2 and 4 is more pronounced when they are hybridized with oligodeoxy-
nucleotides in accord with theory (25). Thus with the oligonucleotide (dA)10 , cPNA
2 gave a Tm of 618C, whereas the cPNA 4 gave a broader melting curve with a Tm

of approximately 428C. These observations suggest that where the opportunity for
cooperative binding does not exist then the cPNA 2 does bind more effectively
than cPNA 4 to a complementary oligonucleotide sequence. The cPNA 2 showed
no evidence of binding to the oligonucleotide (dT)10 , suggesting that the binding
is due to Watson–Crick base pair recognition. The Tm of the cPNA 2 2(dA)10

hybrid is independent of ionic strength, the Tm value being essentially unchanged
at NaCl concentrations ranging from 0–250 mM.

In order to determine the stoichiometry of the cPNA–nucleic acid complex,
poly(rA) was titrated into a solution of cPNA 2 in 10 mM sodium phosphate buffer,
pH 7.0, and gave a well-defined mixing curve with a minimum at 1 : 1 ratio of the
two components (Fig. 3) (25). A similar titration experiment with the oligonucleo-
tide (dA)10 gave essentially the same result (not shown). This observation suggests
that Hoogsteen base pairing is not occurring with these cPNAs and hence a triple
helix does not form. Molecular modeling also suggests that triplex formation of a
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TABLE 2
Comparative Melting Temperatures

Tm(8C)

cPNA 10 (antiparallel)a 47
cPNA 10 (parallel)b 43
PNA (antiparallel)c 51
PNA (parallel)c 38
DNAc 33.5

Note. Comparison of the melting tem-
peratures (Tm) of complementary oligo-
deoxyribonucleotide complexes with the
cPNA 10 and PNA sequences GTAGAT-
CACT(LysNH2).

a Oligodeoxyribonucleotide
GTAGATCACT used.

b Oligodeoxyribonucleotide
AGTGATCTAC used.

c Data from (27).

homopyrimidine cPNA to a homopurine oligonucleotide/homopyrimidine cPNA
duplex by Hoogsten base pairing is unlikely to be favored. This is in contrast to
the exclusive formation of a triple helix between Nielsen’s T10 polyamide nucleic
acid (PNA) and complementary dA10 (20, 26) and so their thermal stabilities cannot
be properly compared. No single technique for the determination of stoichiometry
is reliable however (25) and further evidence on this point is being sought.

All four synthons in the cis-D series, i.e., 1, 7, 8, and 9 have been synthesized
(23) and the cPNA 10 has been prepared and characterized (24). This sequence
was selected since the PNA with the same sequence has been extensively investi-
gated (27). Both the cPNA and the PNA carry lysinamide at their C-termini. The
Tm values reported here for the cPNA 10 with complementary oligonucleotides for
antiparallel and parallel hybridization are compared with the corresponding PNA
sequence in Table 2. It is seen that in the antiparallel binding mode the PNA has
a Tm which is 48C higher than the cPNA 10, whereas in the parallel mode PNA has
a Tm which is 58C lower than the cPNA 10. Thus the PNA : DNA and cPNA : DNA
duplexes have similar thermal stabilities.

There is considerable scope for manipulating the structure of the cPNAs by
incorporating different ‘‘spacer amino acids’’ into the dipeptide synthons. Guided
by molecular modeling we are now exploring the effect of alternative spacer groups
on thermal stability.

After this work was completed, Jordan et al. reported the synthesis of 8-mer
H-[L-Pro(cis-4-T)-Gly]8-OH and H-[L-Pro(trans4-T)-Gly]8-OH (28). They reported
that no hybridization was observed with the complementary oligodeoxynucleotides.
The failure to observe hybridization in the trans series is in accord with our findings.
The failure to observe hybridization in the cis-series is probably due to several
factors, the following being most significant: first the oligomers are two bases shorter
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than those used in our experiments and second, they terminate in a free carboxylate
ion which will electrostatically repel the complementary oligonucleotide in the
hydridization experiment. Since the Tm we observed in the cis-L series with dA10

was only 428C (see above) it is quite conceivable that these two factors alone could
reduce the Tm of the 8-mer to below ambient temperature.

The recently synthesised A10 peptide-derived nucleic acids have been shown to
hybridize to the oligonucleotide dT10 but the hybrids have modest Tm values and
unknown stoichiometry (29).
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