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Abstract Reports on nucleobase-containing chiral pep-

tides (both natural and artificial) and achiral pseudopep-

tides are reviewed. Their synthesis, structural features,

DNA and RNA-binding ability, as well as some other

interesting applications which make them promising diag-

nostic/therapeutic agents of great importance in many areas

of biology and therapy are taken into critical consideration.
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Introduction

Nucleobase-containing peptides, also referred to as nucle-

opeptides, represent a promising class of molecules of

important biomedical significance presenting a peptide-like

backbone conjugated to nucleobases through different lin-

ker moieties. Interestingly, some of them are natural, such

as willardiine-containing nucleopeptides (1a, Fig. 1) and

peptidyl nucleosides (also indicated as nucleoside peptides,

1b), which are well-known for their antimicrobial activity.

There are, however, a number of artificial nucleobase-

containing peptides (1c) or pseudopeptides (1d) which

were prepared and studied for their binding properties, as

described below in this review.

Natural nucleobase-containing peptides

Naturally-occurring nucleopeptides include peptidyl

nucleosides, hybrid molecules comprising short peptide

(mainly dipeptide) moieties conjugated to purine or

pyrimidine nucleobases, which were isolated from different

Streptomyces bacteria and willardiine-based peptides,

which were isolated from vegetal sources.

Pyrimidine-containing compounds

Nikkomycin Z (2a, Fig. 2), an uracyl-containing peptidyl

nucleoside produced by Streptomyces tendae, showed a

significant antifungal activity due to its ability to inhibit

chitin synthase, the fungal enzyme responsible for the

formation of chitin, an essential component of the fungal

cell wall (Gooday 1990; Nix et al. 2009). Nikkomycin Z,

which can be synthesized using a direct three-component

Mannich reaction (Toure and Hall 2009) or four-

component Ugi reaction (Plant et al. 2009), was able

to eradicate Valley Fever infections in mice (Hector

et al. 1990) and showed antifungal activity against

Candida albicans in combination with caspofungin,

voriconazole or amphotericin (Sandovsky-Losica et al.

2008).

Blasticidin S (2b) is another natural peptidyl nucleoside

antibiotic, which was isolated from Streptomyces griseo-

chromogenes. This cytosine-containing molecule is able to

interfere with the peptide bond formation in the ribosomal

machinery and therefore to specifically inhibit the protein

synthesis in both prokaryotes and eukaryotes (Yamaguchi

and Tanaka 1966). This antibiotic finds application also in

genetic engineering, being used to select transformed cells

(Itaya et al. 1990). Interestingly, the first total synthesis of

this peptidyl nucleoside antibiotic was achieved by
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Ichikawa et al. by coupling cytosinine and blastidic acid

(Ichikawa et al. 2004).

Another class of natural pyrimidine-containing peptides

is based on 3-(1-uracil)-L-alanine (L-willardiine, 1a). More

particularly, gamma-L-glutamyl-L-willardiine and gamma-

L-glutamyl-L-phenylalanyl-L-willardiine peptides were

isolated from seeds of Fagus silvatica (Kristensen and

Larsen 1974). The structures for the above pyrimidine-

containing peptides have been proposed on the basis of a

study of their chemical and spectroscopic properties.

Purine-containing compounds

Besides the above-mentioned nucleopeptides based on

pyrimidines, some purine-containing aminonucleosides are

also known, such as puromycin (2c, Fig. 2), an antibiotic

isolated from Streptomyces alboniger, which inhibits pep-

tidyl transfer in both prokaryotic and eukaryotic ribosomes

during translation, causing the premature chain release

termination (Azzam and Algranati 1973). Even if the exact

mechanism of action of this analog of the 30 end of ami-

noacyl-tRNA (which is a nucleobase-containing aminoacyl

ester) is not clear, a key role is probably played by the

amide linkage of the 30 position instead of the normal ester

linkage present in a normal tRNA, which makes the mol-

ecule much more resistant to hydrolysis, thus causing the

ribosome machinery to stop. Furthermore, recent studies

(Oguma et al. 2009) indicated an induction of cell death in

thymic lymphoma cells, by low-dose puromycin treatment,

due to endoplasmic reticulum stress. Cystocin (2d) is

another recently discovered aminonucleoside which shares

similar properties with puromycin. However, cystocin

exhibits about two folds higher antibiotic activity than

puromycin and possesses also a significant antitumor

activity (Lee et al. 2003). The antifungal antibiotic chry-

scandin (2e), produced by Chrysosporium pannorum, is

another purine-containing peptidyl nucleoside which

resembles puromycin from the point of chemical structure.

However, a notable difference from puromycin is found in

the 3-aminoribofuranuronic acid moiety which is charac-

teristic of chryscandin. Some other differences are

observed in the biological properties of the two antibiotics.

Chryscandin is active against Candida albicans and has

low toxicity in mice, whereas puromycin is only active

against bacteria and fairly toxic in mice (Yamashita et al.

1984; Liu and Arora 2008).
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Artificial nucleobase-containing peptides

In the last decades the synthesis and the study of artificial

nucleic acids, based on a peptide skeleton, has gained a

considerable attention in the scientific community for the

possibility of achieving novel powerful molecules able to

(1) interact with natural nucleic acids or to (2) form bio-

materials, which are useful features in various biomedical

applications.

Synthesis of a-nucleopeptides

A general strategy to synthesize nucleopeptides makes use

of nucleobase-containing monomers, i.e. nucleoamino

acids, to be employed in peptide synthesis in solution, solid

phase synthesis or polycondensation reactions of carboxyl-

activated derivatives. On the other hand, nucleoamino

acids are synthesizable by strategies in which the purine or

pyrimidine ring is formed during the synthesis of the

compound (Shvachkin et al. 1982) or by methods in which

complete purines or pyrimidines are variously functional-

ized as reported for example in the scientific work of Nollet

et al. (1969). More particularly, these authors described the

synthesis of ‘‘unconventional nucleotide analogues’’, i.e.

a-amino acids (homoalanines) containing adenine, hypo-

xanthine, guanine and xanthine bases (3a, Fig. 3).

In the same year, Doel et al. used the term ‘‘nucleopep-

tide’’ to indicate peptide analogs of oligonucleotides syn-

thesized in his laboratory by using nucleobase-bearing

alanines (3b, Fig. 3; Doel et al. 1969) and 5 years later

reported the synthesis of several other nucleopeptides made

of the same ‘‘base-bearing amino acids’’ (3b) functionalized

with uracil, thymine, cytosine and adenine (Doel et al.

1974). Furthermore, Buttrey et al. (1975) described the

synthesis of homothymine polymers based on D, L-mixture

as well as optically active D and L nucleoamino acids 3b

(Buttrey et al. 1975). Three years later, Draminski and Pitha

reported the preparation of several polypeptides containing

adenine and uracil residues based on nucleobase-containing

alanines (3b) polymerized by different methods (Draminski

and Pitha 1978). Raukas et al. (1982) described some short

peptides containing basic amino acids as well as residues

carrying uracil and adenine nucleobases anchored to alanine

units (3b), which they designated by the term ‘‘nucleo-

peptides’’. Interestingly, other a-nucleopeptides realized by

alternating a-nucleoamino acids 3b with glycines were also

synthesized by Korshunova et al. (1997). Furthermore,

poly-L, D- and DL-lysine derivatives carrying nucleobases as

pendants (3c), were obtained by a polymer modification

reaction by Takemoto (1985). Returning to the issue of the

nucleobase-containing oligopeptides, Lenzi et al. (1995)

reported the synthesis of a ‘‘real chiral peptide nucleic

acid’’, as defined by the same authors, which was prepared

with a self-complementary nucleobase sequence by alter-

nating a-nucleoamino acids (3a) and proteogenic a-amino

acids. The same a-nucleoamino acids (3a), were alternated

with several proteogenic a-amino acids to give short chiral

nucleopeptides also by Yamazaki et al. (1997). Similar
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chiral nucleopeptides, containing nucleobase-functiona-

lized homoalanines (3a), were obtained by Brasun et al.

(2001) who alternated a-nucleoamino acids and glycines,

and by Matsumura et al. (2003). Another important con-

tribution to the research on nucleopeptides is the study

reported by Diederichsen (1996) on the alanyl nucleoamino

acids (3b) and the so-called ‘‘alanyl PNAs’’ synthesized

with an alternating configuration of the nucleoamino acid

residues. Furthermore, a nucleopeptide based on adeninyl

D-homoalanine (3a) alternated with thyminyl L-alanine

residues (Diederichsen and Schmitt 1996), as well as other

interesting peptide analogs of oligonucleotides were real-

ized and studied by the group of Diederichsen. In particular,

they described a series of nucleopeptides based on nucleo-

base-containing alanyl (3b), homoalanyl (3a) and norvalyl

monomers (4a, Fig. 4) in which the nucleobase was separated

from the peptide backbone by 1, 2 and 3 methylene moieties,

respectively (Diederichsen et al. 2005), and also reported

on nucleopeptides composed of both b-amino acids and

b-nucleoamino acids (4b, Weiss and Diederichsen 2007).

Further studies on nucleobase-containing alanines (3b)

were performed recently from the same research team

(Roviello et al. 2009c) who realized protected monomers

suitable for the solid phase synthesis of DNA–nucleopeptide

chimeras. The interest in nucleopeptides has increased rap-

idly in recent years as attested by the growing literature on

these analogs. For example, in a recent work Huang reported

on a novel synthetic approach to a-nucleoamino acid-

containing monomers for the synthesis of a-nucleopeptides

(Huang 2008) and, not less important, new a-nucleopep-

tides, made of a-nucleoamino acids and different a-amino

acids (Fig. 5), were presented very recently by Geotti-

Bianchini et al. (2008). In both cases the nucleopeptides of

interest were based on the repeating unit 3b.

Diamino acid-based nucleopeptides

In 1996, two different research teams reported on nucleo-

peptides based on a chiral natural diamino acid, i.e.

ornithine (6a, Fig. 6), which was functionalized with thy-

mine nucleobase through a methyl carbonyl linker by using

thymine acetic acid. More in detail, Lioy and Kessler

prepared three chiral nucleopeptides by making use of both

L- and D-ornithine nucleoamino acids by a Fmoc solid

phase synthetic strategy (Lioy and Kessler 1996), whereas

Petersen et al. reported the synthesis and the evaluation of

the RNA-binding properties of a decamer based solely on

the L-enantiomer (Petersen et al. 1996).

Subsequently, Korshunova et al. (1997) reported the

design and the synthesis of several ‘‘oligonucleopeptides’’,

i.e. d-nucleopeptides based on ornithine with an ethyl lin-

ker to the nucleobase (6b, Korshunova et al. 1997). Orni-

thine-containing d-nucleopeptides based on repeating unit

6a were also the object of researches performed by Inaki

et al. (1998), which demonstrated by CD and NMR the

presence of hydrogen-bonding between thymine and orni-

thine moieties (Inaki et al. 1998) in such nucleopeptides,

and by van der Laan et al., who in the same year prepared

several chirally-pure ornithine nucleopeptides (van der

Laan et al. 1998). Four years later Mandrugin et al.

reported the synthesis of ‘‘new hetero organic nucleopep-

tides’’, whose base sequence was complementary to spe-

cific viral mRNA regions (Mandrugin et al. 2002). Such

nucleopeptides were characterized by a d-ornithine-

backbone, with some residues carrying also free amino

groups in the linker to nucleobase (6c). In the same year a

study by Sforza et al. demonstrated the need of modified

coupling conditions to obtain by solid phase synthesis

optically pure D- or L-ornithyl d-peptides (based on 6a

moieties) which presented novel binding characteristics
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towards nucleic acids, as they demonstrated by CD spec-

troscopy (Sforza et al. 2002). More in detail, the use of

HATU as a coupling agent, and collidine (TMP) as a base,

to be added in portions and without preactivation of the

nucleoamino acid monomer, led to the lowest degree of

epimerization, as reported by Corradini et al. (2001) for

the synthesis of ornithine-containing nucleopeptides.

Subsequently, Roviello et al. reported the synthesis

of diaminobutyric acid-based and lysine-based c- and

e-nucleopeptides that were studied for their binding prop-

erties (Roviello et al. 2006, 2007, 2008a, b, 2009a). The

same research group studied also diaminobutyric-based

nucleopeptides with alternate configuration of the nucle-

oamino acid residues (Roviello et al. 2009b) as well as

alternated L-lysine/L-diaminobutyric acid nucleopeptides

(Roviello et al. 2010b). Finally, the synthesis and biolog-

ical properties of alternate 2-aminoethylglycine/L-diamin-

obutyric acid as well as 4-piperidyl glycine/L-arginine and

alpha/epsilon L-lysine-based nucleopeptides were also

described by Roviello et al. (2009d, 2010a, c).

Nucleic acid-binding properties of nucleopeptides

Besides the synthesis of nucleopeptides, particular atten-

tion was also paid to the study of their nucleic acid-binding

properties. For example, RNA-binding studies were per-

formed on polymers based on D,L-mixture as well as opti-

cally active D and L nucleobase-containing alanines (3b).

However, these studies showed that the nucleoamino acid-

containing polymers were not able to bind polyadenylic

RNA (Buttrey et al. 1975). On other hand, RNA-binding

ability was demonstrated by UV and CD spectroscopies for

other polymers containing adenine and uracil residues,

based on nucleobase-containing alanines (3b), synthesized

by Draminski and Pitha (1978). Subsequently, the study of

Raukas et al. (1982) demonstrated that short peptides

containing both basic amino acids and nucleobase-bearing

alanines (3b) were able to interact with complementary

DNA, but not with RNA. Moreover, chiral nucleopeptides

obtained by alternating the a-nucleoamino acids 3a with

different proteogenic a-amino acids bound to comple-

mentary DNA and RNA, as evidenced in studies performed

on diadenylic tetrapeptides in complex with poly dT and

poly U (Yamazaki et al. 1997).

Furthermore, d-nucleopeptides based on L-ornithine

were shown to form complexes with RNA (Petersen et al.

1996; van der Laan et al. 1998) and DNA (Sforza et al.

2002). No DNA or RNA-binding ability was found in case

of L- and D-diaminobutyric acid-based c-nucleopeptides

(Roviello et al. 2006, 2007, 2008b), whereas alternate

L-diaminobutyric acid/2-aminoethylglycine and L-diamin-

obutyric acid/L-lysine-containing nucleopeptides bound

complementary strands of both natural nucleic acids

(Roviello et al. 2010a, b). Furthermore, homothymine 4-

piperidyl glycine/L-arginine-containing nucleopeptides as

well as e-nucleopeptides, but not alternate a/e-nucleopep-

tides, based on L-lysine were shown to interact with com-

plementary RNA (Roviello et al. 2009a, d, 2010c). On the

basis of the above findings and also considering the pre-

vious studies of Diederichsen (1996) it can be concluded

that, as a general rule, in a nucleopeptide backbone iso-

morphous to DNA and RNA, six bonds of the sugar–

phosphate backbone are correlated, in terms of their length,

to two a-amino acids or equivalently to one d-amino acid

residue (but also to one 2-aminoethylglycine residue in

case of PNA). Therefore, the repeating unit of a potential

nucleic acid-binding nucleopeptide can be built by (1) an

a-amino acid pair containing a nucleobase substitution and

an unsubstituted amino acid, or (2) by another nucleobase-

containing monomer or combination of amino acids

allowing for a distance between the atoms of the nucleo-

peptide backbone which bear the nucleobases, similar to

that present in DNA (i.e. six bonds). Furthermore, the

presence of basic residues in the nucleopeptide (such as

underivatized lysines or arginines), which are known to

interact strongly with the phosphate groups of DNA or

RNA, may lead to more effective nucleopeptide/nucleic

acid interactions.

Nucleopeptide-based molecular recognition

Apart from their possible interaction with DNA and RNA,

nucleobase-containing peptides are also interesting as

materials for the possibility to form molecular networks

based on hydrogen-bonding schemes between comple-

mentary (or self-complementary) nucleopeptide strands.

This property was studied in 1985 by Takemoto who

reported not only a study on the conformation of poly-L, -D-

and DL-lysine derivatives carrying nucleobases as pendants

(3c), but also an investigation on the polymer–polymer

interactions revealing the formation of complexes by spe-

cific base pairing between complementary poly-a-lysine

polymers (Takemoto 1985). Subsequently, an oligopeptide

with a self-complementary nucleobase sequence obtained

by alternating a-nucleoamino acids (3a) and proteogenic

a-amino acids was studied by Lenzi et al. (1995) who

demonstrated the formation of a complex with a Tm of

19�C due to the self recognition of this molecule and

suggested a DNA-like self-aggregation in solution. Similar

chiral nucleopeptides, obtained by alternating a-nucleoa-

mino acids (3a) and glycines, were shown to be ligands for

Cu2? and Ni2? ions much more effective than simple

peptides. The same authors also observed the induction of

highly ordered structures based on such chiral nucleopep-

tides, formed as a consequence of the metal ion binding

(Brasun et al. 2001). Furthermore, studies on nucleopeptides
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based on alanyl nucleoamino acids (3b) revealed that

oligomers with an alternating configuration of the residues

were able to form complexes by a base recognition system

different from that of DNA, being based on unnatural base

pairs (Diederichsen 1996). Also studies on self-pairing

nucleopeptides based on adeninyl D-homoalanine (3a)

alternated with thyminyl L-alanine (3b) residues suggested

the formation of a linear, antiparallel A–T pairing complex

(Diederichsen and Schmitt 1996). The complementary

nucleobase recognition was at the basis of the research of

Matsumura et al. (2003), who described several peptides,

containing nucleobase-functionalized homoalanines (3a),

able to form interesting peptide architectures reinforced by

complementary nucleobase recognition. The interaction

between the nucleobases also led to the acceleration of the

self-replication reactions of these nucleopeptides. Further

nucleopeptides based on nucleobase-containing alanyl

(3b), homoalanyl (3a), norvalyl monomers (4a, Fig. 4)

were also examined by Diederichsen et al. (2005) and, in

particular, the stabilities of the various double strands

obtained by using these nucleopeptides were compared.

The authors concluded that side chain homology affected

the pairing selectivity because of the altered orientation of

Hoogsteen sites and also the donor/acceptor positions at

the Watson–Crick positions. Two years later Weiss and

Diederichsen reported on b-peptide helices formed by

nucleopeptides composed both of b-amino acids and

b-nucleoamino acids (4b) which showed specific base pair

recognition or non-specific hydrogen bonding/aromatic

interaction for the cases in which Watson–Crick pairing

was not permitted (Weiss and Diederichsen 2007).

PNA-nucleopeptide interactions were investigated also by

Roviello et al. (2008a), who also demonstrated the

formation of molecular networks in solutions of diamin-

obutyric acid-based c-nucleopeptides with alternate con-

figuration of residues having (1) a self-complementary

nucleobase (Roviello et al. 2009b) or (2) a homothymine

sequence in the presence of free adenine in solution

(Roviello et al. 2008b). In conclusion nucleopeptides can

form molecular complexes of different nature, thanks to the

complementary nucleobase-recognition, which can be bene-

ficial for example in promoting peptide–peptide (or protein–

protein) interaction or molecular networking in biocompati-

ble gels to be employed in drug delivery strategies.

Biological properties and hyphothesized prebiotic

role of nucleopeptides

Apart from the nucleic acid-binding ability presented by

some nucleopeptides, other biological properties (such as

cell permeability, nucleopeptide/biomolecule interaction

ability and serum stability) of this class of oligonucleotide

analogues are also interesting in view of their use in

biomedicine. For example it is possible to realize ‘‘intrin-

sically cell-penetrating nucleopeptides’’, such as those

presented recently by Geotti-Bianchini et al. (2008), made

of a-nucleoamino acids and different a-amino acids

(Fig. 5), which are water soluble, able to penetrate into cells

and reach the nucleus without giving any cytotoxic effect,

which are fundamental characteristics for increasing the

efficiency of nucleopeptide-based diagnostic and thera-

peutic strategies. Nucleopeptides can also interact with

proteins as suggested by the recent studies of Roviello et al.

(2009d) and are much more stable to enzymatic degradation

than oligonucleotides (Roviello et al. 2009a, b). Finally it is

worthy to mention that, after the detection of several

nucleobases and diamino acids (but not ribose) in meteorite

soil, diamino acid-containing nucleopeptides were pro-

posed as primordial genetic material (Meierhenrich et al.

2004; Nielsen 1993; Strasdeit 2005), perhaps delivered to

earth via meteorites. In this hypothesis nucleopeptides

would have acted as self-replicating genetic molecules, with

also a key role in the transition to the later RNA world.

Oligonucleotide-peptide conjugates

It is important to underline that the term ‘‘nucleopeptide’’

was also used in literature to indicate a class of oligonu-

cleotide conjugates which are composed of an oligonu-

cleotide part (mainly DNA) connected to a peptide

component which can facilitate the membrane transport of

the antisense or antigene moiety or can function as a cell

signalling entity or also serve as nuclease (De la Torre et al.

1994; McMinn and Greenberg 1999; Astriab-Fisher et al.

2000). A significant contribution in this field came from

Haralmbidis’s group who developed methods for the syn-

thesis of oligonucleotide–peptide chimeras containing

fusion peptides derived from the gp41 glycoprotein of HIV.

This strategy allows the preparation of conjugates com-

prising peptide moieties which facilitate the intracellular

delivery of the antisense oligonucleotides and also provide

protection against 30-exonuclease digestion (Soukchareun

et al. 1995).

In the convenient synthesis (Scheme 1) of oligonucleo-

tide–peptide conjugates reported by Soukchareun et al.

(1995), controlled pore glass (CPG) solid support, ami-

nated with (3-aminopropyl)triethoxysilane, was function-

alized with Fmoc-protected aminohexanoic acid. After

Fmoc removal, the amino terminus was reacted with the

pentafluorophenyl (Pfp) active ester of O-pixyl-4-

hydroxybutyric acid. After removal of the pixyl protecting

group, the first amino acid, was introduced as the sym-

metrical anhydride using DMAP as the catalyst. Subse-

quently, standard Fmoc peptide chemistry employing the

p-nitrophenyl esters of amino acids was used for the

remainder of the synthesis.
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After the completion of peptide assembly, the terminus

was converted to a protected aliphatic hydroxy group by

reaction with the already mentioned 4-hydroxybutyric acid

derivative. Automated DNA synthesis was then performed

directly on the derivatized peptidyl resin utilizing the

standard p-cyanoethyl phosphoramidite chemistry. Finally,

the cleavage of the peptide ester bond to liberate the oli-

gonucleotide-peptide conjugate and the removal of the

protecting groups from nucleobases were afforded by

treating the resin with aqueous concentrated ammonia,

while, after HPLC purification, the detritylation of the

conjugate was achieved by acetic acid.

Finally, it is worthy to mention the interesting examples

of peptide conjugates of oligonucleotides reported by

Turner et al. (2007) who described RNA targeting oligo-

nucleotides covalently conjugated to Penetratin or Tat cell-

penetrating peptides.

Artificial nucleobase-containing pseudopeptides

Among the artificial nucleobase-bearing pseudopeptides

described in literature, PNAs (peptide nucleic acids), pre-

sented by Nielsen et al. (1991), are the most successful

DNA analogs based on a polyamide backbone prepared to

date. These achiral oligonucleotide analogs are character-

ized by a nucleobase-containing 2-aminoethyl glycine

repeating unit (Fig. 7) in which the DNA base is anchored

to the glycine nitrogen by means of a methylene carbonyl

linker (Corey 1997; Nielsen and Egholm 1999; Egholm

et al. 1992) and, as specified also by Nielsen, can not be

considered real peptides. Nevertheless, the name ‘‘Peptide

Nucleic Acids’’ was chosen for these innovative nucleotide

molecules in order to underline their polyamide nature.

General properties of PNA

All intramolecular distances, as well as the configuration of

bases in PNA, resemble those present in natural DNA,

while the uncharged nature of PNA prevents any electro-

static repulsion during the complexation of the target.

Thus, PNAs are able to form complexes with both DNA

and RNA molecules, based on hydrogen bond formation

with high melting temperatures (as a general rule Tm of

PNA/DNA duplex in 100 mM NaCl is 1�C higher per base

pair than Tm of a DNA/DNA duplex with the same base

composition). These complexes are stable also under low

salt conditions, because no cations are needed to counteract

the interstrand repulsion typical of the duplex formation

between the two negatively charged strands of natural
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oligonucleotides. It is also important to underline that

PNAs are stable across a wide range of pH, unlike a natural

oligonucleotide which depurinates under acidic conditions,

and is also thermoresistant (Uhlmann et al. 1998). PNAs

show also a remarkable specificity in binding to comple-

mentary natural oligonucleotides; indeed a single mismatch

in a PNA/DNA duplex is more destabilizing than a DNA/

DNA mismatch. Furthermore, pyrimidine-rich PNAs form

with complementary strands of DNA, (but also RNA or

PNA) complexes characterized by a 2:1 PNA/DNA (but

also PNA/RNA or PNA/PNA) stoichiometry corresponding

to triplex structures (Betts et al. 1995, Egholm et al. 1993).

The possibility to form stable triplexes with DNA

allows PNA to ‘‘strand invade’’ DNA/DNA double helices

(Scheme 2). Another favourable aspect of PNAs resides in

the high stability toward nucleases and proteases (Demidov

et al. 1994), which is an important feature for their appli-

cability in in vivo strategies.

Synthesis of PNA

The synthesis of PNA can be performed in analogy to

peptides (Merrifield 1986), with solid phase strategies

making use of a solid support, e.g. a (methylbenzhyd-

ryl)amine polystyrene resin (Christensen et al. 1995;

Pothukanuri et al. 2008; Lee et al. 2007), and of Fmoc(9-

fluorenylmethoxycarbonyl group)-protected PNA mono-

mers in which the exocyclic amino groups of A, G and C

bear Bhoc (benzyhydryloxycarbonyl) protecting groups

which are removed at the end of the synthesis by treatment

with trifluoroacetic acid. The primary amino group in the

monomer backbone can be deprotected from the Fmoc-

group by treatment with 20% piperidine in DMF

(dimethylformamide) at the end of each coupling step.

After the synthesis is accomplished, the PNA can be

N
H

N
O

O
BFig. 7 N-(2-aminoethyl)

glycine-based repeating unit

of peptide nucleic acids

Scheme 2 Triplexes are

formed between one

homopurine DNA or RNA

strand and two sequence-

complementary PNAs. One

PNA strand binds by Watson–

Crick base pairing and the other

via Hoogsteen base pairing. The

two PNA strands can be

covalently connected to each

other by a flexible linker to

create bis-PNAs. Furthermore,

the binding can be rendered pH

independent by replacing

cytosines in the Hoogsteen

strand of modified PNAs with

pseudoisocytosines (WiC)
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cleaved from the resin by treatment with trifluoroacetic

acid and m-cresol (4/1 v/v) and precipitated by cold diethyl

ether. Subsequently, HPLC purification can be performed

and pure PNA oligomers are characterized by mass spec-

trometry (Christensen et al. 1995). Taking into account the

importance of the orthogonality of PNA synthesis with

other chemistries, Pothukanuri et al. performed a thorough

investigation of six types of protecting groups for the ter-

minal nitrogen atom and five protecting groups for the

nucleobases of PNA monomers (Pothukanuri et al. 2008).

Furthermore, the synthesis of self-activated PNA mono-

mers as well as an efficient route to PNAs using a benzo-

thiazole-2-sulfonyl group as an amine-protecting group and

an acid-activating group were also reported by Lee et al.

(2007). Since the synthesis of homothymine PNA seg-

ments, required for the construction of PNA-based triplex

structures, is plagued by the occurrence of a significant

amount of truncation products, Altenbrunn and Seitz

investigated the use of novel allyl-protected thymine PNA

monomers which provided significant improvements to the

yields with the standard protocols used in the automated

PNA synthesis (Altenbrunn and Seitz 2008). Interestingly,

the synthesis of a Fmoc/Boc pseudoisocytosine monomer

for peptide nucleic acid assembly was recently described

by Hudson and Wojciechowski (2008).

PNA modifications

Among the many possible modifications, PNA can be

derivatized by insertion of lysine or cysteine amino acids in

the pseudopeptide skeleton (Dueholm et al. 1994, Thomson

et al. 1995). Furthermore, bis-PNA can be prepared by

connecting two PNA strands by a flexible linker such as the

6-aminohexanoic acid (Egholm et al. 1995). Further

remarkable characteristics come from the modification of

the PNA skeleton by DNA tracts as reported in the case of

the so-called PNA–DNA chimeras that can be assembled in

solution by ligation of pre-assembled PNA and DNA

molecules, or alternatively by solid phase synthesis making

use of suitable linkers (Uhlmann et al. 1998, Musumeci

et al. 2004).

Applications of PNA in molecular biology

and medicine

PNAs can be used as therapeutic drugs in antigene and

antisense strategies (Hanvey et al. 1992; Nielsen et al.

1993; Nielsen 1999a). In an antigene approach, PNAs are

designed to hybridize to complementary DNA sequences in

a particular gene. The structural hindrance, due to the

strand invasion of DNA, blocks the activity of the pro-

karyotic/eukaryotic RNA polymerase interfering with the

transcription of the gene of interest (Nielsen et al. 1994).

Of course, since PNA2DNA triplexes are formed only with

polypyrimidine PNA, a polypurine tract must be present in

the gene to be targeted. In an antisense strategy, PNA are

used to inhibit the translation of complementary mRNA.

Both duplex and triplex-forming PNA molecules can

inhibit the translation at initiation codon targets but only

triplex-forming PNAs can be used to cause the translation

elongation arrest (Knudsen and Nielsen 1996). PNA–

peptide conjugates, able to penetrate into cells, were used

in anticancer applications in which they inhibited telome-

rase activity in human melanoma cells and tumour speci-

mens (Villa et al. 2000). PNAs find application also as

tools for molecular biology and functional genomics

(Nielsen 1999b). For example, they can be used in com-

bination with a nuclease as an ‘‘artificial restriction

enzyme’’. Indeed, PNAs can be designed and prepared to

hybridize a complementary target on a DNA duplex via a

strand invasion mechanism. The single-stranded DNA

fragments looped out by the PNA are thus easily degraded

by the nuclease employed in combination with the PNA in

this strategy (Demidov 2001). Futhermore, short PNA

sequences, preferably bis-PNAs, in combination with

methylation and restriction enzymes can be used as rare

genome cutters. The PNA molecule will shield the host site

on DNA from enzymatic methylation, whereas the other

regions of DNA will be methylated. The methylation will

protect from enzymatic digestion all DNA sites except

those regions previously bound to PNA (Veselkov et al.

1996). PNAs can be used also for PCR amplification.

Indeed, PNAs do not interact with DNA polymerase but are

able to terminate the elongation of oligonucleotide primers

by competing with them or binding to the template

(Demers et al. 1995). Interestingly, PNA–DNA chimeras

show interaction with DNA polymerase and find applica-

tion as primers for PCR reactions (Fiandaca et al. 2001).

Due to their high binding affinity, PNA can also be used to

detect single base pair mutation by PCR (Orum et al.

1993). PNA can also be employed in an improved version

of the southern hybridization technique, which is daily used

in molecular biology to predict sequence and size charac-

teristics of DNA. With respect to the conventional tech-

nique, the use of PNA in southern hybridization allows a

much faster analysis (Perry-O’Keefe et al. 1996). PNAs

also find application in the purification of target nucleic

acids, as in the case of PNA carrying six histidines which

are used in combination with nickel affinity columns

(taking advantage of the affinity of nickel for the histidine

tag) or biotinylated PNA with streptavidin-coated magnetic

beads (Orum et al. 1995; Kerman et al. 2004). Besides all

the innovative PNA applications heretofore cited, it is also

worth mentioning the PNA molecular beacons and more

particularly the stemless PNA beacons (Scheme 3), which

are less sensitive to ionic strength than DNA molecular
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beacons and do not present important drawbacks, such as

the influence of DNA-binding proteins on the quenched

fluorescence (Ortiz et al. 1998; Socher et al. 2008).

Moreover, PNA-based chips are also known to present a

number of advantages with respect to oligo-DNA chips,

being fast, reusable and presenting high accuracy and

reproducibility as well as a longer storage than traditional

DNA chips (Brandt and Hoheisel 2004). Another interest-

ing application of PNAs was given in the recent study of

Corriveau et al. (2009), which describes the detection of

Staphylococcus aureus within nasal tissue collected in

patients with chronic rhinosinusitis using the peptide

nucleic acid-fluorescence in situ hybridization (PNA-FISH)

technique (Corriveau et al. 2009).

Drawbacks of PNA and development of analogues

with improved properties

Besides the many positive characteristics of PNA, some

drawbacks of these powerful biomimetics should also be

considered. Indeed, PNAs are poorly soluble in water and

have a certain tendency to aggregate. Furthermore, PNAs

penetrate with difficulty into the cell membrane. However,

the introduction of charged amino acids can give some

improvements in the solubility of PNAs (Zhou et al. 2003;

Katritzky and Narindoshvili 2008) and, as in the case of

PNAs modified with arginines, can facilitate the cell uptake

(Dragulescu-Andrasi et al. 2006; Calabretta et al. 2009).

Among the many PNA analogues with improved properties

(Corradini et al. 2007; Wojciechowski and Hudson 2007),

Oxy-peptide nucleic acids (OPNAs), introduced by

Kuwahara et al. (1999), are oligonucleotide analogs con-

taining ether linkages in the main chain. These nucleobase-

containing pseudopeptides, characterized by a better water

solubility than PNAs, are able to bind complementary

DNA molecules (Kuwahara et al. 1999, Kitamatsu et al.

2002). Not less importantly, PNA conjugated with specific

peptides, which can be obtained by automated orthogonal

microwave synthesis (Svensen et al. 2008), but also with

antibodies and steroids, have also been used to improve the

PNA delivery efficiency (Simmons et al. 1997; Boado et al.

1998; Rebuffat et al. 2002).

Conclusions

The present work gives an overview of nucleobase-con-

taining peptides. This interesting class of chimeric mole-

cules includes some natural molecules with antimicrobial

activity as well as many synthetic biomimetics prepared

with the aim of conjugating the nucleic acid-binding ability

of oligonucleotides with other characteristics, such as the

chemical and thermal stabilities, typical of peptides. Not all

of the nucleopeptides obtained to date showed the

favourable hybridization properties found in the case of

PNA, a potent nucleo-pseudopeptide which currently finds

important applications in the field of medicine. In any case,

some PNA limitations, such as insolubility and poor cell

permeability, need to be overcome, for example by the

chemical modification of the aminoethylglycine backbone

or the design and the preparation of novel nucleopeptides

which will increase the potential of nucleobase-containing

peptides in many areas of biology and therapy.
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Roviello GN, Gröschel S, Pedone C, Diederichsen U (2009c)

Synthesis of novel MMT/acyl-protected nucleo alanine mono-

mers for the preparation of DNA/alanyl-PNA chimeras. Amino

Acids. doi:10.1007/s00726-009-0324-x

Roviello GN, Gaetano SD, Capasso D, Cesarani A, Bucci EM,

Pedone C (2009d) Synthesis, spectroscopic studies and biolog-

ical activity of a novel nucleopeptide with Moloney murine

leukemia virus reverse transcriptase inhibitory activity. Amino

Acids. doi:10.1007/s00726-009-0361-5

Roviello GN, Musumeci D, De Cristofaro A, Capasso D, Di Gaetano

S, Bucci EM, Pedone C (2010a) Alternate dab-aegPNAs:

synthesis, nucleic acid binding studies and biological activity.

Mol Biosyst 6:189–195

Roviello GN, Musumeci D, Pedone C, Bucci EM (2010b) Synthesis,

characterization and hybridization studies of an alternate nucleo-

epsilon/gamma-peptide: complexes formation with natural

nucleic acids. Amino Acids 38:103–111

Roviello GN, Crescenzo C, Capasso D, Di Gaetano S, Franco S,

Bucci EM, Pedone C (2010c) Synthesis of a novel Fmoc-

protected nucleoaminoacid for the solid phase assembly of

56 G. N. Roviello et al.

123

http://dx.doi.org/10.1007/s00726-009-0324-x
http://dx.doi.org/10.1007/s00726-009-0361-5


4-piperidyl glycine/L-arginine-containing nucleopeptides and

preliminary RNA interaction studies. Amino Acids. doi:10.1007/

S00726-010-0532-4

Sandovsky-Losica H, Shwartzman R, Lahat Y, Segal E (2008)

Antifungal activity against Candida albicans of nikkomycin Z in

combination with caspofungin, voriconazole or amphotericin B.

J Antimicrob Chemoth 62:635–637

Sforza S, Galaverna G, Dossena A, Corradini R, Marchelli R (2002)

Role of chirality and optical purity in nucleic acid recognition by

PNA and PNA analogs. Chirality 14:591–598

Shvachkin YP, Mishin GP, Korshunova GA (1982) Advances and

prospects in the chemistry of nucleoaminoacids and nucleopep-

tides. Russ Chem Rev 51:178–188

Simmons CG, Pitts AE, Mayfield LD, Shay JW, Corey DR (1997)

Synthesis and permeability of PNA-peptide conjugates. Bioorg

Med Chem Lett 7:3001–3007

Socher E, Bethge L, Knoll A, Jungnick N, Herrmann A, Seitz O

(2008) Low-noise stemless PNA beacons for sensitive DNA and

RNA detection. Angew Chem Int Ed Engl 47:9555–9559

Soukchareun S, Tregear GW, Haralambidis J (1995) Preparation and

characterization of antisense oligonucleotide-peptide hybrids

containing viral fusion peptides. Bioconj Chem 6:43–53

Strasdeit H (2005) New studies on the Murchison meteorite shed light

on the pre-RNA world. Chembiochem 6:801–803

Svensen N, Diaz-Mochon JJ, Bradley M (2008) Microwave-assisted

orthogonal synthesis of PNA–peptide conjugates. Tetrahedron

Lett 49:6498–6500

Takemoto K (1985) Nucleic acid analogs: conformation and their

functionalities Macromol. Chem Suppl 12:293–301

Thomson SA, Josey JA, Cadilla R, Gaul MD, Hassman CF, Luzzio

MJ et al (1995) Fmoc mediated synthesis of peptide nucleic

acids. Tetrahedron 51:6179–6194

Toure BB, Hall DG (2009) Natural product synthesis using

multicomponent reaction strategies. Chem Rev 109:4439–4486

Turner JJ, Jones S, Fabani MM, Ivanova G, Arzumanov AA, Gait MJ

(2007) RNA targeting with peptide conjugates of oligonucleo-

tides, siRNA and PNA. Blood Cells Mol Dis 38:1–7

Uhlmann E, Peyman A, Breipohl G, Will D (1998) PNA: synthetic

polyamide nucleic acids with unusual binding properties. Angew

Chem Int Ed 37:2796–2823

van der Laan AC, van Amsterdam I, Tesser GI, van Boom JH, Kuyl-

Yeheskiely E (1998) Synthesis of chirally pure ornithine based

PNA analogues. Nucleoside Nucleotide Nucleic Acid 17:219–

231

Veselkov AG, Demidov V, Nielsen PE, Frank-Kamenetskii MD

(1996) A new class of genome rare cutters. Nucleic Acids Res

24:2483–2487

Villa R, Folini M, Lualdi S, Veronese S, Daidone MG, Zaffaroni N

(2000) Inhibition of telomerase activity by a cell-penetrating

peptide nucleic acid construct in human melanoma cells. FEBS

Lett 473:241–248

Weiss A, Diederichsen U (2007) Uniformly nucleobase functional-

ized ß-peptide helices: Watson–Crick pairing of non-specific

aggregation. Eur J Org Chem 5531–5539

Wojciechowski F, Hudson RHE (2007) Nucleobase Modifications in

Peptide Nucleic Acids. Curr Top Med Chem 7:667–679

Yamaguchi H, Tanaka N (1966) Inhibition of protein synthesis by

blasticidin S. II. Studies on the site of action in E. coli
polypeptide synthesizing systems. J Biochem 60:632–642

Yamashita M, Tsurumi Y, Hosoda J, Komori T, Kohsaka M, Imanaka

H (1984) Chryscandin, a novel peptidyl nucleoside antibiotic. I.

Taxonomy, fermentation, isolation and characterization. J Anti-

biot 37:1279–1283

Yamazaki T, Komatsu K, Umemiya H, Hashimoto Y, Shudo K,

Kagechika H (1997) Dinucleotide-analogous tetrapeptides. Spe-

cific triplex formation with complementary polynucleotides.

Tetrahedron Lett 38:8363–8366

Zhou P, Wang M, Du L, Fisher GW, Waggoner A, Ly DH (2003)

Novel binding and efficient cellular uptake of guanidine-based

peptide nucleic acids (GPNA). J Am Chem Soc 125:6878–6879

Nucleobase-containing peptides 57

123

http://dx.doi.org/10.1007/S00726-010-0532-4
http://dx.doi.org/10.1007/S00726-010-0532-4

	Nucleobase-containing peptides: an overview  of their characteristic features and applications
	Abstract
	Introduction
	Natural nucleobase-containing peptides
	Pyrimidine-containing compounds
	Purine-containing compounds

	Artificial nucleobase-containing peptides
	Synthesis of  alpha -nucleopeptides
	Diamino acid-based nucleopeptides
	Nucleic acid-binding properties of nucleopeptides
	Nucleopeptide-based molecular recognition
	Biological properties and hyphothesized prebiotic  role of nucleopeptides
	Oligonucleotide-peptide conjugates

	Artificial nucleobase-containing pseudopeptides
	General properties of PNA
	Synthesis of PNA
	PNA modifications
	Applications of PNA in molecular biology  and medicine
	Drawbacks of PNA and development of analogues  with improved properties

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


