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DNA with Artificial Base Pairs

Jürg Hunziker* and Gérald Mathis

Abstract: The introduction of a single base pair with the electronically complementary base surrogates phenyl- (P) 
and pentafluorophenyl-deoxyriboside (F5) into DNA oligonucleotides leads to a strong decrease in duplex stability. 
Longer stretches with alternating P-F5 pairs can lead to duplexes with increased stability as compared to their 
counterparts with natural A-T base pairs. Optimization of the steric and electronic properties of the P-F5 pair by 
replacing the phenyl residue with naphthalene, anisole or thioanisole leads to an increase in stability. Complemen-
tary charge distribution thus represents a novel design principle for artificial DNA base pairs. These results also 
highlight the importance of favorable intrastrand stacking interactions in the thermodynamic stabilization of oligo-
nucleotide duplexes. A combination with favorable interstrand stacking could lead to a set of orthogonal, non-hy-
drogen bonded base pairs. Such artificial pairing systems could be used in many ways. By gradually changing the 
composition of linearly stacked artificial bases interesting electronic, photophysical and magnetic properties could 
result. The quasi one-dimensional arrangement of charge transfer complexes might pave the way for applications 
of the nucleic acid scaffold in material science. 
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PCR primers or sequencing, or applications 
of the nucleic acid scaffold in material sci-
ence.

In their pioneering work, Benner and 
coworkers [1–4] synthesized several un-
natural nucleosides with altered hydrogen 
bonding schemes of the nucleobases (Fig. 
1). They also successfully demonstrated 
that oligonucleotides containing such al-
tered nucleobases can be replicated [2][5] 
as well as translated into proteins with un-
natural amino acids in vitro [3]. At the same 
time, Rappaport investigated the Th-Gs base 
pair which resembles a C-G pair with only 
two hydrogen bonds. This system, howev-
er, suffers from interfering misinsertion of 
unmodified C opposite Gs during the rep-
lication with DNA polymerases [6]. More 
recent studies have utilized a combined 
strategy involving steric effects and hydro-
gen bonding groups. These y-x and y-s base 
pairs, which have been designed by Yo-
koyama et al., are enzymatically replicable 
as well [7–9]. A different approach toward 
altered hydrogen bond patterns was devel-
oped by Matsuda and co-workers [10][11]. 
They synthesized extended purine and py-
rimidine base analogs with the capacity to 
form four hydrogen bonds (Fig. 1). Along 
similar lines, Kool and co-workers recently 
reported an artificial eight-base pairing sys-
tem that relies on the regular Watson-Crick 
hydrogen bonding scheme but with steric 
restriction [12][13]. They demonstrated that 
the benzo-homologated forms of the canon-
ical nucleobases, xA, xC, xG, and xT (Fig. 

1), pair with their respective natural coun-
terparts thereby forming a right-handed du-
plex with a diameter approximately 2.4 Å 
larger than that of regular DNA. Whether 
oligonucleotides in these latter two ap-
proaches are enzymatically replicable has 
not been investigated so far. 

A different design strategy has been 
pursued in a number of laboratories 
wherein artificial DNA base pairs are held 
together by metal coordination instead of 
hydrogen bonds. Meggers et al. have de-
signed a base pair with a pyridine-2,6-di-
carboxylate nucleobase (Dipic) as a planar 
tridentate ligand, and a pyridine nucleo-
base (Py) as the complementary single do-
nor ligand (Fig. 2) [14]. This system shows 
Cu2+-dependent pairing with the same lev-
el of stability as an A-T base pair. Another 
version of a metallo-base pair, the SPy-SPy 
base pair, which has higher stability than 
a G-C pair in the presence of one equiva-
lent of Ag+ and high selectivity, was later 
reported by the same group [15]. Shionoya 
and co-workers have recently reported a 
Ag(I)-mediated Py-Py base pair [16]. This 
base pair is more stable than an A-T pair 
but only in the presence of Ag+, not other 
metals. Similarly, Weizman and Tor in-
troduced a 2,2ʹ-bipyridine (Bpy) nucleo-
side inside a DNA duplex. The Tm of the 
Bpy-Bpy-containing DNA was the same 
as the corresponding natural oligonucle-
otides. Upon addition of 1 Equiv. of Cu2+ 
to the duplex, a significant increase in the 
Tm value was observed [17]. These stud-
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Artificial Nucleic Acid Base Pairs

The storage, replication, and translation 
of biological information are based on the 
specific formation of the hydrogen-bonded 
Watson-Crick A-T(U) and G-C base pairs. 
The generation of unnatural base pairs with 
thermal stability comparable to that of A-
T(U) and G-C but orthogonal coding capac-
ity would significantly expand the biologi-
cal and physicochemical potential of DNA 
and/or RNA. One might, for instance, en-
visage the incorporation of unnatural amino 
acids into proteins through the expansion 
of the genetic code, fluorescent labeling of 
nucleic acids, the use of universal bases in 
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ies demonstrate that metal coordination is 
typically stronger than hydrogen bonding 
but the corresponding duplexes can still 
thermally be denatured. Other nucleoside 
ligands in this category include aniline hy-
droxypyridone and porphyrins [18–22]. 

A third category constitutes hydro-
phobic base pairs which neither display 
complementary hydrogen bond patterns 
nor metal chelation. These new base pairs 
can stabilize DNA duplexes solely by shape 
complementarity and intra- or interstrand 
π-stacking. Surprisingly, they can still be 
replicable by DNA-polymerases in some 
cases. Such hydrophobic bases have been 
utilized as fluorescent probes or universal 
base analogs as well.

Kool described the first base pair be-
tween non-hydrogen bonding bases Z and 
F (Fig. 3), observing selectivity between 
these hydrophobic molecules [23]. This 
Z-F base pair can be regarded as a nonpo-
lar isoster of the A-T base pair. As such, 
the F base preferably leads to the incor-
poration of A in the opposite strand in a 
bacterial system [24]. Another example, 
developed by Matrey and Kool, is the py-
rene and abasic site (Py-Ab) pair (Fig. 3) 
which can stabilize the DNA duplex by 
the base stacking and geometric fit alone 
[25]. Py-Ab is not a base pair in a strict 
sense since pyrene occupies the space of a 
full natural base pair. Nevertheless, it can 
be replicated by DNA polymerases [27]. 
Besides pyrene, deoxyribosides of other, 
unsubstituted aromatic systems, such as 
benzene, naphthalene, and phenanthrene, 
have been synthesized to study the influ-
ence of aglycon size on the stabilization of 
DNA duplexes by π-stacking [27]. Schul-
tz, Romesberg and co-workers have also 
synthesized unnatural hydrophobic base 
pairs such as PICS-PICS (Fig. 3). Again, 
this base pair can be replicated by DNA 
polymerases with high selectivity although 
termination of polymerization is observed 
after the insertion of the unnatural base 
[28][29]. Another example which high-
lights the importance of π-stacking in the 
stabilization of DNA has been developed 
by Leumann and co-workers [30][31]. In 
these studies, the Bpy-Bpy base pair (Fig. 
3) stabilizes the duplex more than natu-
ral base pairs mainly due to the stacking 
between the exterior pyridine rings of the 
Bpy residues. A Bpy-Ab pair is less stable 
than the Bpy-Bpy pair which has better 
aromatic stacking contacts. An unnatural 
hydrophobic base pair with shape com-
plementarity between pyrrole-2-carbal-
dehyde (Pa) and 9-methylimidazol[(4,5)-
b]pyridine (Q) was recently developed by 
Yokoyama and co-workers (Fig. 3) [32]. 
This new Q-Pa base pair displays high 
specificity during enzymatic replication 
and leads to full length products.

Fig. 1. Structures of unnatural base pairs with altered arrangement of hydrogen bond donors and 
acceptors. R = 2ʹ-deoxyribofuranose.

Fig. 2. Structures of unnatural base pairs held together by metal-ligand interactions. R = 2ʹ-
deoxyribofuranose.
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Nucleic Acid Base Pairs Based on 
Charge Complementarity

Based on the finding that hydropho-
bic effects can be exploited in addition to 
complementary hydrogen bonding to cre-
ate novel base pairs summarized above, we 
proposed the incorporation of the penta- 
fluorophenyl- and phenyl-C-deoxyribo-
sides shown in Fig. 4 into synthetic oli-
godeoxynucleotides. In addition to purely 
hydrophobic interactions governing the se-
lective mutual recognition of artificial nu-
cleobases, a F5-P base pair might be favored 
by the complementary charge distribution 
of the two aromatic rings. The consecu-
tive alternating alignment of pentafluoro-
phenyl and phenyl residues might result in 
very strong columnar π-stacking as seen in 
charge transfer complexes of mixtures of 
electron-rich and electron-poor aromatic 
compounds as displayed in the prototypic 
1:1 aggregate formed by hexafluoroben-
zene and benzene [33][34].

Extending this design approach, we 
also synthesized the novel building blocks 
shown in Fig. 5. The larger aromatic resi-
dues present in these should on one hand 
increase the backbone distance since a F5-P 

pair presumably has a shorter distance than 
that of a natural purine-pyrimidine base 
pair. On the other hand, these new base 
surrogates are more electron-rich than the 
original phenyl residue and should thus 
lead to enhanced stacking interactions in 
conjunction with the electron-poor penta-
fluorophenyl residue.

In order to analyze the stability of the 
new base pairs, several series of oligonu-
cleotides have been synthesized in good 
efficiency by the phosphoramidite method. 
The ensuing pairing experiments showed 
that a single modified F5-P base pair led to 
a strong decrease in duplex stability com-
pared to the natural base pairs [35]. Never-
theless, when the phenyl base was replaced 
by naphthyl, anisyl or thioanisyl residues, a 
relative increase in duplex stability was ob-
served. Moreover, the stability of the novel 
F5-P base pairs is comparable to that of par-
tially hydrogen-bonded base mismatches 
whereas the stability of F5-N1, F5-N2, F5-A2 
and F5-T2 base pairs are comparable to that 
of the doubly hydrogen-bonded mismatch-
es A-G and G-G as well as the wobble pair 
G-T [36]. These results highlight the influ-
ence of the size of the aromatic moiety op-
posite F5, presumably through a reduction 
of sugar-phosphate backbone distortions, 
and the influence of electronic factors on 
intrastrand and interstrand base-base inter-
actions.

Surprisingly, a self-complementary du-
plex containing four alternative F5-P base 
pairs in a row was more stable than the nat-
ural counterpart with four A-T pairs. In this 
case, a duplex was formed at concentration 
above 3 μM. Below this threshold a mono-
molecular structure, presumably a hairpin, 
is predominant. The other self-complemen-
tary 10-mers duplexes preferred a mono-
molecular structure with constant Tm up 
to much higher concentration. To by-pass 
problems associated with self-complemen-
tarity, we have synthesized a series of non-
self complementary 15-mers duplexes. The 
results of these experiments were that the 
duplexes containing the modified base are 
less stable than the duplexes with natural 
base pairs. However, the duplexes contain-
ing the F5-N1 and F5-N2 are more stable than 
the duplexes containing F5-P base pairs. We 
also observed a decrease of ΔTm when the 
number of modified base pairs increased, 
which can be explained by the stabilization 
via favorable intrastrand π-stacking be-
tween aromatic residues of complementary 
electron density. However, no increase in 
Tm was observed when four consecutive or 
alternatingly arranged modified base pairs 
are introduced into the duplexes which 
seems to be a special case of the 10-mer 
self-complementary system.

The decrease in the stability of these du-
plexes containing one or several modified 
base pairs was addressed in a recent study 
by Kool and co-workers [37]. The authors 
argue that the pentafluorophenyl residue 
might induce a steric twist to the glycosidic 
bond which may distort the neighboring 
nucleobases as well. Indeed, duplexes with 
tetrafluorophenyl-C-deoxyribosides (F4) 
displayed increased stabilities. Further-

Fig. 3. Structures of unnatural base pairs relying on hydrophobic interactions for selective recognition. 
R = 2ʹ-deoxyribofuranose.

Fig. 4. The complementary charge distribution in the phenyl and pentafluorophenyl residues of the 
2ʹ-deoxyribosides P and F5 may lead to favorable edge-to-edge contacts between these two base 
surrogates similar to the arrangement of benzene and hexafluorobenzene molecules in their solid 
aggregate [33]

Fig. 5. Molecular structures of aromatic C-
deoxyribosides which have been prepared to 
investigate base stacking interactions with the 
pentafluorophenyl-deoxyriboside F5



MODIFIED OLIGONUCLEOTIDES 783
CHIMIA 2005, 59, No. 11

more, dipole-dipole interactions – which 
are quite different for F4 and F5 – may be 
equally important for energetically favor-
able base-base contacts in addition to the 
dispersive van der Waals attraction.

In conclusion, complementary charge 
distribution as in the duplexes analyzed 
here represents a novel design principle for 
artificial base pairs. The results from this 
study highlight the importance of favorable 
intrastrand stacking interactions in the ther-
modynamic stabilization of oligonucleotide 
duplexes. These effects could still be opti-
mized by using tetrafluorophenyl instead of 
pentafluorophenyl residues as the electron-
deficient pairing partner. Moreover, the use 
of another non-hydrogen bonded base pair, 
Py-Ab, in addition to the P-F5 pairs could 
aid in the development of DNA-like du-
plexes devoid of hydrogen bonds defining 
strand complementarity and holding the 
single strands together. Such an artificial 
pairing system could be used in many ways. 
By gradually changing the composition of 
linearly stacked artificial bases interesting 
electronic, photophysical and magnetic 
properties could result. The quasi one-di-
mensional arrangement of charge trans-
fer complexes might pave the way for the 
application of the nucleic acid scaffold in 
material science.

DNA with Artificial Bases in 
Molecular Electronics

In 1974, Aviram and Ratner proposed a 
molecule in which a tetrathiofulvalene do-
nor was linked covalently through a bridge 
to tetracyanoquinodimethide thus generat-
ing a molecular rectifier [38]. Since then a 
wealth of molecular electronic devices has 
been developed, e.g. molecular switches, 
memory elements, electrodes, solar cells, 
sensors, diodes. A particularly elaborate 
example of an artificial photosynthetic re-
action center is shown in Fig. 6 [39].

It is evident from this example that syn-
thesis becomes a limiting factor the more 
complex molecular electronic devices grow. 
In most cases the inherent difficulties associ-
ated with C–C bond forming reactions pre-
clude their use in the assembly of molecules 
with a molecular weight in excess of roughly 
1000 Da. Even when changing to the most 
efficient covalent bond forming processes, 
the slow kinetics of large molecules put a 
limit to the degree of complexity achievable. 
– As in many other areas of chemistry, it is 
often useful to look at solutions to a particu-
lar problem provided by nature. Nucleic ac-
ids and proteins are formidable precedents 
for the organization of functional subunits 
into a larger supermolecule. Over the past 
40 years, chemists have developed the most 
efficient procedures known for the synthe-
sis of these classes of macromolecules. In 

solid-phase DNA synthesis repetitive cou-
pling yields in excess of 99% are routinely 
achieved. It seems therefore fair to say that a 
system based on the oligonucleotide or pep-
tide assembly strategy would make an ideal 
platform for sophisticated molecular elec-
tronic devices. The possibility to synthesize 
an oligomer chain one monomer at a time 
allows for the synthesis of spatially con-
trolled assemblies with graded properties. In 
fact, α-amino acids with electron donor and 
acceptor groups or porphyrin units attached 
to the sidechains have been assembled into 
peptide based molecular rectifiers or pho-
tonic wires [40][41].

A problem associated with the use of 
short peptide-like oligomers, however, 
is control of the secondary structure and 
hence the three-dimensional orientation 
of the electronically or photonically active 
substituents. A more rigid and preorganized 
scaffold would be needed. Double-stranded 
DNA is exactly such a system. The combi-
nation of two complementary single strands 
into a structurally uniform rod-like double 
helix allows for a persistence length of sev-
eral dozen nanometers.

Effective charge transport has not only 
been demonstrated for conjugated organic 
polymers but also crystalline or discotic 
liquid crystalline systems composed of ar-
omatic organic compounds [42][43]. Con-
ductivity in these systems has been attrib-
uted to the formation of π-stacked columns 
of the aromatic residues and charge trans-
port is most effective when the materials are 
doped to create mixed-valence states [44]. 
Such a π-stack is also present in double- 
helical DNA. However, the notion that DNA 
may act as a molecular wire has recently 
been dismissed based on unequivocal ex-
perimental evidence [45]. Effective charge 
transport is only viable over very short 
distances. DNA behaves more like a large 
bandgap semiconductor [46]. Nevertheless, 

the idea that the π-stacked nucleobases con-
stitute an electronically coupled ensemble 
with energy or charge transport capabilities 
is stimulating. Obviously, one would have 
to replace the hard to oxidize or reduce nat-
ural nucleobases with artificial ones which 
still undergo selective base-pairing.

Starting from the observed trend in the 
reduction potential of the natural bases (T < 
C < A < G) the π-system of thymine could 
be extended and more electron-withdrawing 
substituents could be incorporated to lower 
its reduction potential further. Naphthalene 
diimide represents such an extended thy-
mine (Fig. 7). It could undergo base-pairing 
with itself or with adenine and 2,6-diamino-
purine. Whether the increased size of such 
base-pairs would still be compatible with 
natural deoxyribose-phosphate backbone 
remains to be seen. The example of xDNA 
mentioned above indicates that dsDNA 
may be more tolerant in this respect than 
previously thought. Alternatively, a pairing 
system with a much larger helical pitch, 
such as pRNA may be better suited [47].

Such a potential charge or energy carrier 
base moiety would need to be complement-
ed by at least one other building block with 
differing electronic characteristics either to 
introduce directionality or to create alter-
nating charge transfer base stacks. Partial 
realizations of such a system have recently 
been reported. Kool and co-workers created 
homo- as well as heterooligomers of de-
oxyribosides with different fluorescent base 
surrogates [48][49]. Through screening of a 
small library of bead-bound single-stranded 
tetramers with four different building blocks 
they could identify sequences with fluores-
cence intensities or emission wavelengths 
different from the monomeric units which 
make them up. Finally, Bouamaied and Stulz 
communicated an approach with porphyrins 
stacked in the major groove of DNA through 
covalent attachment to thymidine [50]. 

Fig. 6. This donor(1)-bridge-donor(2)-bridge-acceptor molecule acts as a mimic of photosynthetic 
solar energy transduction [39]
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– Without doubt, DNA will further prove its 
versatility in the assembly of sophisticated 
molecular electronic systems in the future.
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Fig. 7. For the application of DNA in molecular electronic devices the hard to oxidize or reduce natural 
bases could be replaced by extended aromatic systems like naphthalene diimide which mimics 
the hydrogen bond pattern of thymine. The distances are obtained from semiempirical geometry 
optimization calculations. R = 2’-deoxyribofuranosyl or ribopyranosyl residues.
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