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1. Introduction

The chemical synthesis of complex modified biomolecules
allows for the development of tools for the study of
fundamental questions regarding the evolution and function
of living systems. Thus, it can be seen as an important part of
the discipline of synthetic biology, an interdisciplinary field
that brings together chemistry, biology, and biotechnology to
design and engineer biological systems.[1] As a consequence of
their fundamental significance in all living organism, nucleic
acids and their modifications have become the focus of many
research groups. In addition to the naturally occurring
noncanonical nucleobases,[2] many examples of non-natural
bases and base pairs have been described and reviewed,[3–6]

including nucleobase shape mimics,[4] hydrophobic pairs,[5]

metal-mediated base pairs,[6] and base pairs with altered
hydrogen-bonding motifs.[7]

A special role in this context is taken by the concept of
size-expanded nucleobases and their incorporation into novel
genetic sets (for earlier reviews see Refs. [3, 8]). New genetic
sets are able to test the basic chemical questions of life: is the
Watson–Crick DNA architecture[9] the only viable one, or can

other structures function as well?
Working outside the constraints of
purine–pyrimidine geometry gives
more flexibility in molecular designs
to address these questions. As will be
discussed in detail below, the increased
dimensions of size-expanded nucleo-

bases confer useful properties, such as high binding affinity,
high helix stability, and fluorescence. These properties are
interesting for directly addressing bioanalytical questions and
they are also potentially useful for the development of new
biotechnological tools. Several research groups have ad-
dressed this topic and worked out different concepts for size-
expanded genetic sets containing nucleobases and pairs larger
than the natural ones. These studies are outlined and
discussed in this Minireview.

2. Synthesis, Properties, and Applications of Size-
Expanded Nucleobases in DNA

2.1. Benzo-Homologation: xDNA and yDNA

A prominent strategy for expanding the size of a nucleo-
base is benzo-homologation. By addition of a benzene ring,
a bicyclic purine is converted into a three-ring analogue, and
a monocyclic pyrimidine into a bicyclic structure. This
concept was first introduced by Leonard et al. nearly four
decades ago when they prepared a “stretched out” analogue
of adenine as well as the corresponding ribonucleoside.[10] The
latter was used to probe ATP-dependent enzymes,[11] but was
not studied in DNA (indeed, Leonard et al. considered it too
large for DNA).

We describe in this Minireview the synthesis, properties, and appli-
cations of artificial genetic sets built from base pairs that are larger
than the natural Watson–Crick architecture. Such designed systems are
being explored by several research groups to investigate basic chemical
questions regarding the functions of the genetic information storage
systems and thus of the origin and evolution of life. For example, is the
terrestrial DNA structure the only viable one, or can other archi-
tectures function as well? Working outside the constraints of purine–
pyrimidine geometry provides more chemical flexibility in design, and
the added size confers useful properties such as high binding affinity
and helix stability as well as fluorescence. These features are useful for
the investigation of fundamental biochemical questions as well as in
the development of new biotechnological, biomedical, and nano-
structural tools and methods.

[*] Dr. M. Winnacker, Prof. Dr. E. T. Kool
Department of Chemistry, Stanford University
Stanford, CA 94305 (USA)
E-mail: kool@stanford.edu

.Angewandte
Minireviews E. T. Kool and M. Winnacker

12498 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 12498 – 12508



Inspired by this work, our research group has designed
and studied a complete set of benzo-homologated (“xDNA”)
deoxyribonucleosides.[12] This benzo-homologation leads to
a 2.4 � expansion of the nucleobases. Figure 1 A shows the

structures of the size-expanded nucleosides dxA, dxT, dxG,
and dxC (1–4) in comparison to the natural nucleosides dA,
dT, dG, and dC. Figure 1B shows space-filling models of the
size-expanded nucleobases with calculated electrostatic po-
tentials mapped on the surfaces. It is important that the four
structures have analogous lengths and angular shifts in the
hydrogen-bonding faces of the bases, thus enabling the
formation of a regular helical conformation when paired.
Furthermore, given their similar electrostatic charges, they
are expected to retain the native hydrogen-bonding potential
and thus pair normally with complementary nucleobases (see
below).[12]

Synthetic procedures for the preparation of 1, 2, 3, and 4
as well as for their corresponding phosphoramidite deriva-
tives for automated synthesis have been developed and will

only be described in brief here. For the synthesis of dxA (1),
modified nucleobase 5 is coupled to chlorosugar 6, followed
by conversion into nucleoside 1, which is converted into the
corresponding phosphoramidite (1-PA) ready for solid-phase
oligonucleotide synthesis (Scheme 1 A). For the synthesis of
C-glycoside dxT (2), iodinated heterocycle 7 is coupled
through Heck reactions[13] to compound 8, followed by
deprotection to 2 and synthesis of 2-PA. Furthermore, 4-PA
can be synthesized from 2 (Scheme 1 B). The preparation of
dxG (3) and 3-PA is accomplished with size-expanded
nucleobase 9[10] (synthesized in 5 steps), which is coupled to
ribose derivative 10 through Vorbr�ggen glycosylation[14]

(followed by reductive removal of the 2-OH group;
Scheme 1C).[12]

The xDNA helix design involves pairing of a benzo-
homologated base with a complementary normally sized base
in every pair, thereby yielding a fully expanded duplex
composed of eight genetic letters rather than the standard
four. To study this arrangement, the xDNA phosphoramidites
have been incorporated into a wide variety of different
oligonucleotides in lengths up to 20 mer and containing either
expanded monomers alone or both xDNA and DNA mono-
mers (Figure 2A). A wide variety of thermodynamic and
photophysical studies have been carried out with these
oligonucleotides. The four xDNA bases are brightly fluores-
cent, with emission maxima at 380–410 nm. Interestingly,
when grouped together their emission can change dramati-
cally depending on the oligomer length, hybridization, and
composition.[15] The experiments suggested multiple ways in
which the expanded DNA bases (alone and in oligomers)
could serve as useful tools in biophysical analysis and in
biotechnological applications.[12]

Computational studies have explored the origins of the
optical absorption spectra of the xDNA bases[16] and further
details about their hydrogen-bonding and stacking abilities.[17]

Time-dependent density functional theory calculations re-
vealed the changes to the frontier orbitals induced by the
additional aromatic ring. The hypochromicity, resulting from
stacking interactions, was calculated to be more pronounced
in stacked xG-C and xA-T pairs than in natural G-C and A-T
pairs. Calculations of the electronic structure in double-
stranded xDNA have also been carried out and showed that
xDNA has a smaller p!p* gap than natural B-DNA, which
suggests that xDNA could be a candidate for efficient
transport of positive and negative charge as well as nanowire
applications.[18] The interaction between size-expanded gua-
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Figure 1. A) The size-expanded xDNA nucleosides 1–4 in comparison
to the natural nucleosides. B) Space-filling models of size-expanded
nucleobases with calculated electrostatic potentials mapped on the
surface (red denotes negative potential and blue, positive). Adapted
from Ref. [12] with permission. TBDPS= tert-butyldimethylsilyl.
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nine (xG) and different gold nanoclusters was recently
studied using density functional theory.[19] The analysis of
the local aromaticity has revealed relevant differences in the
aromatic character of the xDNA bases.[20]

A number of experimental studies have been carried out
on single xDNA bases to evaluate the steric and electronic
effects of the added size.[21] For example, base-stacking studies
of the xDNA bases revealed that the benzo-homologated
bases stack much more strongly than do their natural
counterparts, most likely because of the increased surface
area of contact as well as the enhanced polarizability and
hydrophobicity. Single substitutions of the xDNA bases in
double-stranded natural DNAs are sterically destabilizing,
which is relieved when multiple adjacent substitutions are
used. However, Watson–Crick base pairs are still apparently
formed despite local backbone strain at the DNA-xDNA
junctions. The energetic cost of the 2.4 A stretching of an
isolated base pair was estimated to be 1–2 kcalmol�1.

The uniform pairing of expanded bases with canonical
bases in helices results in a stable, double helical, antiparallel
xDNA structure. A wide range of investigations have ex-
plored the helix-forming properties and structure of xDNA
(Figure 2B–D).[22] These include NMR and UV spectroscopy,
stoichiometry, CD spectra, ionic-strength dependence, ther-
modynamic measurements, and molecular dynamics simula-
tions.[23] xDNA is in nearly every case much more stable than
natural DNA of an analogous sequence, because of the
enhanced stacking of the enlarged base pairs. The structure is
similar to B-DNA, with analogous pairing and sugar con-
formations. Interestingly, the larger diameter requires about
12 base pairs per 3608 turn, compared with 10.5 pairs for
natural DNA. Thermodynamic studies confirmed that xDNA
is sensitive to single-base mismatches, thereby showing the
same selectivity as natural DNA.[24] Thus, as a self-assembling
system, xDNA performs as well or better than native DNA,
and establishes that xDNA can function as an artificial genetic
system from a chemical and physical point of view.

Next the focus turned to biochemical and biological
questions: can the information stored in xDNA sequences be

Scheme 1. Syntheses of the size-expanded nucleosides and phosphoramidites for solid-phase DNA synthesis.[12]

Figure 2. A) Structure of base pairs of size-expanded nucleobases with
natural nucleobases. B) Structure of size-expanded DNA (xDNA) in
comparison to natural DNA. C) Thermal denaturation plot of a size-
expanded helix, with the self-complementary sequence d(xATxAxAT-
xATTxAT) (control d(ATAATATTAT)), showing enhanced stability in
comparison with analogue natural DNA duplex. D) 2D NMR spectrum
confirming the structure (IUPAC standard numeration). Adapted from
Ref. [12] with permission.
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copied faithfully? Notably, xDNA is composed of eight
letters, thus offering an extraordinary density of information
storage. Studies on the processing of single and multiple
xDNA pairs by DNA polymerase I Klenow fragment (Kf, an
A-family sterically rigid enzyme) and by Sulfolobus solfatar-
icus polymerase Dpo4 (a flexible Y-family polymerase) were
performed to examine the potential of benzo-expanded DNA
to encode and transfer biochemical information.[25,26] In most
cases, the polymerases selected the correctly paired partner
for each xDNA base, but with lower efficiency than the
natural bases. Kinetic studies revealed that the flexible Dpo4
enzyme was much more efficient than Kf at extending the
enlarged pairs, and further studies showed that Dpo4 could
correctly synthesize up to four successive xDNA pairs on
a template. Figure 3 shows the results for nucleoside insertion
by Dpo4 (A), nucleotide insertion by Kf exo (B), primer/
template base-pair extension by Kf exo (C), and base-pair
extension by Dpo4 (D). The data suggest that for successful
replication of xDNA and the design of other large base pairs,
existing polymerases are suitable although limited, but that

the use of multiple enzymes in combination or the identifi-
cation and evolution of new polymerases will be helpful.

Next the polymerase copying of xDNA was tested in living
bacteria. An approximately 7000 nt phage genome construct-
ed to contain single xDNA bases was replicated in E. coli,
which contains five different DNA polymerases, some of
which are flexible Y-family enzymes. The results showed
efficient bypass of some of the xDNA bases.[27] Tests were
then carried out to see whether xDNA could be used to
encode some of the amino acids of green fluorescent protein.
Plasmid DNAs containing up to eight base pairs of xDNA
were correctly read by cellular polymerases, thereby resulting
in green fluorescent bacteria.[28] This was the first example of
the use of an artificial genetic set to encode phenotype in
a living organism, and is a significant step from the standpoint
of synthetic biology.

Syntheses and a few replication studies have also been
developed for a related structural design, called “wide DNA”
(yDNA), which was developed to have a different vector of
benzo-expansion for the three modified nucleosides dyA,

Figure 3. A–D) Comparison of the kinetic efficiencies and selectivities for the synthesis and extension of the xDNA pair for Dpo4 and Kf exo
enzymes (see text for explanation). Bottom: primer:templates used in single nucleotide insertion and extension experiments. (Reproduced from
Ref. [25] with permission from The Royal Society of Chemistry.)
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dyT, and dyC (Figure 4A).[29] Highly stable double-stranded
helices were formed in several sequence contexts. This result
suggests the possibility of an eight-base genetic system based
on the yDNA geometry, analogous to what has been
developed for xDNA. Analysis of the fluorescence properties
as well as binding selectivity and affinity studies of yDNA
strands have been carried out.

Figure 4B shows views of the yDNA structure from the
major groove and minor groove (left), as well as structures of
three consecutive base pairs in the yDNA structure, which
demonstrates pairing geometry and base-base overlap (right).

It was found in experiments addressing polymerase
amplification, cloning, and gene expression of yDNA that
polymerase reading of yDNA did occur with low efficiency;
however, a strong potential for mismatching was found,
mostly as a result of T-yT and T-yC wobble-type mispairing.
This is different than xDNA, and likely arises from the
distinct yDNA geometry, where wobble-type pairs can be
formed more readily.[30]

After the above-mentioned successes in benzo-homolo-
gation, we explored whether further size expansion might be
possible. Thus, initial experiments exploring naphtho-homo-
logation were undertaken.[31] The doubly widened naphtho-
pyrimidines yyT and yyC were synthesized through Heck
coupling reactions (Figure 5A) and incorporated into oligo-
nucleotides through solid-phase chemistry. The deoxyribo-
sides were fluorescent and had emission maxima of 446 nm
and 433 nm, respectively. Sequences containing multiple
substitutions of yyT and yyC paired opposite adenine and
guanine were subsequently mixed and investigated. Data
from UV mixing experiments, FRET experiments, as well as
quenching and on-bead hybridization studies suggested that
complementary “double-wide DNA” (yyDNA) strands are
formed by self-assembly into helical complexes with 1:1
stoichiometry. Molecular models were built to compare the
natural B-form DNA dodecamer with a yyDNA composed of
yyT-A and yyC-G pairs (Figure 5B, AMBER force field,
continuum water). The hypothesized base-pairing schemes

are analogous to Watson–Crick pairing, but with glycosidic
C1’-C1’distances widened by over 45 % to about 15.2 �. The
yyDNA hybridizations were tested on PEG-polystyrene
beads under an epifluorescence microscope. In this study,
two sets of beads were prepared with different DNA
oligonucleotides covalently conjugated, one complementary
to the yyDNA 5-CCTTCTCC sequence, and the other
a scrambled control sequence. The yyDNA oligomer was
incubated with beads, followed by washing. The digital
fluorescence images (Figure 5C) showed a significant in-
crease in the fluorescence for the sequence-complementary
beads (d,f), relative to background (b) and to the scrambled-
sequence beads (c,e). These findings confirm the formation of
a sequence-selective noncovalent complex between the
yyDNA oligonucleotides and the complementary DNA
sequence on the polymer beads.

The yyDNA studies have established a new, larger limit
for the size of information encoding nucleic acid based
systems. A detailed computational analysis of the different
effects resulting from the exceptional structure of yDNA and
yyDNA has recently been described by Sharma et al.[32]

Another comprehensive theoretical study addressed the
important topic of tautomerism.[33] Naphtho-homologated
yyG and its five possible tautomers were investigated in terms
of their electronic transitions, and the results were compared
to that of yDNA bases showing interesting effects. For

Figure 4. A) Structure of the three synthesized yDNA nucleosides.
B) Modeled structure of yDNA helix and base pairs (see text for
explanation). Adapted from Ref. [29] with permission.

Figure 5. A) Retrosynthetic scheme for the synthesis of naphtho-homo-
logated deoxyribonucleosides yyT and yyC. B) Structure of yyDNA
(right) compared to natural DNA. C) Hybridization studies on 60 mm
PEG-polystyrene beads. See the text for an explanation. Reproduced
from Ref. [31] with permission.
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example, the absorption and emission maxima for yyG were
blue-shifted after solvation in methanol, while the maxima of
the tautomeric bases were red-shifted. In general, the visible
fluorescence properties of yyDNA bases suggest their use as
reporters in a wide range of analytical applications.

2.2. Purine–Purine Base Pairs

Another prominent example of size-expanded nucleobase
pairing involves purine–purine base pairs. Such pairs, if
oriented in an anti-anti arrangement, can possibly take on
a dimension wider than Watson–Crick pyrimidine–purine
pairs. Although the nucleobases by themselves are not
necessarily “artificial”, purine–purine (Pu-Pu) pairing plays
a special role in the expanded base-pair context because of its
relevance to the origins of life. The investigation of these
noncanonical base pairs is of high interest[34] because they
raise the question of why the genetic information on Earth is
stored in purine–pyrimidine base-pairing systems. It is well-
established that purine–purine base pairs do occur in natural
RNAs,[35] and Benner and co-workers have reported studies
with isolated Pu-Pu pairs in otherwise natural DNA duplex-
es.[36] Jovin and co-workers described and characterized
a parallel-stranded duplex DNA which contains segments of
trans-purine–purine and purine–pyrimidine base pairs.[37]

Fully Pu-Pu-substituted DNAs have been studied by
multiple research groups. A prominent example is the
guanine–isoguanine and diaminopurine-7-deazaxanthine
base pairs described by Heuberger and Switzer[38] (Fig-
ure 6A). The studies demonstrated that these purine–purine
DNA duplexes have thermal stabilities and free energies that
are very similar to the analogous purine–pyrimidine DNA
duplexes. A number of oligonucleotides were synthesized
containing these purine bases, and UV melting studies
revealed that complementary strands associate, but that the
single strands do not self-associate in the absence of their
complement (Figure 6 B). The interaction of these base pairs
as well as of the adenine–inosine base pair with a wide range

of DNA intercalators was also studied by Hud and co-
workers.[39]

Battersby et al. performed thermal melting and structural
studies with oligonucleotides containing adenine–hypoxan-
thine and guanine–isoguanine base pairs.[40] The results
confirmed that nucleic acids containing these purine nucle-
obases can form stable duplexes.

Further studies with multiple purine–purine pairs have
been described by Seela et al. and by Eschenmoser and co-
workers, who have also addressed the helix formation issues
of purine oligonucleotides paired with other strands that
contained purines.[41] To date, no full structures have been
determined by 2D NMR or crystallographic methods. Also,
no tests of the ability of polymerase enzymes to copy
homopurine DNA in the presence of complementary purine
nucleotides have been reported, thus the templating power of
Pu-Pu pairing remains to be determined.

These purine–purine base-pairing studies have a high
significance for understanding the formation of nucleic acid
structures and evolution of living systems. They should be
considered as an alternative concept for biological informa-
tion storage, and detailed comparisons with the purine–
pyrimidine base pairs give us enlightening insights in to the
origin of the genetic information storage systems on our
planet.

2.3. Base Pairs Containing Naphthyridine and
Imidazopyridopyrimidine

Minakawa, Matsuda et al. have been working on the
development of size-expanded base-pairing motifs containing
four hydrogen bonds. For example, they described the
synthesis and properties of oligonucleotides containing imi-
dazopyrimidine (Im) nucleosides (combinations diamino,
dioxo, amino-oxo, oxo-amino; Figure 7A, top).[42] These
tricyclic structures were synthesized by a Stille coupling
reaction, followed by an intramolecular cyclization (Fig-
ure 7A, bottom). Incorporation of the large tricyclic nucleo-
sides opposite one another in a complementary DNA helix
resulted in duplex destabilization as a result of the size
mismatch with adjacent Watson–Crick pairs, while incorpo-
ration of three adjacent tricyclic nucleosides per strand
resulted in thermal and thermodynamic stabilization of the
duplex. Further comparisons of the melting temperatures
confirmed the 4-hydrogen-bond motif. In further studies, 1,8-
naphthyridine (Na) C-nucleosides and their pairing proper-
ties in oligonucleotides were described,[43] as well as the
synthesis and selective recognition of naphthyridine:imid-
azopyridopyrimidine base pairs (ImON:NaNO and Im-
NO:NaON) by the Klenow fragment DNA polymerase (Fig-
ure 7B).[44] The Im bases can be considered as ring-expanded
purine analogues toward the minor groove direction and the
Na bases as ring-expanded analogues of pyrimidine toward
the major groove direction. It was found that the DNA
duplexes containing these artificial nucleobases are highly
thermally stabilized (+ 8–9 8C) as a result of the four non-
canonical hydrogen bonds, the strong base stacking, and the
shape compatibility of the Im:Na pair.

Figure 6. A) Structure of the purine–purine base pairs G-iG, D-C7X, and
A-H (see text for explanation). B) Two single oligonucleotides contain-
ing complementary purine–purine base pairs as well as a denaturation
profile and a CD spectrum of these oligonucleotides (see text).
Reproduced from Ref. [38] with permission.
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In this study, the single nucleotide insertion by KF
(selectivity towards natural dNTPs and selectivity towards
noncanonical dNTPs) was tested in a series of experiments. A
primer–template duplex was used with a DNA polymerase, as
shown in Figure 7. As one example, the different dYTP
nucleosides were incorporated against ImNO in the template.
The triphosphates dATP and ImONTP were selectively
incorporated against NaNO in the template by this enzyme,
a result which is consistent with their electrostatic and shape
complementarity. Im-Na-type pairs were selectively incorpo-
rated relative to the enlarged Im-Im-type pairs, which is
consistent with the fact that Im:Na pairs are expected to be
similar in size to natural purine:pyrimidine base pairs. Thus, it
is not yet clear whether the novel Im-Im size-expanded
system will be replicable with naturally occurring enzymes, or
whether engineered polymerases may be required.

2.4. Alkynyl-Substituted Base Pairs

Another design for DNA-like systems with expanded
diameters has been developed by Inouye and co-workers.[45]

In this creative study, a set of four nucleosides is described
wherein the non-natural bases are attached to the deoxy-
ribose moiety through an acetylene linkage in the b configu-
ration (Figure 8 A). These nucleosides, stretched in size by
about 3 �, were incorporated into oligonucleotides through
the corresponding phosphoramidites, and the resulting DNA
was shown to form right-handed duplexes and triplexes with
complementary DNA. A series of absorption experiments
showed that the resulting duplexes have thermal stabilities

very close to those of natural duplexes (Figure 8B). A
spontaneous and sequence-selective hybridization occurred,
thus making this artificial genetic system suitable for infor-
mation storage and thus offering possible applications in
synthetic biology if it can be replicated. Structural studies will
be of great interest in this system to see how the helix and
backbone geometry adapt to the presence of the alkyne
linkages.

2.5. Size-Expanded Base Pairs Driven by Forces Other Than
Hydrogen Bonding

It has been demonstrated that hydrophobic packing and
base-stacking interactions between nucleobases can be har-
nessed in the absence of hydrogen bonding to stabilize the
formation of base pairs.[4, 5, 46] In this context, Romesberg and
co-workers have designed nucleobases larger than pyrimi-
dines that can be paired with themselves or other large
partners, for example, 7-propynylisocarbostyril:7-propyliso-
carbostyril (PICS:PICS),[47] azaindole:azaindole (7AI:7AI),
and 3-methylnaphthalene:3-methylnaphthalene (3MN:3MN;
Figure 9).[48] PICS:PICS has been shown to be more stable
than natural base pairs and can be efficiently incorporated
into DNA by the Klenow fragment of E. coli DNA polymer-
ase I (KF). However, the natural DNA context in which these
have been studied constricts the ability of such pairs to take
on an expanded dimension; structural studies have shown that
the large bases intercalate with each other, adapting to the
native helix size.[4, 5]

Another novel strategy for the design of a stable base pair
is metal-mediated pairing. If the bases are larger than
pyrimidines, this can result in pairs of expanded size. A good
example is the pyridylpurine system PurP-Ni2+-PurP devel-
oped by Switzer et al.[49] This has also been shown to be more
stable than natural base pairs, and it appeared to have the
potential to serve as the functional component of an ion-

Figure 7. A) Imidazopyridopyrimidine base pairs and a retrosynthetic
approach to these modified nucleotides. B) Imidazopyridopyrimidine:
naphthyridine base pairs and an experimental design for testing the
single nucleostide insertion by Klenow fragment. Adapted from
Refs. [42–44] with permission.

Figure 8. A) Artificial alkynyl base pairs iG*:iC* and A*:T*; B) Left: CD
spectrum of duplex 5’-d(iG*)8/3’-d(iC*)8 at different temperatures from
10 (blue) to 70 8C (red); the dotted line is the sum of each single-
strand spectrum of d(iG*)8 and d(iC*)8; right: UV melting curves of
duplex 5’-d(iG*)8/3’-d(iC*)8 (black) and further sequences with differ-
ent d(iG*)/d(iC*) containing sequences. Adapted from Ref. [45] with
permission.
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activated switch. There are additional examples of such non-
hydrogen-bonded base pairs whose description fall beyond
the scope of this Minireview; they can be found in the
corresponding literature.[50]

3. Size-Expanded RNA (xRNA) Nucleosides

3.1. Benzo-Homologation of RNA

In the natural genetic system, RNA displays different
biophysical and structural properties from DNA, and plays
distinct biological roles as well. This knowledge led us to ask
whether a size-expanded analogue of RNA might also be
developed. Thus, we have undertaken the synthesis and study
of xRNA in our laboratory.[51] The photophysical properties of
these molecules, which are efficient fluorophores, as well as
the enhanced stacking properties make these molecules
highly interesting for a wide range of biochemical applications
(Figure 10 A), and they are already being employed as
biophysical and biological tools.

The additional OH group of ribose compared to the
deoxysugar of DNA adds distinct challenges to the syntheses
of these compounds (Figure 10 B). In addition to this, a main
issue is the glycosylation step. For the size-expanded purine
derivatives rxA (11)[10] and rxG (13), this step is accomplished
by coupling either nucleobase 15 (which is synthesized in
4 steps) or, respectively, nucleobase 17 (prepared in 5 steps)
to tetraacetylribose 16 under Vorbr�ggen conditions,[14]

followed by deprotection steps. For the size-expanded pyri-
dine nucleosides rxU (12) and rxC (14), iodinated compound
19 (synthesized in 4 steps) is coupled to ribonolactone 18. The
subsequent reactions are performed with different amounts of
Lewis acid BBr3 to arrive at either rxU (12) or to rxC (14 ; for
details see Ref. [51]). Photophysical data have been compiled
for these compounds. For example, Figure 10C shows an
absorption and emission spectrum for rxA (11).[51]

These xRNA nucleosides also have to be converted into
the corresponding phosphoramidites for solid-phase synthesis
of oligonucleotides (Figure 11 A). As a consequence of the
additional OH group, the preparation of the RNA phosphor-
amidites is more challenging than that for the modified xDNA
nucleotides. Recently the phosphoramidites rxA-PA (11-PA)
and rxU-PA (12-PA) have been reported by our research

group,[52] while the syntheses of the remaining two (rxC-PA
and rxG-PA) are underway.

Oligonucleotides containing these size-expanded RNA
nucleobases were used as steric probes in RNA interference
experiments. This cellular pathway is recognized as an
important strategy for downregulation of specific genes in
cells.[53] To test the effects of the steric size of siRNA on
biological activity, a number of probes were synthesized with
xA or xU in the guide strand (Figure 11B) and the resulting
modified RNAs used to downregulate the luciferase gene in
a dual-reporter luciferase assay in HeLa cells.[52] Although
xRNA nucleobases in the guide strand reduced the activity at
some central positions near the seed region (apparently
because of adverse steric effects), they were well tolerated at
the end. Most importantly, substitutions near the 3’-end
increased the activity over that of wild-type siRNAs (Fig-
ure 11B, right). Further studies demonstrated that xRNA
substitutions protected the siRNA against nuclease degrada-
tion, and also thermally stabilized the helices. Biologically
active siRNAs containing up to three consecutive xRNA base
pairs were described.

3.2. Further Examples of Size-Expanded Ribonucleosides

Seley-Radtke et al. described the design, synthesis, and
preliminary biological activities of some heterocycle-expand-
ed purine nucleosides (21 and 22, Figure 12A).[54] These
thieno-expanded purine nucleosides were used for investiga-
tions of nucleic acid structure and function, and it was
demonstrated that the Rd-RNA polymerase readily recog-
nized the corresponding non-natural triphosphates. The
enzyme exhibited remarkable differences in recognition.
Furthermore, it has been shown that the incorporation of

Figure 10. A) xRNA nucleosides rxA, rxU, rxG, and rxC. B) Synthesis
schemes for these nucleosides. C) Absorption and emission spectrum
of rxA. Reproduced from Ref. [51] with permission. Bn= benzyl.

Figure 9. Non-hydrogen-bonded base pairs PICS :PICS, 7AI :7AI,
3MN :3MN, and PuP-Ni-PurP, which involve enlarged bases.[47–49]
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non-natural bases such as a thienylimidazole-substituted size-
expanded nucleobase in aptamers can yield aptamers with
augmented affinities for target proteins, for example, cell
growth factors.[55]

Hudson and co-workers described the synthesis of nucleo-
side analogues incorporating 4-(5-pyrimidinyl)-1,2,3-triazoles
as expanded nucleobase mimics (23, Figure 12B),[56,57] which
was accomplished through azide-alkyne Huisgen cycloaddi-
tion[58] between the corresponding ribosyl azide and a variety
of 5-alkynylpyrimidines. It was shown that the heterocycles of
the unfused nucleobase prefer coplanar arrangements and
that the anti-glycosidic conformer was favored. Neither of
these expanded designs has yet been reported in an oligo-
meric form.

4. Conclusions and Outlook

Artificial genetic sets containing size-expanded base pairs
have shown the ability to function in many, if not all, of the
ways that the natural genetic system can. It can be concluded
that a genetic base-paired molecular framework—from the
chemical point of view—may not necessarily be limited to the
size of the natural DNA helix that has evolved for living
systems on Earth.

Despite this progress, there remain many interesting
challenges ahead to be investigated with size-expanded
genetic sets. The basic science of chemical evolution still
invokes many questions; for example, the role of pKa values
and tautomerization of the nucleobases on base pairing with
respect to expanded base pairs and the effect on mismatch
discrimination is of continuing interest.[59] Since expanded
pairs can form stable helices, the implications for the selection
of a purine–pyrimidine paradigm in nature will have to be
discussed in detail.

Structural and functional questions also remain. For
example, most of the expanded pairing systems mentioned
above have not yet been studied structurally in the full helical
context, and it will be interesting to see how the helical
backbone adapts to the geometry of the noncanonical pairs.
Furthermore, it is not yet known what the size limits are in
expanded pairing systems; since naphtho-homologous pairing
seems to self-assemble, it raises the question of whether even
larger systems might be possible. Going beyond structure,
function remains critically important as well. In this light, the
development of efficient replicating enzymes for the size-
expanded systems will be of high priority, as it will enable
researchers to assemble longer sequences than can be made

Figure 11. A) Structure of the xRNA phosphoramidites rxA (11-PA), rxU (12-PA), rxG (13-PA), and rxC (14-PA). B) Double-stranded RNA probes
containing xRNA bases for RNA interference experiments and results of the RNAi luciferase activity assay with siRNAs containing the xRNA
bases. Reproduced from Ref. [52] with permission. DMT= dimethoxytrityl.

Figure 12. A) Thieno-expanded purine nucleosides described by Seley-
Radtke et al.[54] B) Click fleximers described by Hudson and co-work-
ers.[56]
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with a DNA synthesizer. Having longer expanded DNAs
raises the interesting possibility of using their stability and
rigidity (and perhaps charge conductivity) in self-assembling
nanostructures. Moreover, the ability to amplify such systems
raises the possibility of selection and evolution of such genetic
sets. Finally, many applications in biology remain to be
explored; in particular, we are interested in pursuing bio-
chemical and biological studies of expanded RNAs to see
whether they function analogously to RNAs, which not only
carry genetic information but also act as ligands, switches, and
enzymes in the cell.

The chemical expansion of the natural nucleoside archi-
tecture provides tools for the investigation of fundamental
biochemical processes on Earth, thereby allowing us to learn
about living processes and augment our admiration for the
simplicity of structure and complexity of function that has
evolved in nature. Furthermore, the concept of new genetic
sets is relevant to the development of modified living systems
for synthetic biology, and to the investigation of the viability
of alternative life forms, which will be especially interesting if
extraterrestrial life is eventually discovered.
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