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Bigger DNA: New Double Helix with Expanded Size**

Andreas Marx* and Daniel Summerer

Besides its immense biological impor-
tance, DNA is becoming an increasingly
interesting target for chemical modifi-
cations. These efforts are driven by
numerous motivations, which include
therapeutic approaches, functional in-
vestigations of enzymes, and new devi-
ces for nanotechnology."! In the past,
new designs of nucleobase scaffolds
were achieved by replacing one or more
of the natural base pairs by analogues
that have different hydrogen-bonding
patterns, are isosteric, but with reduced
hydrogen-bonding ability, are hydro-
phobic, or metal-ion binding.”! All four
bases of DNA have never been replaced
by artificial scaffolds and it is not clear
whether this would be possible without
significant loss of its sequence-recogni-
tion and spontaneous self-assembly
properties.

Recently, Kool and co-workers de-
scribed a new system in which the
unmodified DNA backbone is main-
tained but two of its nucleobases are
replaced by extended analogues.”’! The
analogues were designed by fusing a
benzene ring between the Watson—
Crick-recognition sites and the connec-
tion of the nucleobase to the sugar
moiety. This insertion results in a 2.4 A
size-expansion and converts the bicyclic
purine A into the three-ring system xA
and the cyclic pyrimidine T into bicy-
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clic xT. Since this transformation does
not affect the hydrogen-bonding sites
Kool etal. reasoned that artificial se-
quences containing these bases should
form a double helix when combined
with DNA containing complementary
nucleotide bases. The work was inspired
by work of Leonard et al. who used xA
to probe ATP-dependent enzymes three
decades ago.! From the modified bases
xA and xT Kool et al. synthesized the
nucleoside analogues dxA and dxT and
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were able to incorporate them into
oligonucleotides and study their proper-
ties.

To elucidate whether the extended
analogues form Watson—Crick base
pairs in an unmodified-DNA environ-
ment Kool et al. investigated duplexes
containing single extended bases (xA or
xT) near the middle of a 12-base-pair
oligonucleotide (1, 2 in Figure 1). They
found that both analogues when paired
to the unmodified partner destabilize
the double helix relative to the
unmodified  double  helix.
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Figure 1. Selected DNA and extended DNA (xDNA) constructs.”! All xDNA structures were com-
pared with corresponding DNA structures containing exclusively natural building blocks. Con-
structs 1 and 2 exhibit decreased and 3-5 increased duplex stability when compared with the

structures made up of natural building blocks.
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quired to accommodate the extended
base analogues within a regular DNA
helix.

Kool et al. speculated that a helix
exclusively composed out of the extend-
ed nucleotides would circumvent the
geometric constraints dictated by the
regular DNA helix. Thus, a self-compli-
mentary oligonucleotide 3 was investi-
gated that formed a helix with an
expanded nucleotide in every single
base pair. They found that this xA resi-
due containing complex 3 is more stable
than the natural duplex by 5.8 kcal-
mol~. To test the sequence generality
of the system several other duplexes
were investigated. Consistent with the
above results, increased stability was
found for double helixes with other
sequences but in which every base pair
included an extended base (4 and 5,
Figure 1). What is the origin of the
increased stability of the enlarged
xDNA helix? Kool et al. ascribe the
measured increase in pairing stability to
enhanced stacking of the enlarged aro-
matic systems. Stacking might occur
either within each strand or across the
strands. NMR spectroscopy investiga-
tions corroborated that a duplex system
with significant interstrand hydrogen
bonding is indeed formed in cases where
size-expanded analogues were used. A
self-complementary sequence was in-
vestigated and found to give rise to the
number of NMR resonance signals con-
sistent with a antiparallel duplex struc-
ture. Modeling studies provided insights
into the structural differences between
normal B-form DNA and xDNA (Fig-
ure 2).

Structural and thermodynamic in-
vestigations indicate only small confor-
mational changes in the DNA sugar—
phosphate backbone and suggest that
the larger diameter of the xDNA helix
results in a greater number of bases per
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Figure 2. Side view of 10-base-pair DNA and
modeled xDNA duplexes. Shown are the Con-
nolly surfaces with cavity depth-dependent col-
oring (blue shallow, green deep). The struc-
tures were generated with the SYBYL6.9
(TRIPOS) software package.

turn than in B-DNA. Additionally, size
extension might cause the minor and
major grooves of the xDNA-helix to be
wider than those of B-DNA.

The development of xDNA is an
outstanding and very elegant example
for a successful molecular design. The
report by Kool et al. points once again at
the great potential of nucleic acids as
suitable scaffolds for nanoscale engi-
neering.!! The enlarged oligonucleoti-
des harbor features not found in natural
DNA: Owing to the incorporation of the
fluorescent monomers xA and xT the
nucleotides dxA and dxT are highly
fluorescent, as are the resulting oligo-
nucleotides. Thus, in xDNA all the base
pairs are fluorescent giving a polymer
with high fluorophore density. Kool
et al. speculate that this property of
xDNA combined with its increased
binding propensity might be particularly
useful for applications in detection and
diagnosis of DNA or RNA. For this
purpose as well as to complete the size-
extended genetic alphabet, the to-date
missing nucleobase surrogates xG and
xC are awaited. Their preparation might

enable further size-expansion, for exam-
ple, through construction of a helix
composed exclusively of size-extended
nucleotides. A further investigation
would be to see if DNA polymerases
process the extended analogues. As
noted by Kool recently,”! these ana-
logues might be useful to test the
hypothesis of “active-site tightness” for
DNA polymerases. This model is pro-
posed as an explanation for enzyme
selectivity and its variation among sev-
eral DNA polymerases.”] We await
fascinating progress along these lines in
near future.
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