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Nucleic acids and their analogues raise more and more inter-
est in research areas outside biology and biochemistry. The
functionalization of these evolutionary optimized self-as-
sembling macromolecules with metal ions widens their appli-
cability even further. Previous efforts to incorporate metal
ions site-specifically into nucleic acids focused on the cova-
lent attachment of appropriate ligands to either the sugar
phosphate backbone or the nucleobases. More recently, the

use of metal-ion-mediated base pairs, i.e. the replacement of
natural nucleobases by ligands, was suggested as an alter-
native means. This microreview discusses selected examples
of metal-ion-mediated base pairs, including those that com-
prise unmodified natural nucleobases, and describes possible
applications for the resulting metal-modified nucleic acids.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

1. Introduction

Natural deoxyribonucleic acid (DNA) is a double-helical
supramolecule whose hybridization properties have been
optimized by evolution over billions of years. This is one of
the reasons why numerous applications far beyond its origi-
nal biological relevance have evolved around this nucleic
acid. Nowadays, DNA and its derivatives are being applied
in such diverse areas as synthetic organic chemistry,!'! medi-
cine,!?! biotechnology,>* and materials science.l>”) Its ro-
bustness, its predictable and programmable hybridization
properties, and the high rigidity of the double helix on the
nanoscale are only a few properties that make this nucleic
acid an interesting candidate for various applications.
Moreover, the synthesis of oligonucleotides by both chemi-
cal and biochemical methods is well established, permitting
easy access to reasonable amounts of short and long DNA
strands. To allow an even more extensive applicability, nu-
merous non-natural base pairs have been implemented into
DNA, thereby aiming at expanding the genetic four letter
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alphabet.[®% These artificial base pairs can be mediated for
example by hydrogen bonding,['%'? by hydrophobic inter-
actions,!'3] or merely be based on shape complementarity.[']

The controlled incorporation of metal ions or metal
complexes into nucleic acids is a possibility to broaden the
scope of their applications even further. As a result of such
a site-specific addition of functional components, the metal-
containing double helices are expected to display interesting
chemical and physical properties. For example, it should be-
come possible to generate nucleic acids with tailored mag-
netic and electric properties,['3] to store and retrieve infor-
mation based on the sequence of the metal complexes or
their electric or photoelectric properties,'® or to use the
chirality of the DNA double helix to induce enantio-
selectivity in a reaction catalyzed by the incorporated metal
ion.l'”l One possibility to incorporate site-specifically metal
ions into a nucleic acid is the covalent attachment of suit-
able ligands either to the oligonucleotide backbonel!®-18-35]
or to the natural nucleobases.3¢4%1 Only recently, the use of
artificial metal-ion-mediated base pairs was suggested as an
alternative means.[*! In such a base pair, the natural nucleo-
bases are replaced by ligands with a high affinity towards
metal ions.[*>#¢ Hence, the base pair is no longer mediated
by hydrogen bonds but rather by coordinative bonds to a

containing these base pairs.
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central metal ion. This leads to a functionalization of the
nucleic acids difficult to obtain otherwise: The metal ions
can be arrayed in a geometrical fashion pre-defined by the
choice of the oligonucleotide sequence. Scheme 1 shows the
structural model of a DNA double helix comprising both
natural and metal-ion-mediated base pairs.

Scheme 1. Representation of a B-type DNA duplex with natural
hydrogen-bond-mediated and artificial metal-ion-mediated base
pairs. This figure was prepared using MOLMOL.[47]

1.1 Metal-Ion-Mediated Base Pairs with Artificial
Nucleosides

The first report on the potential use of artificial nucleo-
sides in metal-ion-mediated base pairs was published in
1999,411 proceeded by numerous examples in the following
years. Most of these were designed for use in DNA, 4873
but a few examples exist where metal-ion-mediated base
pairs were introduced into nucleic acid analogues such as
PNA (peptide nucleic acid)’®8 or GNA (glycol nucleic
acid).l%! The majority of the early publications reported on
the incorporation of one or two artificial base pairs inter-
spersed within a double helix otherwise comprising natural
base pairs. More recently, the generation of oligonucleotides
with three, four, five, ten, or even 19 consecutive metal-ion-
mediated base pairs was reported.[3%-3:60:64.70.75] provided
that orthogonal base pairs are used, even different metal
ions can be incorporated site-selectively into DNA double
helices.[®] Schemes 2 and 3 present an overview of artificial
nucleobases that have been either suggested or actually used
for the formation of metal-ion-mediated base pairs in DNA
and PNA, respectively.

Up to now, the structural characterization of one double
helix containing metal-ion-mediated base pairs has been re-
ported.[°? It comprises two Cu?*-mediated base pairs of
pyridine-2,6-dicarboxylate and pyridine (Scheme 2, p and
n) embedded in-between natural nucleosides. The oligonu-
cleotide sequence is derived from the palindromic Dicker-
son—-Drew dodecamer, the archetype of B-type DNA struc-
ture,®? by substitution of two adenine-thymine base pairs.
Interestingly, the artificial nucleic acid crystallizes in the Z-
DNA conformation.[®? In addition to the square planar en-
vironment provided by the artificial nucleobases, the Cu?*
ion is coordinated axially by two oxygen atoms from adja-
3750
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Scheme 2. Artificial nucleosides for metal-ion-mediated base pairs
in DNA (R = 2'-deoxyribose). The nucleobases are a) imidazole
1;#91'b) 1,2 4-triazole 2;[4931-3%1 ¢) tetrazole 3;[4°-31 d) benzimidazole
4,321 ¢) 1 H-imidazo[4,5-b]pyridine  5;°?  f) 3 H-imidazo[4,5-b]-
pyridine (1-deazapurine) 6;14%-321 g) 7-amino-3 H-imidazo[4,5-b]pyr-
idine (1-deazaadenine) 7;°% h) 5-methyl-2.,2'-bipyridine 8;3466-671
i) 2,2'-bipyridine;[®®]  j) 4-(pyridin-2-yl)pyrimidin-2-one;[*! k) o-
phenylenediamine;*! 1) catechol;*>) m) 2-aminophenol;*®! n) pyr-
iding;P7:61-647L721 ) 3_hydroxy-2-methyl-4-pyridone;l** %% p)R =
OH: pyridine-2,6-dicarboxylic acid;®-*2l R = NH,: pyridine-2,6-
dicarboxamide;[*¥ R = NHCH;: N,N’-dimethylpyridine-2,6-di-
carboxamide;[¥ q) 2,6-bis(methylsulfanylmethyl)pyridine;©3!
r) 8-hydroxyquinoline;[®3  s) 6-(pyridin-2-yl)purine;’”  t) salicyl-
aldehyde; 16073731 u) 4-(2,2’-bipyridin-6-yl)pyrimidin-2-one;"!1
v) 6-(2,2'-bipyridin-6-yl)purine;[’?! w) 2,6-bis(pyridin-2-yl)pu-
rine.l’?! Compounds 1-8 will be described in more detail in this
review.
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Scheme 3. Artificial nucleosides used to generate metal-ion-medi-
ated base pairs in PNA. The artificial nucleobases are a) 5'-methyl-
2,2"-bipyridine;l’%!  b) 2,2'-bipyridine;!”®!  ¢) 4’-methyl-2,2’-bipyr-
idine;®% d) 8-hydroxyquinoline;””! ) 4’-phenyl-2,2":6",2" ' -terpyrid-
ine;®" f) imidazole.” R indicates the point of attachment to the
peptide backbone.

cent nucleosides, namely a furanose oxygen atom and a
guanine keto group. The coordination of the former is only
possible in the Z-type conformation. Apparently, the pro-
pensity of Cu®* to adopt a distorted octahedral coordina-
tion geometry imposes this otherwise unfavourable confor-
mation, indicating the large influence of the interspersed
metal-ion-mediated base pairs on the overall DNA struc-
ture.

The hydroxypyridone nucleoside (Scheme 2, o) was used
in the synthesis of the first series of oligonucleotides that
contain consecutive rows of metal-ion-mediated base
pairs.”®l A total of five self-complementary oligonucleo-
tides d(GH,,C) (n = 1-5, G = guanine, H = hydroxypyr-
idone, C = cytosine) were synthesized, and the Cu®>*-bind-
ing behaviour characterized. It was shown by EPR spec-
troscopy that the metal ions are ferromagnetically coupled
with one another to form magnetic chains. Theoretical cal-
culations are supportive of this ferromagnetic behav-
iour.83851 From the fine-structure splitting in the EPR
spectrum of the double helix formed from d(GH,C) and
Cu?*, an intermetallic distance of 3.7(1) was estimated,
which is in the range of the distance between neighbouring
base pairs in DNA. These oligonucleotides are promising
candidates in the development of metal-based molecular
magnets.[>*]

A slightly different approach in the generation of metal-
ion-mediated base pairs was taken with the salen base pair,
which is formed in situ inside the double helix from two
salicylaldehyde nucleosides (Scheme 2, t) located on com-
plementary strands in the presence of excess ethylenedi-
amine.[°%73-75] This base pair was developed against the
background of a potential use of metal-modified DNA in
catalysis, as the salen ligand is one of the most prominent
ligands used in asymmetric catalysis.’*] The assembly of
this base pair can be considered cooperative: Ethylenedi-
amine is necessary for the formation of the ligand, and the
subsequently coordinated metal ion prevents hydrolysis of
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the resulting imines.” This cooperativity is surely one of
the reasons for the enormous duplex stability associated
with the metal-ion-mediated salen base pair, as can be seen
from the increase in an oligonucleotide melting temperature
of more than 42 °C upon establishing one Cu®>*-mediated
salen base pair.l”3 The metal complex formation is energeti-
cally so much favoured that even the disruption of a natural
base pair or the distortion of the double helix is ac-
cepted.’ The salen base pair is highly versatile in that it
binds a variety of metal ions, e.g. Cu?>*, Mn?*, Ni**, Fe?*,
or VO?*. As Mn?" coordinated by a salen ligand is known
to be oxidized to Mn3* under aerobic conditions,®® each
resulting Mn3*-mediated salen base pair carries one posi-
tive charge. Nonetheless, a DNA double helix with a con-
tinuous stack of ten identical metal-ion-mediated base pairs
was generated for the first time by applying the Mn>*-medi-
ated salen base pair.””! This is supportive of the belief that
positive charge accumulated inside a DNA double helix can
be compensated for by the negatively charged backbone.
Indeed, DNA was shown to be able to accommodate a row
of three consecutive, positively charged, Ni*>*-mediated arti-
ficial base pairs,[’”! whereas PNA with its neutral backbone
was not able to do so,l”8 albeit in different sequence con-
texts.

1.2 Metal-Ion-Mediated Base Pairs with Natural
Nucleosides

In addition to the use of artificial nucleosides for the for-
mation of metal-ion-mediated base pairs, natural nucleo-
sides can be applied as well. It is known from early studies
on the interaction of nucleic acids with Hg?* that this metal
ion is preferentially coordinated by thymidine residues.[37-%
Later, model studies showed that upon substitution of the
thymine imide proton, linear thyminate-Hg?*—thyminate
(T-Hg-T) complexes are formed (Scheme 4).°"1 More re-
cently it was shown that this structural motif can be in-
serted systematically into DNA double helices.”>°%1 The
applicability of DNA containing T-Hg-T base pairs in
terms of a molecular wire was investigated by using theoret-
ical approaches. These showed that the metal ion does not
participate in mediating long-distance radical cation hop-
ping in DNA,P%191 byt that it might play an important role
in excess electron transfer.””!

0 Q
;/ ON—Hg——Ne \;
N~ N
R o 0 R

Scheme 4. Hg?*-mediated base pair (T-Hg-T) comprising two de-
protonated thymine residues (R, R’ = 2’-deoxyribose).

A few years ago, a rearrangement of regular B-DNA to
so-called M-DNA was reported to occur at elevated pH val-
ues in the presence of divalent metal ions such as Zn?*,
Co?*, or Ni?* 101102 Ag this rearrangement is accompanied
by an acidification of the solution, substitution of some of
the nucleobase protons involved in hydrogen bonds by the
3751
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metal ions was suggested to take place, namely one proton
per metal ion. This should lead to metal-ion-mediated
base pairs similar to the T-Hg-T one.'%?l M-DNA was re-
ported to possess metal-like conductivity,['%3! contrary to
the behaviour of the underlying B-DNA. The proposed
long-range electron transfer!!®19 would enable self-as-
sembling DNA-based nanoelectronic devices, and a recent
theoretical investigation suggests the formation of a field-
effect transistor from M-DNA.I'71 However, the precise
structures of the metal-ion-mediated base pairs in M-
DNA,108:10] the enhanced conductivity of M-DNA,I10-112]
and even its actual formation are controversially dis-
cussed.[''3 Moreover, single-crystal X-ray diffraction analy-
ses of DNA oligonucleotides crystallized under alkaline
conditions in the presence of Zn**, Co?*, or Ni** do not
show incorporation of the metal ions inside the double helix
but rather a coordination via the N7 positions of terminal
guanine residues.!''* Nonetheless, the bottom-up approach
of using artificial metal-ion-mediated base pairs with their
known geometry is a promising path towards DNA-based
devices with a precisely controllable composition.

1.3 Artificial Nucleosides Described in this Review

The expected broad applicability of metal-modified nu-
cleic acids led to a quest for new artificial nucleosides that
are compatible with the formation of metal-ion-mediated
base pairs. In this review, a summary of our work on eight
non-natural nucleosides (compounds 1-8 in Scheme 2) is
described with respect to the characterization of their
metal-ion-binding behaviour, their incorporation into oligo-
nucleotides, and/or their use in metal-ion-mediated base
pairs. In addition, the application of the natural nucleoside
uridine (U) in connection with the formation of U-Hg-U
base pairs in RNA double helices is discussed. Throughout
this paper, experimentally characterized compounds are de-
noted by Arabic numerals, molecules investigated by density
functional theory (DFT) methods by Roman numerals, and
oligonucleotides by OL- followed by an Arabic numeral.

2. Characterization of the Artificial Nucleosides

Before the formation of any potential metal-ion-medi-
ated base pair within an oligonucleotide double helix, the
reactivity of the artificial nucleoside(s) towards the respec-
tive metal ion should be investigated thoroughly. For exam-
ple, monodentate ligands might be able to support not only
double but also triple helix formation.’”! In addition, it is
worthwhile to establish the acid-base properties of the nu-
cleoside, i.e. whether the protonation of the nucleoside must
be expected to compete with the metalation or not.

2.1 Acidity Constants

The pK, values of various protonated artificial nucleo-
sides were determined. Table 1 gives an overview of the
acidity constants. Because in most cases the a anomer of
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the respective nucleoside had been obtained as a side prod-
uct, pK, values are listed for this anomer, too. Obviously,
for the nucleosides under consideration no competition be-
tween protonation and metalation reaction is to be expected
when working in the physiological pH range, because all
acidity constants are well below the value of seven. Further-
more, depending on the number of endocyclic nitrogen
atoms in the azole nucleobase and the presence or absence
of aromatic rings appended to it, a broad range of pK, val-
ues from about -3 to 6.42(5) is covered by these artificial
nucleosides. As the affinity towards a metal ion typically
shows the same trend as the affinity towards a proton, this
would translate into a graded stability of the metal-ion-me-
diated base pairs, a feature that might be interesting in ap-
plications of the metal-modified nucleic acids.

Table 1. pK, values of protonated artificial 2'-deoxyribonucleo-
sides.[48-49-52]

Nucleoside a anomer® B anomer® ApK, (o — p)
Imidazole 1 6.42(5) 6.01(5) 0.41(7)
1,2,4-Triazole 2 1.53(5) 132(5) 0.21(7)
Tetrazole 3 < -3Mb < -3l

Benzimidazole 4 4.45(3) 42103) 0.24(4)

| H-Imidazo[4,5-blpyridine 5 3.45(2) 3.2602) 0.19(3)
3H-Imidazo[4,5-bpyridine 6 3.15(2) 2.84(2) 0.313)

[a] The errors given correspond to three times the standard devia-
tions of the mean values (30). [b] Estimate based on the pK, value
of 1-methyltetrazole (pK, = —3).['13]

One interesting feature of the artificial nucleosides cov-
ered by Table 1 regards the inherently different pK, values
of the o and B anomers. Obviously, protonated 2'-deoxy-f-
D-ribonucleosides are slightly more acidic than the corre-
sponding 2’-deoxy-a-D-ribonucleosides, with ApK, values
ranging from 0.19(3) to 0.41(7). To confirm independently
the differential reactivity of the anomers towards proton-
ation and to investigate the underlying reasons, density
functional theory (DFT) calculations at the B3LYP/6-
311+G** level were performed using 1,2,4-triazole nucleo-
side 2 as an example.’?l The result of these calculations is
in very good agreement with the experimental data [ApK,
= 0.16 vs. 0.21(7)]. Interestingly, no significant differences
in the charge distribution between sugar moiety and nucleo-
base were observed between the two anomers, ruling out
different charge localizations as a reason for the different
acidity. Instead, the distinct values for ApK, can be attrib-
uted to a differential influence of the protonation on the
extent of the anomeric effect. An increased interaction of
the oxygen lone pair of the sugar moiety with the antibond-
ing orbital of the glycosidic bond due to a more favourable
overlap is typically considered the reason for the anomeric
effect.l''®] Upon protonation of nucleoside 2, the increase
in this interaction is indeed more pronounced for the a an-
omer, resulting in a larger stabilization of the protonated a
nucleoside and concomitantly in a more acidic protonated
B nucleoside. Unfortunately, no sufficiently precise data are
available on the pK, values of the o anomeric counterparts
of the natural 2’-deoxy-B-D-ribonucleosides. Published val-
ues could be interpreted in a way that an identical trend
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in reactivity also exists for the natural nucleosides [e.g. 2'-
deoxyguanosine: pK, (o anomer) = 2.6, pK,( anomer) =
231,117 but the relatively large standard deviations of those
values do not permit a reliable, final conclusion to be
drawn.

2.2 Stoichiometry and Stability Constants

To allow the formation of metal-ion-mediated base pairs,
the monodentate azole-based artificial nucleosides need to
form stable complexes with linearly coordinating metal ions
in a 2:1 ratio. In this respect, Ag* and Hg?>" were chosen
because they are known to adopt a linear coordination ge-
ometry but at the same time are flexible enough to accom-
modate more than two ligands as might become necessary
during the formation of a potential triple helix. The stoi-
chiometries of selected complexes of metal ions and artifi-
cial nucleosides were determined by applying the method of
continuous variations, i.e. by preparing Job plots,[* prior
to incorporating the respective nucleosides into oligo-
nucleotides. The overview of the results (Table 2) shows that
only a few metal ion complexes of imidazole- or triazole-
based nucleosides are able to adopt the 2:1 stoichiometry
that is necessary for base pair formation. In no case, 3:1
complexes reminiscent of a base triple were observed. As
was shown by using triazole nucleoside as an example, no
differences exist for the o and the p anomer, respectively.

Table 2. Stoichiometries of selected complexes of azole nucleo-
sides.[49:32]

Complex with Hg?*
2:1
1:1
1:1
no complex formation

Nucleoside

Imidazole 1p
1,2,4-Triazole 2a
1,2,4-Triazole 2p
Tetrazole 3p

Complex with Ag*

NI N

Whereas the relative stabilities of the metal ion com-
plexes can be estimated by comparing different Job plots —
with sharp maxima implying a high stability — the determi-
nation of the exact stability constants requires additional
experiments. Therefore, the nucleosides were titrated with
increasing amounts of metal ion solutions, and the chemical
shifts of their aromatic protons were followed by 'H NMR
spectroscopy.l*%-32! Individual formation constants were cal-
culated from the experimental data by using the computer
program EQNMR.[!8 Table 3 provides a list of these sta-
bility constants.

Several conclusions can be drawn from the data pre-
sented in Table 3. First, the complex [Ag(2p),]* apparently
does not obey the generic rule that the second individual
stability constant is smaller than the first one. Although
such behaviour is known for other complexes of triazole
derivatives!'?Y as well as for other Ag* complexes such as
[Ag(NH3),]", it might in this case be the result of poor data
convergence in the determination of log f; caused by almost
identical chemical shifts for the complexes [Ag(2p)]" and
[Ag(2B)-]*. Second, 2a forms more stable complexes than
2B, a finding that was confirmed independently by DFT
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Table 3. Overall stability constants (water) for metal ion complex-
ation of selected artificial azole-based nucleosides.[*->21

Nucleoside Ag* Hg?*

log 1] log i, log 3,1 log i,k
Imidazole 1p > 5[bl > 10[b! > 5[bl > 10[®!
1,2,4-Triazole 20 n.d.ll 4.9(2) 2.07(6) -
1,2.4-Triazole 2B 1.5(7) 43(1)  1.56(4) -
Tetrazole 3p 0.86(2) - - -

[a] The errors given correspond to three times the standard devia-
tions of the mean values (30) or the possible systematic error,
whichever is larger. [b] Estimate based on the occurrence of an
abrupt change of slope in the binding curves of 1B with Ag* or
Hg?*.'"1 [¢] not determined.

methods®?! and that goes along well with the observation
that 2p is less basic (see section 2.1). Third, all listed com-
plexes are more stable than Watson—Crick base pairs in
water. Contrary to the complexes reported here, the forma-
tion of regular Watson—Crick pairs cannot be observed in
water due to their significant destabilization by the sol-
vent.['?!l Hence, in terms of stability, metal-ion-mediated
base pairs from azole nucleosides should be able to replace
regular Watson Crick base pairs within DNA double heli-
ces.

2.3 Structural Studies of Model Complexes

To obtain structural insights into the geometry of the
metal-ion-mediated base pairs, studies have been performed
applying either DFT calculations or X-ray diffraction of
suitable single crystals of model complexes. Regarding the
putative metal-ion-mediated base pairs that include two
azole nucleosides and Ag* or Hg?*, DFT calculations were
performed with I-methylazoles as nucleoside analogues
(Scheme 5). After geometry optimization, the energy differ-
ence AE with respect to a fully planar structure with cisoid
methyl groups as necessary for a Watson—Crick base pair
surrogate was determined.[*”! All energy differences lie be-
tween 0.8 and 4.0 kJmol ' and are therefore small enough
to allow a reasonably high population of the planar confor-
mation as required for a proper implementation into an oli-
gonucleotide double helix. Furthermore, the loss in energy
due to formation of a coplanar complex is expected to be
more than compensated for by stacking interactions be-
tween neighbouring base pairs. The C(methyl)-C(methyl)
distances d of the planar complexes represent the distances
between glycosidic bonds in the DNA duplex. Especially
the values of those azole/metal combinations that favour
the formation of 2:1 complexes {[Ag(1B),]", [Ag(2B).]", and
[Hg(1B),]>*; see Table 2} resemble the average distance be-
tween glycosidic bonds in idealized B-DNA.™! Therefore,

n+
xX=" A X |
NN
Scheme 5. Structures used in the DFT calculations (M = Ag*, n =

lorM=Hg>, n=2;1: X, Y=CH; II: X =N, Y = CH; III: X,
Y = N).#I
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imidazole nucleoside 1 or 1,2,4-triazole nucleoside 2 to-
gether with Ag* or Hg?* are promising building blocks for
metal-ion-mediated base pairs.

1-Deazapurine can formally be viewed as an imidazole
moiety with an appended pyridine ring. Hence, 1-deazapur-
ine nucleoside 6 can be considered a derivative of imidazole
nucleoside 1 with modified properties such as increased size
and decreased basicity (see Table 1). In an attempt to model
a putative homo base pair of 1-deazapurine nucleoside 6f
mediated by a Hg?" ion, the corresponding methyl deriva-
tive 9-methyl-1-deazapurine (9-MeDP) was synthesized and
reacted with Hg(CF3;COO),. In the presence of NaNOs,
colourless crystals of [Hg(9-MeDP),](NO3),H,O 9 were
obtained that were suitable for a structure determination.[*®]
As required for a metal-ion-mediated base pair, the nucleo-
base surrogates are arranged approximately trans to each
other [173.1(1)°]. However, the deazapurine planes are ori-
ented at an angle of 82.98(7)°. The methyl groups are in
a transoid orientation which is incompatible with regular
Watson—Crick base pairing. Nonetheless, against the back-
ground of the relatively small energy differences between
optimized and planar cisoid geometry as calculated for the
metal-ion-mediated base pairs with azole nucleosides, it can
be anticipated that incorporation of 6f into oligonucleo-
tides might still lead to the formation of double helices with
metal-ion-mediated base pairs.

In addition to generating homo base pairs from azole
nucleosides, the latter may also be applied in the formation
of hetero base pairs with tridentate complementary nucleo-
sides, e.g. based on terpyridine. To study whether such sys-
tems are feasible or not, model complexes of the artificial
nucleobases were prepared from [M(terpy)(H>O)]**, using
metal ions that are well-known for adopting the required
square-planar geometry (M = Pd", Pt!).[33] Potential sites
of attachment of the sugar residue to the terpyridine nu-
cleobase are either the C4’ carbon (see Figure 1) of terpyr-
idine or the methyl group of 4’-methyl-2,2":6",2" -terpyr-
idine (see Figure 2). Reaction with 1-methylimidazole, act-
ing as a surrogate for imidazole nucleoside 1, led to the
formation of [M(terpy)(l-methylimidazole)](ClO,), (10: M
=Pd'"; 11: M = Pt"). In these complexes, the dihedral angle
between the square-planar coordination sphere of the metal
ion and the imidazole ring amounts to 73.9(3)° (10) and
74.0(2)° (11). Analyses of the respective '"H NMR spectra
suggest that the solution structures closely resemble those
found in the solid state. Apparently, a steric clash between
the terpyridine H6/H6'' protons and the imidazole H2/H4
protons (Figure 1, a) prohibits the formation of a planar
complex. However, it might be possible to drive the system
to planarity, e.g. by the energy gained from r stacking inter-
actions with neighbouring base pairs in an oligonucleotide.

Replacement of the 1-methylimidazole ligand in 11 by 1-
metyltetrazole, acting as a surrogate for tetrazole nucleoside
3, should lead to a planar structure because the formal sub-
stitution of two C—H groups by nitrogen atoms reduces the
steric clashes and should result in the formation of C-H--*N
hydrogen bonds instead. However, in 1-methyltetrazole
three different nitrogen atoms are available for coordina-
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Figure 1. View of the cations of a) compound 11 and b) compound
12. Selected atoms are labelled according to the numbering schemes
of the respective individual ligands. The sugar moiety of the pro-
spective nucleoside could be attached via C4'. Figure adapted from
ref. 153

tion, and only metal binding to N3 is expected to give rise
to a planar complex. To much of our surprise, the complex
formed upon reaction of [Pt(terpy)(H,O)]** with 1-methyl-
tetrazole comprises a deprotonated 1-methyltetrazolate co-
ordinated via its carbon atom C5 (Figure 1, b).53! Although
such a coordination pattern is not unprecedented, the prod-
uct [Pt(terpy)(1-methyltetrazolate)]ClO,4 12 is the first struc-
turally characterized complex of this type that was synthe-
sized directly from its ligands. The tetrazolate moiety in 12
is oriented at an angle of 67.0(2)° with respect to the plati-
num coordination sphere. 'H NMR studies confirm the
presence of the organometallic entity in solution, too.
Attempts to obtain the desired planar complex by using
different reaction conditions led to the isolation of the dou-
bly metalated compound [{Pt(terpy)},(1-methyltetrazolate)]-
(ClOy); 13, in which the Pt(terpy)** moieties are attached
to N4 and C5. An analogous palladium(Il) complex
[{Pd(terpy)},(1-methyltetrazolate)](ClO,4); 14 was obtained
likewise.[>3] While the exact mechanism for the formation of
the organometallic species is still unknown, it is tempting
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Figure 2. View of the geometry-optimized structure of [Pd(4'-
methyl-2,2":6",2"'-terpyridine)(1-methyltetrazole-N3)]** as calcu-
lated by DFT methods. Intramolecular hydrogen bonds are de-
picted as dashed lines. Selected atoms are labelled according to the
numbering schemes of the respective individual ligands. The sugar
moiety of the prospective nucleoside could be attached via the
methyl group at C4'. Figure adapted from ref.[>*!

to speculate that a concerted substitution mechanism with
essentially simultaneous C-H deprotonation and carbon
metalation takes place.[>’] A feasible scenario for the second
metalation step is that complex 12 is an intermediate in the
formation of 13, and that the second Pt(terpy)®* entity is
guided to the N4 atom by an initial attraction via 7 stacking
interactions with the carbon-bonded first Pt(terpy)>* group.

To obtain a geometric model for the putative planar
metal-ion-mediated base pair from terpyridine, tetrazole,
and Pd?*, DFT calculations were performed (Figure 2).13
In concurrent calculations, the tetrazole ligands was re-
placed by other monodentate ligands such as imidazole,
1,2,4-triazole, and pyridine for reasons of better compari-
son. Only the complex comprising tetrazole adopts a con-
formation in which the two ligands are not oriented perpen-
dicularly. Furthermore, the energy necessary to convert the
structure from the optimized to a fully planar geometry
amounts to only 0.8 kJmol', as compared to 70—
151 kJmol! in the other cases where steric hindrance pro-
hibits a planar geometry. The angle between the square-
planar coordination sphere of Pd’>* and the tetrazole plane
amounts to only 27.9° for the fully optimized geometry. As
expected, the planarization is driven by the formation of
two hydrogen bonds from the aromatic terpyridine protons
H6 and H6'' to the tetrazole nitrogen atoms N2 and N4,
respectively (Figure 2).

These model studies show that the formation of metal-
ion-mediated base pairs from terpyridine and a mono-
dentate ligand should be possible. Ideally, tetrazole nucleo-
side 3 should serve as the latter ligand because the resulting
base pair could adopt a planar geometry provided that
tetrazole is coordinating to the metal ion via its N3 atom.
The applicability of artificial nucleosides related to the
other monodentate ligands under investigation, i.e. imid-
azole nucleoside 1, 1,2,4-triazole nucleoside 2, and pyridine
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nucleoside, cannot be ruled out completely. Despite un-
favourable geometries of the model complexes, the potential
base pairs might experience additional stabilization within
the nucleic acid. Indeed, the incorporation of related base
pairs from terpyridine-like ligands, pyridine, and Ag* into
a short oligonucleotide double helix was reported recently
(Scheme 2, u—w and n).[’1.72

3. Metal-Ion-Induced Conformational Change in
Artificial Oligonucleotides

Because 1,2,4-triazole nucleoside 2 was shown to be able
to differentiate between Ag* and Hg?* via formation of
complexes with different stoichiometries, this nucleoside
was selected for incorporation into a nucleic acid. Sequence
d(A;X5T;) OL-1 (A = adenine, T = thymine, X = 1,2,4-
triazole) comprises stretches of both natural and artificial
nucleosides arranged in a way that a hairpin structure can
be adopted in which the artificial nucleosides are located in
the loop (Scheme 6). In the presence of an appropriate
metal ion, two oligonucleotide strands could also form a
regular double helix with metal-ion-mediated base pairs.
Due to the lacking capability of triazole nucleoside to en-
gage in hydrogen bonds, formation of such a duplex is not
expected in the absence of transition metal ions, as it would
contain destabilizing mispairs.
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Scheme 6. Conformational change of oligonucleotide OL-1 from
hairpin to regular double helix, accompanied by the formation of
metal-ion-mediated base pairs (A = adenine, T = thymine, X =
triazole, M = Ag*).b1l

The formation of a regular double helix prior to the ad-
dition of transition metal ions was also ruled out experi-
mentally based on two observations.°!l First, the melting
temperature 7, of OL-1 is concentration-independent. Sec-
ond, by applying a labelling scheme in which fluorescence
is quenched due to Forster resonance energy transfer
(FRET) in the presence of a regular double helix yet re-
mains unchanged in the presence of a hairpin structure, for-
mation of the latter could be unequivocally confirmed.

Not unexpectedly, addition of Hg?* to a solution of OL-
1 led to a decrease in T}, of approximately 2 °C per equiva-
lent of added Hg?*.’!l In this context, one equivalent of
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metal ions corresponds to one metal ion per potential
metal-ion-mediated base pair in a regular duplex, i.e. for
1 nmol of d(A;X5T;) OL-1, one equivalent of Hg?* trans-
lates into 1.5 nmol of Hg?*. The destabilizing effect of Hg>*
might be due to its preference to form 1:1 adducts with
triazole nucleoside 2 (see section 2.2). Furthermore, because
of the high affinity of thymine towards Hg?*, the undesired
formation of such adducts might also be responsible for the
destabilization. Contrary to Hg?*, the addition of Ag* had
a large stabilizing effect on OL-1. Interestingly, the melting
temperatures of the resulting adduct were found to be de-
pendent on the oligonucleotide concentration, suggesting
that OL-1 no longer adopts a hairpin conformation in the
presence of Ag*.B!1 UV spectroscopy was used to gain in-
sight into the concomitant conformational change. From
these measurements it became clear that the first equivalent
of Ag* interacts differently with the oligonucleotide than
excess Ag*, which was conveniently explained by the prefer-
ential formation of metal-ion-mediated base pairs prior to
additional, non-specific interactions of excess Ag*.[!

Mass spectrometry is a method typically used to indicate
the presence of metal-ion-mediated base pairs within a
modified nucleic acid. In the case of OL-1, MALDI-TOF
mass spectrometry was applied.’!1 Unfortunately, the mass
spectra indicated that most of the duplex dissociates under
the experimental conditions. However, the spectra did con-
tain peaks that could be assigned to the double helix and
its Ag* adducts. A comparison with the spectra of identical
samples in the absence of Ag* was clearly indicative of an
Ag*-induced stabilization of the regular duplex, which in
turn is supportive of the formation of metal-ion-mediated
base pairs.

Dynamic light scattering (DLS) was used to determine
the size of the oligonucleotide in solution.’!] Accordingly,
a solution of OL-1 contains 100 mass percent of particles
with a mean hydrodynamic radius ry of 1.6(1) nm prior to
the addition of Ag* (Table 4). In the presence of one equiv-
alent of Ag*, ry increases to 2.10(5) nm, a typical value for
a duplex with 17 base pairs. The increase of ry of approxi-
mately 30% that accompanies the structural transition was
also observed in a related system of RNA with Hg>*-medi-
ated base pairs (see section 6).

Table 4. Hydrodynamic radii of OL-1 and reference oligonucleo-
tides.P1!

Oligonucleotide ru® /am  Mass /%  Polydispersity™ /%
OL-1 1.6(1) 100 73
OL-1 + Ag* 2.10(5) 99.9 7.4
reference hairpin OL-2[¢ 1.55(5) 99.9 8.4
reference duplex OL-34] 2.05(5) 99.9 7.0

[a] The hydrodynamic radii correspond to the average values
from at least four measurements. [b] A polydispersity of <15%
indicates that the sample is monomodal monodispers. [c] OL-2:
d(A;GAAT;). [d] OL-3: d(GGAAAAGGAGAGAAGAA)
(TTCTTCTCTCCTTTTCC).

In conclusion, the appropriate design of an oligonucleo-
tide sequence enables the synthesis of an artificial nucleic
acid whose structure can be modified by the addition of
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suitable metal ions. Such a system might be developed into
a modularly built metal-ion sensor by appending fluores-
cence markers and quenchers to the nucleic acids. De-
pending on the choice of the artificial nucleoside, different
metal-ion selectivities can be expected for this type of sen-
SOr.

4. Base Pairs Mediated by Hydrogen Bonding
and Metal-Ion-Binding

When natural hydrogen-bond-mediated base pairs are
formally substituted by metal-ion-mediated ones, the ther-
mal stability of the resulting nucleic acid typically increases
due to the higher stability of coordinative bonds compared
to hydrogen bonds. While this stabilization is often consid-
ered a positive effect of the incorporation of metal-ion-me-
diated base pairs, it might turn into a disadvantage once
longer continuous stacks of artificial base pairs are pre-
pared. As a result of the increased stability, the DNA
strands might lose their ability to self-assemble revers-
ibly.['221 It was therefore highly desirable to devise an artifi-
cial base pair that has a thermal stability comparable to
that of a natural base pair yet is mediated by a metal ion.
Towards this end, 1-deazaadenine (D) and thymine (T) were
chosen as complementary nucleobases.’”) Earlier reports
had suggested that the oligonucleotides d(D,g) and d(T»,)
associate via the Hoogsteen edge of the purine base to form
a double helix.['2*124 Scheme 7 shows how a metal-ion-me-
diated base pair is derived from such a Hoogsteen pair by
the substitution of a proton by a metal ion. As was shown
by DFT methods, the resulting metal-ion-mediated base
pair can be expected to comprise one remaining hydrogen
bond.*0!

Scheme 7. Proposed formation of a base pair from 1-deazaadenine
and thymine, mediated by an Ag* ion and a hydrogen bond. Shown
on the right is the geometry-optimized structure modelled by DFT
calculations.l*!

Two oligonucleotides comprising 1-deazaadenine nucleo-
side 7 were synthesized and characterized, namely d(ADA-
DADADA)-d(Ty) OL-4 and d(D;9A)-d(T5;) OL-5.5% In
both cases, the addition of Ag* ions led to a significant
increase in T, with a maximum value of 7T, reached in the
presence of one equivalent of Ag*. Obviously, the maxi-
mum stability is reached at a stoichiometric ratio of one
Ag" ion per base pair.’% For example, the melting tempera-
ture of OL-5 was found to increase from about 10 °C in the
absence of transition metal ions to 51.2 °C in the presence
of one equivalent of Ag*. Additionally, a series of UV spec-
tra of OL-5 with increasing amounts of Ag* displayed
changes only during the addition of the first equivalent of
metal ion, with excess Ag" not influencing the spectrum
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any further (Figure 3).°% The CD spectra of OL-5 prior to
and after addition of Ag* were found to be almost iden-
tical, with only minor variations being observed, namely a
bathochromic shift of about 3 nm of the minima at 213 and
256 nm as well as of the maximum at 226 nm.l*% As CD
spectra are sensitive to alterations of the helical structure,
the lack of major differences was taken as an indication that
only subtle structural changes take place upon addition of
Ag®*. This is exactly what is expected when substituting a
proton by an Ag* ion.
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Figure 3. UV absorption changes at 263 nm upon addition of
AgNO; to OL-5. Inset: UV spectra of OL-5 in the presence of
various amounts of AgNOj;. The arrow indicates the direction of
the changes. Figure adapted from ref.>%

Hence, the base pair formed from 1-deazaadenine and
thymine in the presence of Ag* was the first example of a
new class of artificial base pairs mediated by hydrogen
bonding and metal-ion-binding. The increment in 77, of ap-
proximately 2 °C per base pair corresponds nicely to the
values of 2 °C and 3 °C, respectively, that are typically as-
sumed when estimating the contributions of adenine-thy-
mine and guanine-cytosine base pairs to the melting tem-
perature of oligonucleotides under physiological conditions.
Hence, its stability is comparable to that of natural base
pairs, yet it is mediated by a metal ion. It therefore com-
bines the reliable self-assembly of hydrogen-bonded base
pairs with the properties of metal-ion-mediated ones. The
two examples reported so far show that the novel base pair
can be used in different sequence contexts, and that even
the generation of a long continuous stretch of metal-ion-
mediated base pairs can be accomplished, making it a valu-
able addition to the repertoire of structural elements in
DNA nanotechnology.

5. Metal-Ion-Induced Aggregation of Bipyridine-
Containing Oligonucleotides

Metal-ion-mediated base pairs need to adopt a (more or
less) planar geometry so that they can be incorporated into
a duplex without loss of stabilizing 7 stacking interactions
between adjacent base pairs. However, artificial ligand-
based nucleosides may be used in combination with metal
ions that prefer non-planar coordination geometries in a
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different context, i.e. in the generation of DNA-based nano-
structures. In the past decade, more and more examples of
the application of nucleic acids in the creation of well-de-
fined two- and three-dimensional nanostructures have been
reported. These include, amongst others, a cube,!'**] a smi-
ley facel'?! and autonomously shape-shifting struc-
tures.['?’] Most recently, even the use of DNA as a mediator
in the crystallization of gold nanoparticles was convincingly
demonstrated.'?%12°l The employment of non-Watson—
Crick base pairs is expected to extend the scope of this type
of nanoarchitecture. Along these lines, ligands attached di-
rectly or via short linkers to oligonucleotides can be used
to control the assembly of nucleic acids.['6-18-30:33] Besides
this application, the use of ligand-modified DNA oligonu-
cleotides for the sequence-specific detection of nucleic acids
has also been reported.3!-3+35:371 However, the use of a li-
gand-based nucleoside in the generation of higher-order
DNA structure was only reported by us recently.l>*

A reasonable approach to using ligand-based nucleosides
for the assembly of higher-order DNA structures is their
incorporation at the end of an oligonucleotide. After double
helix formation, these nucleosides represent single-stranded
overhangs that can become sticky ends in the presence of
appropriate metal ions. For example, nucleoside 8 was in-
corporated at the 5'-end of the otherwise self-complemen-
tary DNA sequence d(BCGCGAATTCGCG) OL-6 (B =
nucleoside 8). It was envisaged that the addition of Fe>*
would lead to the formation of octahedral complexes
[Fe(8);]**, which in turn would result in the assembly of
nanoscale DNA-based networks (Scheme 8).54

OH

Scheme 8. Representation of a DNA-based network connected via
metal-ion coordination of nucleoside 8 attached terminally to oli-
gonucleotide double helices. Figure adapted from ref.® Coordi-
nates of the structure shown in the inset derived from ref.['3%

Atomic force microscopy (AFM) images of OL-6 in the
absence of transition metal ions, using mica as surface sup-
port, showed a homogeneous surface without any indica-
tion for the presence of DNA. This is in agreement with
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expectations, because individual double helices of OL-6
— estimated to be about 4 nm long — cannot be visualized
due to the limited lateral resolution of AFM. However,
AFM images obtained in the presence of Fe>" displayed
an entirely different topology (Figure 4), indicative of the
aggregation of DNA in the form of higher-order struc-
tures.’¥ Two distinct types of structures were observed: The
first one, shown also in the lower panel of Figure 4, consists
of monolayers of DNA duplexes. Its morphology is reminis-
cent of that reported for bipyridine-modified quadruple hel-
ices in the presence of Co?* or Zn?*.?* The second type of
structure is a disc-shaped one with a height of up to 60 nm.
It must therefore either be composed of several layers of
DNA or comprise a complex three-dimensional network of
double helices. The top panel of Figure 4 shows one occur-
rence of the monolayer structure and five examples of a
disc. Unexpectedly, within a few hours after sample prepa-
ration, the disc-shaped aggregates evolved into fewer fibre-
like structures with lengths of several nanometres while
maintaining their height of up to 60 nm.’* Storage under
dry argon stalled the morphological change: The evolution
from disc-shaped to fibre-like structures apparently started
upon introduction of the sample into the microscope, i.c.
upon its exposure to air. The reasons for this structural
evolution are not known yet; it appears as if the humidity
of the surrounding gas plays an important role.

Figure 4. AFM topography images of d(BCGCGAATTCGCG)
OL-6 (B = 2,2'-bipyridine-based nucleoside 8) on mica in the pres-
ence of Fe>". The inset in the top image shows the associated height
profile. Figure adapted from ref.>4

In summary, these experiments showed that palindromic
DNA oligonucleotides terminally appended with the artifi-
cial 2,2'-bipyridine-based nucleoside 8 form higher-order
structures in the presence of Fe*". The aggregation can be
explained by the formation of [Fe(8);]>* complexes, thereby
creating cross-links between neighbouring duplexes. Such
systems can be regarded as artificial three-way junctions
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that assemble only in the presence of appropriate metal ions
and represent a first step towards an application of ligand-
based nucleosides in the assembly of defined DNA nano-
structures.

6. RNA with Mercury(II)-Mediated Base Pairs

While several examples exist of metal-ion-mediated base
pairs in DNA-731 or PNA, 76811 their systematic incorpo-
ration into RNA had not been reported until recently.l!3!]
Prior to our study on Hg?*-mediated base pairs in
RNA,31 only one example had been published in which
an Au®*-mediated guanine-cytosine pair was coincidentally
formed in RNA crystals with about 40% occupancy while
soaking those crystals in a solution of AuCls.['3 The lack
of systematic studies might have been in part be due to the
fact that RNA is often considered a complex, three-dimen-
sional structure with only a few double helical regions.
Furthermore, the ribose in RNA is certainly more prone to
hydrolytic decomposition than the 2'-deoxyribose in DNA.
On the other hand, the formation of regular RNA double
helices is only dependent on an optimal sequence design.
Moreover, RNA duplexes are significantly more stable
against hydrolysis than single strands, because in the former
the 2'-OH group is not in the correct geometrical position
for a nucleophilic attack of the adjacent phosphodiester
bridge.['33134 Therefore, RNA double helices must not be
discarded as scaffolds for the arrangement of metal ions.
On the contrary, as a result of the different conformations
of RNA and DNA duplexes, distinct relative orientations of
the metal ions and therefore distinct physical and chemical
properties can be expected.

Experiments regarding the incorporation of metal-ion-
mediated base pairs into RNA double helices were per-
formed with uracil (U) as the designated metalated nucleo-
base. Its DNA counterpart thymine is well-known for form-
ing T-Hg-T base pairs,”! 8 hence an analogous behaviour
was expected for uracil. Scheme 9 shows how the Hg?*-me-
diated base pair U-Hg-U could form from a cis-UU wob-
ble pair.
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Scheme 9. Proposed formation of a Hg>*-mediated base pair (U—
Hg-U) from a c¢is-UU wobble pair (R, R’ = ribose of an RNA
backbone).['31]

6.1 General Synthesis and Characterization of RNA

Five different RNA constructs OL-7 to OL-11 (Table 5)
were synthesized by in vitro transcription with T7 RNA
polymerase.['3!) Whereas duplexes OL-7 and OL-8 are non-
palindromic, OL-9 to OL-11 are self-complementary and
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may form either a hairpin or a regular double helix. The
number of consecutive uracil residues varies between two
and twenty, allowing the investigation of both the capability
of T7 polymerase to insert long stretches of identical nu-
cleotides and a potential upper limit of consecutive metal-
ion-mediated base pairs. The syntheses showed that up to
six consecutive identical nucleotides do not pose a problem
for T7 polymerase. When lining up more nucleotides of the
same kind, the polymerase loses its fidelity by one nucleo-
tide position.['31]

Table 5. Sequences of RNA constructs OL-7 to OL-11.131]

Sequence U-Hg-U™
OL-7 5'-r (GGAGCGCGU,GUCCCUC) -3 2
3'-r (CCUCGCGCU,CAGGGAG) -5
OL-8 5'-r (GGAGCGCGU GUCCCUC) -3 6
3'-r (CCUCGCGCUECAGGGAG) -5
OL-9 5'-r (GGAGCGCGUsCGCGCUCC) -3 6
OL-10 5'-r (GGAGU,;,CUCC) -3 10
OL-11 5'-r (GGAGU,,CUCC) -3 20

[a] Maximum number of potential U-Hg-U base pairs.

For all RNA oligonucleotides under consideration, the
addition of one equivalent of Hg?* was accompanied by
increasing melting temperatures 7;,,.'*!1 Going along with
the number of central uracil residues, the increase in Ty,
varied from 1 °C (OL-7) via 18 °C (OL-8) and 23 °C (OL-
10) to 50 °C (OL-11).['3 This clear trend suggests that the
stabilization occurs via formation of U-Hg-U base pairs.
In the case of OL-9, a comparison of the T,, before and
after the addition of Hg?* is not meaningful because of the
different conformations adopted under these conditions
(see below).

DLS and DOSY (diffusion-ordered spectroscopy) were
applied as independent methods to measure the hydrody-
namic radii 7 of the RNA constructs (Table 6).['3" To dis-
criminate between hairpin and double helix, their respective
theoretical hydrodynamic radii were calculated, too. In the
absence of Hg?*, the good agreement of calculated and
measured ry suggests that OL-7 and OL-8 adopt duplex
structures, whereas OL-9 forms a hairpin. The constructs
with ten or more consecutive uracil residues, i.e. OL-10 and
OL-11, appear to adopt multiple conformations as deduced
from the diverging experimental values of ry, probably as a
result of their long non-Watson—Crick regions.

In the presence of Hg?*, the hydrodynamic radii of du-
plexes OL-7 and OL-8 remain (more or less) constant. This
is in agreement with the imide protons of oppositely located
uracil residues being replaced by Hg?* (Scheme 9), because
such a substitution should proceed without an overall
change of the helix size. On the contrary, the hydrodynamic
radius of OL-9 shows an approximate 30%-increase upon
addition of Hg?*, indicative of double helix formation. Ap-
parently, the duplex structure is now more stable than the
hairpin, as conveniently explained by the formation of U—
Hg-U base pairs. The 30%-increase in size is in agreement
with the observations made for the conformational change
of the triazole-containing oligonucleotide OL-1 (see section
3). Earlier work on T-Hg-T base pairs in DNA had shown
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Table 6. Hydrodynamic radii ry of OL-7 to OL-11 as determined
by DLS (ryy,prs) and DOSY (ry posy) before and after addition of
1.2 equiv. of Hg?". Shown is also the theoretical hydrodynamic ra-
dius ry. If the sequence is able to form either hairpin or duplex,
theoretical values are given for both conformations.[3!]

Hairpin Duplex Without Hg>* With Hg>*
'y 'y raposy™  rupis®  raposy™  raprs®™
OL-7 B 221 21(1) 2132 223) 2230
OL-8 - 200 23(1) 20002 242)  1.6902)
OL9 143 204  1e(l) 1562  212) 22605
OL-10 117 234  15@4)  1744)  22@4)  2085)
OL-11 182 228  18(1) 2405  280) 2.656)"

[a] All values are average values of at least five measurements. [b]
This sample showed a high polydispersity in the DLS measure-
ments.

that hairpins comprising loops of two or three thymine resi-
dues can rearrange to double helices with two or three
metal-ion-mediated base pairs. Contrary to this, a hairpin
with a loop of four thymine residues does not rearrange but
forms a metal cross-link between the first and the fourth
thymine.’”l Our results obtained with OL-9 show that hair-
pins with larger loops are again able to form duplexes with
metal-ion-mediated base pairs. Presumably, intrastrand
cross-links within a hairpin loop can only be formed if the
nucleosides are prearranged in a geometrically correct fash-
ion. The structural changes that occur upon addition of
Hg?* to OL-10 and OL-11 could not be derived conclu-
sively. In both cases, the clear increase in ry could be indica-
tive of double helix formation, but the high polydispersity
observed especially for OL-11 suggests that again a com-
plex mixture of different duplexes is formed. Prolonged
treatment of metal-modified OL-7 to OL-11 with the che-
lating resin Chelex was shown to remove Hg?* from the U—
Hg-U base pairs.'3!] Interestingly, Chelex had been re-
ported not to remove Hg?>* from T-Hg-T base pairs in
DNA. % Presumably, the wider A-form RNA helix allows
a facilitated attack compared to B-DNA. Alternatively, the
thymine nucleobases might bind more strongly to the metal
ion than the uracil nucleobases do.

6.2 Detailed Study of Oligonucleotide OL-9

Due to the conformational change that accompanies the
addition of Hg?* to OL-9, this oligonucleotide had been
subjected to a more detailed study. The 'H,'H NOESY
spectrum of OL-9 in the absence of Hg?* was clearly indica-
tive of a well-structured loop formed by the six central urid-
ine residues.'*!1 Characteristic cross-peaks verified the pres-
ence of the A-form helix in the stem region. By using N
and '3C-labeled OL-9, the nitrogen resonances of all seven
uracil residues in OL-9 could be unambiguously assigned.
After the addition of Hg?*, only the resonances of the N3
nitrogen atoms of the six central uracil residues were com-
pletely broadened out, whereas all N1 resonances and the
N3 resonance of the uracil residue from the adenine-uracil
base pair remained detectable.l'3!] Moreover, the H6—C6
cross-peaks in a 'Jyc-HSQC spectrum of five of the six
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central uracil residues shifted strongly in the presence of
Hg?*, whereas the other two were more or less unaffec-
ted.['3" Taken together, these NMR spectroscopic data are
strongly supportive of the formation of U-Hg-U base
pairs.

The structural changes upon addition of Hg>" to OL-9
were also monitored by CD spectroscopy.['3!! In the absence
of transition metal ions, the CD spectrum of OL-9 re-
sembles that of typical A-form RNA (Figure 5).[13%13¢]
Stepwise addition of Hg?* leads to a diminishment of the
minimum and the maximum, and the maximum experiences
a red shift of about 8 nm. Two isosbestic points indicate
that during the addition of the first equivalent of Hg?*, the
A-form shape of the helix is not disrupted. Excess Hg>*
binds differently, which can be seen from the fact that the
isosbestic points are no longer observed. Considering that
all four nucleotides are potential binding sites for metal
ions,!'37 such differential binding is not unexpected. It ap-
pears as if the first equivalent of Hg>* is incorporated into
U-Hg-U base pairs, whereas additional Hg?>* binds in a
random fashion to other coordination sites available in the
nucleic acid.

[6] % 10° / deg cm’ dmol”

200 220 240 260 280 300 320

Figure 5. CD spectra of OL-9 upon addition of Hg>*. Arrows indi-
cate the directions of the changes. Two isosbestic points are ob-
served at 240 nm and 275 nm (black circles) during the addition of
the first equiv. of Hg?*. Figure adapted from ref.['3!]

Figure 6. A-form model of the duplex formed from OL-9 in the
presence of Hg?*. This Figure was prepared using MOLMOL.7]
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In summary, T7 RNA polymerase, used to synthesize the
oligonucleotides OL-7 to OL-11 by in vitro transcription,
is able to insert long stretches of identical nucleobases.
Probably unexpected by many, RNA is capable of forming
duplexes with metal-ion-mediated base pairs. The resulting
metal-modified nucleic acids are stable for at least a couple
of months. Due to the A-form shape of the helices, the
metal ions in U-Hg-U base pairs are twisted around the
helical axis (Figure 6), leading to a geometrical arrange-
ment distinct from that of metal ions in analogously modi-
fied B-type DNA and hence to different chemical and phys-
ical properties of the metal-modified nucleic acid.

7. Conclusions and Outlook

The introduction of imidazole, 1,2,4-triazole and tetraz-
ole nucleosides 1-3 as nucleosides for metal-ion-mediated
base pairs led to the first comprehensive study on an entire
family of artificial nucleosides, namely the azole nucleo-
sides.[*°! While imidazole nucleoside 1 and 1,2,4-triazole nu-
cleoside 2 are capable of forming metal-ion-mediated homo
base pairs, tetrazole nucleoside 3 appears to be a good can-
didate for metal-ion-mediated hetero base pairs with a tri-
dentate ligand as the complementary nucleobase. With its
large number of endocyclic nitrogen atoms, an almost
planar structure of terpyridine and N3-coordinating tetra-
zole should be feasible, additionally stabilized by two C-
H-N hydrogen bonds.’3! In the future, such a base pair —
predicted to be stable by DFT calculations — will need to
be characterized experimentally, too.

The incorporation of 1,2,4-triazole nucleosides into the
loop of a hairpin-forming oligonucleotide leads to a system
that changes its conformation to a regular duplex in the
presence of appropriate metal ions.>! This concept of mod-
ifying the nucleic acid conformation by adding suitable
metal ions provides the opportunity to design a modular
metal-ion sensor. In this sensor, the metal ion affinity can
be tuned by choosing an appropriate artificial nucleoside.
Labelling the oligonucleotides with fluorescence donor and
quencher groups should therefore enable the generation of
fluorescent turn-on sensors.[>!]

The Ag*-mediated base pair from 1-deazaadenine and
thymine is the first example of an artificial metal-ion-medi-
ated base pair with a thermal stability comparable to that
of its regular Watson—Crick counterparts.’”! This feature
makes it highly interesting, as it allows the reversible self-
assembly of metal-modified DNA containing several artifi-
cial base pairs. By using this base pair, an oligonucleotide
was synthesized that contains the longest stack of consecu-
tive metal-ion-mediated base pairs reported so far, namely
19.1591 Such continuous stacks are important for the investi-
gation of the electronic properties of metal-modified DNA.

In the same respect, the first report on a systematic in-
corporation of metal-ion-mediated base pairs into RNA
represents another important step forward.!!3!1 Here, access
to continuous stacks of metal ions is gained by incorporat-
ing U-Hg-U base pairs into double-stranded RNA synthe-
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sized by in vitro transcription. Although initial experiments
showed that the transcription fidelity of T7 RNA polymer-
ase decreases when ten or more consecutive identical nu-
cleotides are incorporated, it is quite possible that an opti-
mization of the transcription conditions or a mutation of
the enzyme enhances its capability to synthesize these spe-
cial nucleic acids. This challenge will certainly have to be
addressed in the near future, possibly also in combination
with the more general question to what extent artificial nu-
cleotides can be handled by polymerases.!'3®!

Addition of a ligand-based nucleoside to the end of an
otherwise self-complementary oligonucleotide enables the
formation of higher-order structures in the presence of
appropriate metal ions.’* Although the resulting complexes
cannot necessarily be considered metal-ion-mediated base
pairs, they still represent interesting building blocks that
might have an impact on DNA-based nanoarchitecture. In
an extension of the concept first introduced by Seeman,!!3°]
the combination of ligand-containing nucleosides and metal
ions enables a systematic formation of stable connections
between individual double helices. Furthermore, the metal-
ion-mediated three-way junctions that assemble from 2,2'-
bipyridine-modified oligonucleotides in the presence of oc-
tahedrally coordinating metal ions might become useful as
connections for DNA-based nanowires once these are ap-
plied in the formation of electric nanocircuits.>*

Now that numerous reports on different types of artifi-
cial metal-ion-mediated base pairs have appeared since their
introduction in 1999, the time has come to intensity efforts
to investigate the applicability of metal-modified DNA.[122
The work summarized in this article shall help to lay the
foundation for several potential applications, e.g. as metal
ion sensors, as molecular wires, or as building blocks in
DNA-based nanotechnology. Various additional applica-
tions are also conceivable, including the use in catalysis,!!”]
and maybe even in medicinal chemistry.l'*”] Obviously, the
necessity for an expansion of the current repertory of artifi-
cial nucleosides still remains. Such an extension could be
done by developing additional sulfur-containing nucleo-
sides to be able to coordinate also softer metal ions, or by
creating pairs of orthogonal metal-ion-mediated base pairs.
Furthermore, the development of new approaches towards
the generation of even longer continuous stacks of metal
ions is of great importance for possible applications of these
metal-modified nucleic acids. Nonetheless, it is probably not
exaggerating to state that we are now at the onset of trans-
ferring our knowledge of how to generate metal-ion-medi-
ated base pairs to investigating and exploiting the properties
of the resulting metal-modified nucleic acids.
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