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Redesigned tetrads with altered hydrogen bonding patterns enable
programming of quadruplex topologiesy
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Guanosine analogs assemble to unusual nucleobase tetrads,
restricting possible conformations of four-stranded DNAs.

Guanine-rich nucleic acids are prone to fold into four-
stranded structures called quadruplexes. Within such struc-
tures, four guanines engage in hydrogen bonds building a
guanine tetrad. In quadruplex structures, such tetrads are
stacked to form stable four-stranded secondary structures.'
While the core element, the guanine tetrad, is similar in all
known guanine quadruplexes, the orientation of the partici-
pating strands differs significantly from one quadruplex to
another and results in highly polymorphic folds.!* While
RNA quadruplexes prefer conformations with all-parallel
oriented strands due to the disfavored syn-conformation of
the glycosidic bond,> DNA quadruplexes display a variety of
different topologies. Several factors affect DNA quadruplex
conformations. The quadruplex topology is largely determined
by the composition of the loops and the number of stacked
G-tetrads.* For example, sequences with short loops favor
parallel orientation.>® For a given sequence, the conformation
can strongly depend on the presence and type of cation.
Probably the most characterized four-stranded sequence is
the hexameric repeat found in vertebrate telomeres including
those of humans.” Four repeats are necessary to form an
intramolecular quadruplex structure. Interestingly, several
different topologies have been found.'* For example, a crystal
structure in the presence of K+ shows an all-parallel orienta-
tion, the so called propeller conformation.® In addition, anti-
parallel orientation has been reported in Na™-containing
solutions.”! More recently, in the presence of K* further
structures were observed that contain mixed arrangements of
both parallel and anti-parallel strand orientation.>!%!! Circu-
lar dichroism is a powerful tool to distinguish different topol-
ogies. The all-parallel conformation displays a maximum of
circular dichroism at 265 nm, while folds containing anti-
parallel orientations are characterized by a maximum at
290 nm."*

In the many different conformations adopted by quadru-
plexes, the terminal tetrads are built from different guanines.
Upon exchanging guanosines with isostructural elements
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incompatible with guanosines with respect to tetrad forma-
tion, it should be possible to program quadruplex topologies
for a given modified sequence. By exchanging a terminal
guanine tetrad with a tetrad that contains opposing arrange-
ments of two 8-oxoguanines and two xanthines, the formation
of eight hydrogen bonds should still be possible. In compar-
ison to the guanine tetrad, the orientation of the hydrogen
bonds is inverted at two positions; see Fig. 1A, black dots.
Nevertheless, since the same number of hydrogen bonds is
possible, quadruplexes containing 8-oxoguanosine/xanthosine
tetrads should display similar stabilities compared to their
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Fig. 1 Programmable quadruplex topologies. A: Comparison of
tetrads composed of guanines (left) and 8-oxoguanines pairing with
xanthines. The tetrads differ in the orientation of two hydrogen bonds
(black dots). B: Two possible topologies of quadruplexes build by the
human telomeric sequence. Left: anti-parallel topology, right: parallel
topology. The loop connectivity is shown in dashed lines. C: Sequences
characterized in this study. The positions of the 8-oxoguanosine (O)
and xanthosine (X) modifications should make it possible to selectively
stabilize one topology compared to the other.
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natural counterpart. On the other hand, variation of the
position of the guanosine analogs within the human telomeric
repeat should make it possible to shift the preference of the
quadruplex conformation towards a distinct topology. In
parallel quadruplexes different guanosines participate in one
tetrad compared to anti-parallel topologies. When designing a
sequence that should fold into an anti-parallel topology, the
alternative, parallel fold contains two tetrads each lacking two
hydrogen bonds and vice versa (for a depiction of such
destabilizing tetrads see ESIt). Hence, it should be possible
to force the human telomeric sequence to adopt one fold or the
other by programming hydrogen bonding patterns within
tetrads composed of nucleobases other than guanosine.

The presented strategy should prove valuable if a specific
conformation of a given sequence needs to be studied. For
example, compounds binding to quadruplexes could be eval-
uated for their potential to differentiate between certain con-
formations. Recently described compounds differentiating
between quadruplex structures have the potential to specifi-
cally target a quadruplex of interest leaving other naturally
occurring G-rich sequences unaffected.'® In addition, the
approach enables the functional characterization of individual
quadruplex conformations.

In order to test our hypothesis, we have synthesized four
sequences related to the human telomeric repeat that each
contain two 8-oxoguanosine and two xanthosine modifications
instead of guanosine, see Fig. 1C. Double NPE-protected,
DMT-protected deoxyriboxanthosine phosphoramidite was
synthesized according to published procedures.'* 8-Oxo-
deoxyguanosine phosphoramidite was commercially available
and was incorporated together with the deoxyxanthosine
building blocks into sequences HT-ap, HT-ap (inv), HT-p,
and HT-p (inv) using standard solid phase oligonucleotide
chemistry. The oligonucleotides were deprotected by treatment
with 1 M DBU followed by conventional ammonia cleavage
and deprotection at 37 °C."> The oligonucleotides were purified
by PAGE and subsequently analyzed by ESI-MS as well as
analytical PAGE; for details of oligonucleotide synthesis see
ESL}

Next, circular dichroism (CD) spectra were recorded in
order to determine the predominant topology of the modified
G-rich sequences. As a reference, an unmodified DNA strand
composed of the vertebrate telomeric repeat (HT-c, see
Fig. 1C) was analyzed. We chose potassium-containing buffer
conditions that are known to favor the presence of an equili-
brium of both parallel and anti-parallel topologies of the
telomeric sequence.>'®!! Indeed, the unmodified sequence
displayed a maximum at 290 nm together with a pronounced
shoulder at shorter wavelengths indicative of a mixture of anti-
parallel and parallel topologies, see Fig. 2A, black line. Inter-
estingly, the modified sequence HT-p containing a tetrad
program that should favor the parallel topology displayed a
CD spectrum resembling a parallel fold whilst the second
sequence HT-ap designed to adopt an anti-parallel conforma-
tion showed a clear shift to the anti-parallel fold. As a
confirmation, the sequences HT-ap (inv) and HT-p (inv) were
also characterized. The sequences differ by inversion of the
respective 8-0xo-G and xanthosine positions, see Fig. 1C. The
sequences should as well make it possible to program anti-
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Fig. 2 Circular dichroism studies. A: CD spectra of the sequences
HT-c: black; HT-ap: red; HT-ap (inv): orange; HT-p: blue; HT-p (inv):
green; recorded in 10 mM Tris, pH 7.5, 25 mM KClI at 25 °C. B:
Thermal denaturation studies followed by CD spectroscopy. Sequence
HT-c was observed at 265 nm (gray) and 290 nm (black), HT-p
sequences at 265 nm and HT-ap sequences at 290 nm. Buffer condi-
tions were similar to 2A, data were normalized for better comparison.

parallel and parallel topologies. Indeed, the inverted sequences
display similar CD spectra compared to HT-ap and HT-p,
respectively. Hence, by redesigning the hydrogen bonding
pattern of one tetrad by exchanging four guanines for two
pairs of xanthines and 8-oxoguanines we succeeded in pro-
gramming the overall topology of the quadruplex fold. In
order to prove that indeed intramolecular quadruplexes are
formed when a synthetic tetrad is present, we carried out gel
shift experiments. All modified sequences display a band that
corresponds to monomolecular quadruplexes although higher-
order aggregates are visible as well (see ESIY).

The CD spectra show a clear shift to the expected topo-
logies. Nevertheless, especially the spectra of the anti-parallel
sequences still display a slight shoulder around 290 nm
corresponding to the disfavored topology. Hence it seems that
there is still a minor fraction of the alternative fold present. In
order to assess whether the redesigned tetrads interfere with
the overall stability of the quadruplex, we carried out CD
melting experiments. For comparison, the unmodified se-
quence HT-c was used. We observed the temperature-depen-
dent decrease of the CD signal at both 265 and 290 nm. This
makes it possible to assess the stabilities of the anti-parallel as
well as the parallel fold of the unmodified sequence, see
Fig. 2B. Both folds showed significant stabilities represented
by melting points of 49 °C for the anti-parallel conformation
and of 55.5 °C for the parallel fold. In contrast, when the
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stability of the xanthine/8-oxoguanine-tetrad-containing
quadruplexes was determined, both the parallel folds
(observed at 265 nm) and the anti-parallel folds (observed at
290 nm) showed significantly lowered melting temperatures of
40 °C or below, see Fig. 2B. Although the incorporation of an
8-oxoguanine/xanthine-tetrad makes it possible to favor one
quadruplex topology over the other, incorporation of the
unnatural tetrad slightly destabilizes the quadruplex structure
compared to a conventional tetrad made up from guanines.

In conclusion, the use of 8-oxoguanosine in combination
with xanthosine makes it possible to program the overall
topology of quadruplexes by redesigning constructive hydro-
gen bonding patterns. Notably, the strategy should even make
it possible to program topologies very specifically. For exam-
ple, the basket, chair, and dogear conformations of intra-
molecular quadruplexes differ in the guanosines participating
in the external tetrads and hence should be individually
programmable using this approach. The present study proves
the viability of the concept whereas more elaborate structural
studies will be necessary in order to differentiate between the
mentioned conformations.

A variety of nucleobase analogs participating in quadruplex
structures have been studied before. For example, Mergny and
co-workers have characterized several guanosine derivatives in
the context of tetrameric quadruplexes, finding mostly negative
effects on stability and assembly kinetics of the four-stranded
structures.'® In addition, 8-bromoguanosine-modified G-rich
sequences showed altered quadruplex structures.'”'® Incor-
poration of adenosine analogs has been reported to result in
changed conformations in tetrameric quadruplexes.’® Incor-
poration of ribonucleosides into DNA quadruplexes has been
shown to restrict the possible conformations to parallel strand
orientations. The likely reason for this observation is the
preference of the anti-conformation of the ribonucleoside
glycosidic bond.* In contrast, substitutions in the 8-position
favor the sy;1-conformation.20 Nevertheless, the anti-conforma-
tion of the glycosidic bond is still possible with guanosine
analogs modified at C8.!7*! The parallel conformation of the
natural telomeric sequence in its K+ form contains only anti-
conformations of the glycosidic bond.®

The basket-type Nat form of the natural telomeric se-
quence displays alternating anti—syn—anti—syn conformations
of guanines 1, 6, 7, and 12 of the first tetrad referring to the
numbering in Fig. 1.°'° Since 8-oxo-G favors the syn-con-
formation, one out of the two 8-0x0-Gs is in the disfavored
anti-conformation in both HT-ap as well as HT-ap (inv). In
the parallel form, both 8-0x0-Gs would adopt the disfavored
glycosidic conformation. This would represent an explanation
for the decreased stabilities of all modified quadruplexes
compared to the natural sequence as shown in Fig. 2B. Never-
theless, the question of whether the structures of the modified,
programmed sequences adopt the exact conformations of the
natural sequences can only be addressed with more sophisti-
cated structural studies. For a detailed review of the glycosidic
conformations in vertebrate telomeric quadruplexes see ref. 2.

In addition, the presented findings are interesting with
respect to the contribution of hydrogen bonds to the overall
stability of quadruplex sequences. Since stacking interactions
likely play a major role in stabilizing four-stranded

sequences,22 it is remarkable that the difference of four out
of in total 24 possible hydrogen bonds (eight per tetrad) is able
to tip the folding equilibrium between anti-parallel and paral-
lel quadruplexes to one side or the other (folding of the non-
programmed conformation results in the loss of two hydrogen
bonds in two tetrads together with potential steric hindrance in
one tetrad, see ESI{). Besides stabilizing factors such as
nucleobase stacking and hydrogen bonding, electrostatic in-
teractions play an important role, particularly in quadruplex
structures.> Hence, it will be interesting to characterize the
behavior of the modified sequences with respect to different
concentrations and types of cations. Anyway, only small
differences in energetic stability of anti-parallel and parallel
telomeric sequences have been found which could explain the
viability of the presented approach.>!!
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