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ABSTRACT: We report the efficient pairing in water of the
first representative of oligonucleotide analogues in which
the backbone is replaced by linking elements between the
nucleobases. The architecture of the new analogue demon-
strates that the structural differentiation of oligonucleotides
into a contiguous backbone and nucleobases, as embodied
by the natural nucleic acids and all nucleotide analogues
analyzed to date, is not a prerequisite for pairing. UV and
circular dichroism analyses of self-complementary and non-
self-complementary octanucleotide analogues strongly sug-
gest the fully reversible, sequence-specific association of our
new analogues to form a left-handed double helix with an
antiparallel strand orientation that is characterized by melt-
ing temperatures and free enthalpies higher than those of
natural RNA and DNA of the same sequence. The linking
element incorporates an L-cysteine moiety that allows a
short and efficient synthesis of the monomeric building
blocks and, through the choice of either L- or D-cysteine,
gives access to either one of the enantiomeric oligomers and
thus to left- or right-handed helices.

xtensive work by a number of research groups, including

those of Eschenmoser,' Nielsen,” and Kool,> has addressed
the synthesis and analysis of oligonucleotide analogues with
altered backbones and nucleobases. In accord with the structure
of naturally occurring nucleic acids and oligonucleotides, all of
these analogues are characterized by the structural differentiation
between a contiguous backbone and the nucleobases attached to
it. Over the last several years, our group has described a series of
oligonucleotide analogues that diverge from this common struc-
tural motif. Instead of a contiguous backbone, they possess
linking elements directly between adjacent nucleobases. Such
oxymethylene-,* ethynylene-,® (Z)-ethenylene-,° thiomethy-
lene-,”® sulfonyl- and sulfinylmethylene-,” and aminomethylene-
linked'® di- and tetranucleosides, called “oligonucleotide analo-
gues with integrated bases and backbone” (ONIBs), pair effi-
ciently in organic solvents, thus deepening our insight into the
limits within which the structure of pairing nucleic acids can be
varied.

Having shown that ONIBs are capable of pairing in organic
solvents, we designed a new type of these analogues that allows
their pairing properties in aqueous solution to be evaluated. As
pairing in water requires longer oligomers, we chose an amide
group as a key element of the new linker to allow assembly of the
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Figure 1. a) Definitions of the torsion angles and numbering of a
cysteinyl-linked pyrimidine—purine (UA) dinucleotide analogue. (b)
Conformation of the UA dinucleotide analogue with torsion angles k—¢
required for pairing [termini on N(1) and C(8) have been replaced by
methyl groups for clarity].

desired oligomers by one of the numerous established methods
of amide coupling and deprotection in solution or on a solid
support. We aimed at designing the new linker to be short
enough to allow favorable twist angles but long enough to
maintain sufficient flexibility, allowing the oligonucleotide ana-
logues to adapt to the stereochemical requirements of pairing
conformers. We realized this intent by incorporating an L-
cysteinyl moiety (Figure 1). According to a conformational
analysis based on vibrational spectra,11 NMR data,® and crystal
structures,'” we conclude that the sulfur atom favors a first
synclinal arrangement of CH,(1’) and CH(4') and that it further
contributes to the flexibility of our new analogues on account of
the low energy barriers for rotation about C—S§ bonds."" The
polar side chain attached to C(4’) allows for a second crucial
synclinal arrangement of S(2') and NH(S') and ensures the
water solubility of the oligomers at neutral or basic pH. The
preferred conformation of the aminoacetyl fragment attached to
N(9) (as shown in Figure 1) is well-precedented by crystal and
NMR structures of peptide nucleic acids (PNAs)."> These
conformational aspects suggest that the cysteinyl linker adopts
a conformation similar to the one shown in Figure 1, where the
nucleobases are positioned at a favorable distance for stacking
and in the right orientation for hydrogen bonding in the
Watson—Crick mode. In agreement with the common structural
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Figure 2. Model of the octanucleotide analogue U,C,G A, (1): (a) side
view; (b) top view.

motif of ONIBs, the linker is attached to N(1) and C(6) of a
pyrimidine base and to N(9) and C(8) of a purine base, thus fusing
the nucleobases and the linker into a smgle linear structural unit.

Amber* force field calculations'* of cysteinyl-linked dimers
suggest that the surface overlap of the nucleobases in the
cysteinyl-linked analogues depends even more strongly on the
sequence than in nucleic acids'*'® and PNAs."* The surface
overlap decreases in the order pyr-pur & pyr-pyr & pur-pur >
pur-pyr (from the C- to the N-terminus, with pyr representing a
pyrimidine base and pur representing a purine base). We thus
synthesized the self-complementary octamer 1 having the se-
quence U,C,G,A,; and the non-self-complementary octamer 2
having the sequence U,C,U,C, (naming from the C- to the
N-terminus), which are devoid of a pur/pyr switch. Minimization
of the conformational energy of 1 after releasing all of the
constraints between the hydrogen bond donors and acceptors
(Amber* force field calculation'*) resulted in a left-handed
double helix (Figure 2) with the left-handedness dictated by
the L-cysteine moiety.

The helix is stabilized by Watson—Crick-type base pairing and
base stacking, with the cysteinyl linker adopting a conformation
having the values of the torsion angles k —¢ that we deduced for
the pairing conformation shown in Figure 1. The helix is
characterized by a rise of 3.3—3.4 A per base pair (cf. B-DNA,
3.4 A; A-RNA, 2.8 A), a pitch of ~26 A (cf. 34 A for B- and
A-RNA), and a twist angle of ~42° (cf. B-DNA, 36°; A-RNA,
310) 14,15

We synthesized the fully protected monomeric building
blocks 3—S in short sequences of four to five steps and overall
yields of 19—36% from uracil, cytosine, and adenine, respec-
tively. The fully protected monomeric building block 6 was
obtained in eight steps and 18% overall yield from commercially
available 2,6-diamino-4-chloropyrimidine (Scheme 1). Self-com-
plementary octameric 1 and non-self-complementary octameric
2 were synthesized by convergent coupling of the N-Fmoc- or N-
tert-butoxycarbonyl-deprotected building blocks 3—6 via di- and
tetrameric intermediates and a final deprotection in 24 steps and
6% overall yield for 1 and 15 steps and 24% overall yield for 2 (see
the Supporting Information).

The UV absorbance of the self-complementary octanucleotide
analogue 1 (¢ = 10 uM in 10 mM sodium phosphate buffer,
100 mM NaCl, 0.1 mM EDTA, pH 7.0) changed nonlinearly
with linearly increasing temperature, evidencing cooperative
stacking and thus pairing (Figure 3, top plot). The UV
absorbance of the non-self-complementary octanucleotide

Scheme 1. Structures of the Monomeric Building Blocks
3—6 and Summary of the Synthesis of the Octanucleotide
Analogues U,C,G,A, (1) and U,C,U,C, (2) of the
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Figure 3. (top) UV melting curves and (bottom) temperature-depen-
dent CD spectra (solid lines, 10 °C steps from 10 to 90 °C) and UV
spectra (dotted line at 4 °C, dashed line at 80 °C) of self-complementary
U,C,G,A, (1) in 10 mM sodium phosphate buffer, 100 mM NaCl, and
0.1 mM EDTA at pH 7.0 (¢ = 10 uM, 1 cm cell).

analogue 2, however, changed only linearly with linearly
increasing temperature, evidencing the absence of coopera-
tive stacking and thus suggesting the absence of pairing.'” The
self-recognition of 1 unambiguously proves sequence-specific
hydrogen bonding between complementary nucleobases and
thus an antiparallel orientation of the associating strands.
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Similar to the UV melting curves of the octanucleotides
U,(T,)C,G,A, of RNA and DNA (for the spectra of 2,
RNA, and DNA, see the Supporting Information), the UV
melting curves resulting from heating (denaturation) and
cooling (renaturation) experiments with self-complementary 1
were identical, evidencing fully reversible pairing and ther-
modynamic control of the association. The remarkable
stability of the associate of 1 is reflected by its melting
temperature of 46.8 °C (c = 10 uM, 10 mM sodium phos-
phate buffer, 100 mM NaCl, 0.1 mM EDTA, pH 7.0), which is
higher than those of RNA and DNA with the same sequence,
as obtained under the same conditions (cf. RNA, 44.9 °C;
DNA, 31.4 °C).

The transition of 1 in the UV melting profile is considerably
sharper than those for RNA and DNA and is also reflected by the
abrupt decrease of the strong circular dichroism (CD) signal of 1
precisely at the melting temperature of 47 °C (compare the CD
spectra at 40 and SO °C in the bottom panel of Figure 3),
evidencing a high cooperativity during the pairing of 1. The CD
spectra of the non-self-complementary cysteinyl-linked analogue
2 at various temperatures, in contradistinction, show very small
ellipticities and no temperature dependence (see the Supporting
Information).

The UV spectrum of 1 at 4 °C shows a bathochromic shift
relative to its UV spectrum at 80 °C (Aqx from 272 to 268 nm;
see Figure 3, bottom panel, dashed and dotted lines). We
attribute this observation to a pronounced stacking of the inner
C,G, fragment, as compared with the somewhat weaker stacking
of the C-terminal U, and N-terminal A, fragments (A, for a
C- G base pair, ~280 nm; A, for a T - A base pair, ~260 nm).18
As a consequence, 1 shows only a small hyperchromic shift in the
UV melting profile at a wavelength of 260 nm (5%), whereas one
observes remarkable hypochromic shifts at 4 = 280 nm (17%)
and 290 nm (66%) (Figure 3, top panel). The melting tempera-
tures calculated from the curves at 260 and 290 nm are very close
(46.8 and 47.5 °C).

The stability of the associate of the cysteinyl-linked octamer 1
is expressed not only by the higher melting temperature but also
by the high value of the negative free energy (—AGaos) (cf. 1,
13.4 kcal/mol; RNA, 9.8 kcal/mol; DNA, 8.0 kcal/mol) and of
the negative energy of association (—AH,gg) (cf. 1, 89.1 kcal/
mol; RNA, 48.1 kcal/mol; DNA, 55.4 kcal/mol). The value
of —TAS for 1 was calculated to be 75.7 kcal/mol (cf. RNA,
38.3 kcal/mol; DNA, 47.4 kcal/ mol).19 In fair agreement with
the values obtained by Kool —AG,ss per base pair for 1
amounts to 1.7 kcal/mol (cf. RNA, 1.2 kcal/mol; DNA, 1.0 kcal/
mol; eight Watson—Crick base pairs, seven stacking inter-
actions). The large value of —AH for 1 suggests a combination
of stabilizing H-bonding and stacking,”® possibly combined with
a weaker strand repulsion of 1 relative to RNA and DNA. The
large value for —TAS may be due to the conformational equilibria of
the dissociated strands (4 = —60° and A = 180° and/or & = +90°
and & = —90°) (Figure 1), which are “frozen” in the associated state
(4 =—70° and & = +-85°). The hydrophobic effect could also have
an influence on —TAS, in that 1 could release less hydrated water
upon association than RNA and DNA.'

The self-complementarity of 1, its complex NMR spectra in
water, and the fact that it could not be crystallized prevented us
from unambiguously proving the stoichiometry of the associate
of 1. However, on the basis of a series of UV experiments, we are
confident that our assumption of a bimolecular associate is
correct. Specifically, we can exclude an intramolecular associate

(monomolecular equilibrium), since the melting temperature
of 1 depends on the concentration (cf. ¢ = S uM, Ty, = 44.7 °C;
¢ =10 uM, T, = 46.8 °C; ¢ = 100 uM, T, = 55.4 °C; 10 mM
sodium phosphate buffer, 100 mM NaCl, 0.1 mM EDTA, pH
7.0). Triplex formation (trimolecular equilibrium) requires a
homopyrimidine strand and a homopurine strand consisting of
pyr-pur-pyr and/or pyr-pur-pur triads. CG-C* and TA-T™"
triads require protonation, while the stability of pyr-pur-pur
triads depends on the presence of a bivalent metal cation.
However, 1 does not possess a pure homopyrimidine or pure
homopurine sequence; moreover, its association does not re-
quire bivalent cations, and its T, does not decrease with increas-
ing pH (cf. pH 7.0, T}, = 46.8 °C; pH 8.0, T,,, = 47.5 °C; pH 8.8,
T =47.0 °C; ¢ = 10 uM in 10 mM sodium phosphate bufter,
100 mM NaCl, 0.1 mM EDTA). Also, considering the single
transition of 1 in its UV melting profile, the formation of a
triplex by 1 is highly improbable. Association of 1 to form a
G-quadruplex or an i-motif (tetramolecular equilibria) requires
stabilization of the associate by mono- or bivalent cations
[preferentially K, Rb*, or Na* (150 mM—1 M) or Mg’™,
Ca®", Ba®", or S (510 mM)] or by protonation.”* The
octamer 1, however, associates even more strongly in the
presence of the only very weak G-quadruplex initializer Li" (cf.
10 mM sodium phosphate buffer + 100 mM NaCl, T,,, = 46.8 °C;
10 mM lithium phosphate buffer + 100 mM LiCl, T,,, = 50.9 °C
at 10 uM concentration and pH 7.0) as well as at basic pH (see
above). Also, the hysteresis characteristic of tetramolecular
G-quadruplexes™ was not observed. The progressive increase
in the melting temperature of 1 with increasing salt concentration
is in agreement with the findings for DNA and RNA duplexes (cf.
10 mM sodium phosphate buffer, no NaCl, T,,, = 24.9°; 10 mM
sodium phosphate buffer, 1 M NaCl, T,, = 63.7° at 10 uM
concentration and pH 7.0).3

The analytically evidenced stacking, the pairing via hydro-
gen bonding (as evidenced by the self-recognition of 1 and the
large values of —AH,95 and —AG,gg), and the considerations
regarding the stoichiometry provide evidence for the associa-
tion of 1 in a double-helical structure similar to that proposed
in Figure 2.

In conclusion, efficient pairing of the first oligonucleotide
analogue with integrated bases and backbone (ONIB) in water
has been demonstrated. Analytical data and molecular modeling
suggest that L-cysteinyl-linked ONIBs associate to form a left-
handed double helix. The chirality of the cysteine moiety allows
the synthesis of either one of the enantiomeric cysteinyl-linked
helical oligomers.
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