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The investigation of constitutionally simple oligomeric infor-
mation systems is needed from the viewpoint of knowing how
structurally simple, and minimal, an oligomeric system can
become and still be functional (with respect to information
storage and processing). Herein, we report on the synthesis
and investigation of the base-pairing properties of one such
system, a glycerol-(3'—1’)-linked oligonucleotide.

Our interest in minimal, oligomeric information systems
was motivated by the experimental mapping of potentially
primordial oligomeric information systems,"! which contain
backbones, recognition elements, and linker groups that are
structurally quite different from conventional nucleic acids,
an approach pioneered by Eschenmoser and co-workers.” In
this pursuit, we used a “qualitative conformational analysis”*
approach—a simple analysis of the capability of the oligo-
meric system to adopt regular and repetitive conformations,
which is a prerequisite for base-pairing. Such a method can
also be used to design novel synthetic oligomeric structures.”!
Employing this approach, we derived from the A-form of
DNA and RNA, a glycerol based acyclic-(3'—1')-linked
oligonucleotide system that is tagged at the 2'-position with
canonical nucleobases (Figure 1).

This acyclic oligomer (Figure 2¢) shows a resemblance to
the first acyclic system—glycerol-derived acyclic nucleo-
sides—which was considered by Joyce et al.*! when making
the case for an ancestral genetic system involving simpler
acyclic analogues of RNA and DNA (Figure 2a). Subse-
quently, this acyclic system (FNA) was shown to have very
weak base-pairing abilities.”] Later, Meggers and co-work-
ers® showed that GNA,” in spite of having an acyclic
backbone, had strong base-pairing properties (Figure 2b).
This led to further study of acyclic nucleic acids.®! Our
glycerol-based system, depicted in Figure 1 and Figure 2, is
a structural isomer of GNA (isoGNA)—with the nucleobase
at the 2'-position (instead of the 1’-position as in GNA) and
has 3'—1'-linked phosphodiester bonds (instead of the 3'—2’
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Figure 1. Derivation of the 3'—1"-glycerolphosphate linked oligonucleo-
tide based on qualitative conformational analysis® of an idealized
A-form RNA/DNA backbone.
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Figure 2. Comparison of the three, flexible, acyclic glycerol-backbone-
based oligonucleotides.

linkages in GNA). When compared to FNA,** our system
lacks the oxymethylene linker between the nucleobase and
the backbone—placing the recognition element directly on
the backbone; however at the monomeric level, the backbone
units of both systems are achiral, unlike GNA. Therefore, we
investigated the base-pairing potential of isoGNA, which we
considered to have a structure that is in between that of FNA
and GNA.

The appropriate isoGNA phosphoramidites 6a—d
(Figure 3) were synthesized starting from the commercially
available (s)-solketal (Supporting Information, Scheme S1).
The synthesis of isoGNA oligonucleotides followed standard
methods from the literature with some adjustments
(Table S3). IsoGNA ('g) oligomers with one end-protecting
group seemed to be stable under the conditions investigated,
and all our sequences had a 1’-O- (and/or 3'-O-) cap, either in
the form of a phosphate or a DNA or RNA nucleotide. Base-
pairing properties of the isoGNA sequences (Table S4) were
investigated by temperature dependent UV absorption and
circular dichroism (CD) spectroscopy in phosphate buffer
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Figure 3. The nucleobase-modified glycerol phosphoroamidites (6)
used in our study. DMTr=dimethoxytrityl; B=nucleobase; DPC=
diphenylcarbamoyl.

(pH 7.0, 1M NaCl). Initially, we studied ‘g(T);, and observed
no cooperative melting behavior with corresponding comple-
mentary RNA or DNA sequences. Therefore, we decided to
investigate the properties of hexadecamers of isoGNA.

No self-association was found for ‘g(T),s; not unexpect-
edly, 'g(A),s showed weak self-pairing,”! which was sup-
planted by reasonably strong heteroduplex formation in the
presence of complementary 'g(T),, (Figure 4; Figure S3).

40 dT-g(T);5-dT + dA-lg(A)ys-dA
o

%H /260 nm —
3
S
w
=
>

80 100

T/°C—>

Figure 4. Thermal melting curves of duplexes formed from dA-'g(A),¢-
dA and dT-ig(T),¢-dT oligonucleotides measured by UV spectroscopy;
ig=isoGNA; d = DNA; h1 =reheating of a sample (after the first
measurement) kept at 4°C for 6 days; c=cooling of the same sample;
h2 =second heating cycle (after waiting at 4°C for 1 min); %H = per-
cent hyperchromicity. Conditions: 5 um of each oligonucleotide, 1 m
NacCl, 10 mm Na,HPO,, 0.1 mm Na,EDTA, pH 7.0.

However, the hybridization behavior showed strong depend-
ence on time. A freshly prepared sample showed triplex-like
behavior. The lower transition was attributed to self-associ-
ation of 'g(A),—a kinetically preferred process over the
thermodynamically more stable mixed duplex ‘g(A)¢/'g(T)y.
This was confirmed when the sample was allowed to
equilibrate at 4°C for six days; only a single melting-
temperature (7,,) transition (hl in Figure 4) was seen for
the duplex between ig(A),, and 'g(T),s indicating that the
kinetics of its formation is relatively slow. Variation in the 7,
values with a change in the oligomer and salt concentrations
or replacement of NaCl with MgCl,, corroborated the
formation of interstrand duplexes. The corresponding tem-
perature dependent CD-spectrum showed weak signals
indicating that the duplex has little secondary structure
(Figure S3). This CD-behavior (and duplex stability) was
independent of the nature of the final capping residue on the
isoGNA oligomer (RNA, DNA, or free OH group).
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Surprisingly, the heterobase-containing sequences
(isoGNA-(A,T)) showed no base-pairing. Both alternating
sequences 'g(TA); and 'g(TsAg) showed no sigmoidal behavior
in their UV-melting curves. Moreover, no duplex formation
was found for any of the irregular mixed isoGNA-(A,T)
16-mer sequences investigated (Entries 10-11 in Table S4).
Mixed 8-mer as well as 16-mer sequences containing A, T, G,
and C residues also showed no base-pairing (UV- and CD-
measurements). Such contrasting behavior where the homo-
geneous sequences show base-pairing but the heterogeneous
sequences do not is unprecedented within a given backbone
system.

The base-pairing behavior of isoGNA with the corre-
sponding complementary RNA and DNA sequences was,
once again, in contrast with GNA. For example, the homo-
purinic ‘g(A),s oligomer base-paired with both complemen-
tary DNA and RNA sequences (Figure S; Entries 1-6 in
Table S5). This is in contrast to GNA, where there is
interaction with RNA but not with DNA. In the isoGNA
series, the RNA backbone also seems to be preferred over
a DNA backbone (Figure 5a). A 1:1 stoichiometry of duplex
formation was indicated by a job plot (Figure S5), although
the formation of a higher order complex (2:1) was also found
during the mixing experiment. There is almost no hysteresis
for these pairings with DNA or RNA, contrary to the curves
from self-pairing of isoOGNA (Figure S4). This indicates that
the nature of the phosphate backbone dictates the kinetics of
duplex formation. The inverse combination, the dT-ig(T);,-dT
with d-(A)4 (or poly-dA) showed no duplex formation (as in
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Figure 5. Base-pairing behavior of a duplex formed by dA-g(A),s-dA
with complementary DNA (d=DNA) and RNA (r=RNA). a) Thermal
melting curves; for conditions see footnote of Table S5. b) Temperature
dependent CD spectra; 5 um of each oligonucleotide, 1M NaCl, 10 mm
Na,HPO,, 0.1 mm Na,EDTA, pH 7.0.
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FNA).P! Once again, none of the heterogeneous sequences of
iSoGNA, containing any combination of A, T, G, and C
residues, formed a duplex with the corresponding comple-
mentary RNA or DNA sequences.

The fact that 'g(T), sequences pair with 'g(A), but not with
complementary homopurinic sequences in the DNA and
RNA series, suggested that the isoGNA backbone may have
a preference for acyclic backbones, a phenomenon that could
be related to the flexibility of the backbone and inclination
between base-pairs on the backbone.'“1®!!l Therefore, we
investigated the duplex formation of isoGNA sequences with
complementary alternative nucleobases on various acyclic
dipeptide backbones that were investigated previously in our
laboratory!"®*! (Figure 6; Entries 10-16 in Table S5).
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Figure 6. Inter-system base-pairing of 'g(A)s and ‘g(T) ¢ with 2,4-
diamino-1,3,5-triazine, 2,4-dioxo-5-(acylamino)pyrimidine and 2,4-
diaminopyrimidine-6-carboxamide on acyclic dipeptide backbones.

Moderate to strong duplex formation was observed when
io(T), was mixed with the corresponding complementary 12-
and 16-mer 2,4-diamino-1,3,5-triazines ("NN) on a peptide
Asp-Glu backbone (Figure 7a). A clear dependence on the
length of the oligomer in the T,, confirmed an interstrand
association. The fact that even a 12-mer oligonucleotide
showed duplex formation—while this was not seen at the
same length for isoGNA with DNA or RNA—suggests the
important roles the nature of backbone, the orientation of the
hydrogen-bonding face, and charges in the backbone play in
determining ability to form a duplex.'” Weak duplex
formation between ‘g(T),s and a 16-mer of 2,4-diaminopyr-
imidine-6-carboxamide on a Asp-amAla backbone was
observed (Table S5). In the reverse combination, ‘g(A),, was
also found to form a duplex with a 24-dioxopyrimidine
modified Asp-Glu backbone (Figure 7b). At 260 nm and
below, the association of the heteroduplex along with
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Figure 7. Thermal melting curves showing the duplex formation of

a) dT-'g(T),,-dT and dT-g(T),s-dT with the corresponding 2,4-diamino-
1,3,5-triazine modified AspGlu-dipeptide backbone; b) dA-'g(A),¢-dA
with a 16-mer 2,4-dioxo-5-(acylamino) pyrimidine modified AspGlu-
dipeptide backbone at 280 nm. Conditions: 5 um of each oligonucleo-
tide, 1m NaCl, 10 mm Na,HPO,, 0.1 mm Na,EDTA, pH 7.0.

interference from the self-association of ‘g(A),s was observed
(Figure S6). However, at 280 nm, only the melting of the
duplex could be observed (Figure 7b). In all of these acyclic
backbone intra-system pairings, little or no hysteresis was
observed, in contrast to the intra-system isoGNA pairings.

The interaction of GNA with isoGNA was examined using
two heterogeneous GNA sequences CACATTATTGTTGTA
and TACAACAATAATGTG,™ and no base-pair mediated
interaction was seen. No interaction between isoGNA and
complementary homogeneous PNA sequences was observed
(Table SS5), in contrast to acyclic dipeptide backbones with
alternative heterocycles (Figure 6 and Figure 7).

The striking difference in the intra- and inter-system base-
pairing of isoGNA, in combination with other studies, 14!
reinforces the notion that the backbone plays a critical role in
fine-tuning the nature of the base-pairing for the same set of
canonical nucleobases (found in nature). The acyclic nucleic
acid (FNA) system exhibits no intra-system base-pairing and
shows very limited duplex formation with RNA and DNA.P!
GNA shows strong self-pairing but limited hybridization with
RNA and none with DNA [ and, isoGNA self- and cross-
pairing seems to be limited to homogeneous base sequen-
ces.'181 A shift in the position of the nucleobase in the acyclic
backbone (from the 1’- to the 2'-position), or variation in the
linker length (Figure 2), results in a drastic variation of base-
pairing capabilities, even though these systems contain the
same canonical nucleobases and closely related backbones.

Angew. Chem. Int. Ed. 2013, 52, 58405844
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there may be other primor-
dial recognition elements
that could function in con-
junction with simple, prebi-
otic backbones.!l Thus, the
search for—and mapping
of—primordial information
systems could encompass
a wider variety of constitu-
ents, which are compatible
with heterotrophic and/or
autotrophic
ments.>>

L
j/\rNH2
NN %

environ-

around) allows for hydrogen-bond-mediated base-pairing. In a mixed sequence (c), the Watson—Crick faces

are pointing in different directions, thus hindering hydrogen-bond mediated associations."”!

To account for the unexpected lack of base-pairing
between heterogeneous isoGNA sequences, we propose that
the purine and pyrimidine bases have different syn- and anti-
orientations (or the other way around) with respect to the
backbone (Figure 8).'" Such different orientations would
allow the homo-sequences to form base-pairs because the
acceptor face of the pyrimidine from one strand would be
exposed to the donor face of the purine base. However, if they
are in the same (heterogeneous) sequence, then the hydro-
gen-bonding faces of the pyrimidine and purine bases would
be oriented in different directions, and one of the bases would
have to flip from the syn to the anti conformation (or the
other way around) to bring together uniform faces for base-
pairing.!] If the energy gained by duplex formation is not
greater than the energy needed for such a change in base
orientation, then duplex formation will not be favored.

Such loss-of-base-pairing capability is also observed in
GNA with mixed sequences when paired with RNA. While
GNA A, T-sequences form duplexes with RNA, adding G and
C residues to the sequence causes GNA to lose this ability./*!
These results, when combined with ours, show that the nature
of the backbone is critical for determining, and limiting, the
recognition elements and the modes of base-pairing that can
be mediated by the canonical nucleobases. These observa-
tions caution against extrapolating base-pairing expectations
simply based on the behavior of homogeneous base sequen-
ces, at least for acyclic backbones.

Overall, the base-pairing properties of the isoGNA
system stand in stark contrast to GNA and other flexible
nucleic acid backbones, necessitating discretion regarding the
structural requirements for a simple oligomeric information
system containing only the canonical nucleobases. This is
relevant to the evolution of information-containing poly-
mers—especially in the context of the origins of life.**”) The
search for structurally minimal (“simple”) informational
systems need not be constrained to the set of natural
nucleobases as the recognition elements. These canonical
nucleobases may represent a “functional optimum”?"! with
respect to the phosphate backbone, as the product of evolu-
tionary selection,? but this also allows for the possibility that
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