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Abstract. This account describes a search for potentially primor-
dial informational oligomers; the work is the direct outcome of the
research program that was initiated by the Eschenmoser group —at
ETH Ziirich about 20 years ago and was continued at The Scripps
Research Institute since 1996— in order to understand the chemical
basis on which nucleic acids were chosen by nature as the molecular
foundation of its genetic apparatus. The investigation began with
the study of the base-pairing properties of structural alternatives of
nucleic acids —constructed from different sugars (hexo- & pento-
pyranoses and tetrofuranose) retaining the canonical nucleobases and
phosphates. The outcome from these studies led to the conclusion that
Watson-Crick type base-pairing is not unique to RNA/DNA, and that
it can be compatible with a wide variety of backbone edifice. This
provided the motivation to map the landscape of potentially primor-
dial informational oligomer systems that may contain backbones,
recognition elements and linker groups structurally quite different
from those known so far. The oligomer systems chosen for study are,
conceptually, deemed to be (a) potentially primordial (based on the
nature of the starting materials and reaction conditions considered to
be prebiotically realistic) and (b) informational (based on their ability
to adopt a repetitive conformation such that the information encoded
by the recognition elements can be transmitted intermolecularly).
Though such studies suggest the possibility of finding informational
systems that could lay claim as functional ancestors of RNA —they
are more likely to generate results that provide the opportunity to
assess the structural and functional uniqueness of nature’s choice.

The experimental investigation described here deals with the
base-pairing properties of oligomer systems derived from 2,4-disub-
situted -triazines, -5-aminopyrimdines and -6-carboxy pyrimidines as
recognition elements that are tagged to oligo-dipeptide backbones via
different linker groups. The results from the inter- and intra-system
cross-pairing studies reveal that there is, on first approximation, a
direct correlation between the magnitude of the difference in ApKa of
the recognition elements and their base-pairing strength —smaller the
Apka between the base-pairing partners, weaker is the base-pairing
strength (in aqueous medium at near neutral pH). These results exem-
plify the inherent singularity of the canonical nucleobases— their
ability to remain un-ionized under physiological conditions based on
their constitution — emphasizing the relationship between their physi-
cochemical properties and their functional competence in connection
with their role in informational base-pairing.

Key words. Nucleic acids, structural alternatives, RNA, DNA, oligo-
nucleotides, oligopeptides, pairing properties, canonical nucleobases,
pKa, ionization.

Resumen. Este recuento describe la busqueda de oligémeros infor-
macionales potencialmente primordiales, resultado del programa de
investigacion iniciado por el grupo de Eschenmoser —en el ETH
Ziirich hace veinte aflos y continuado en el Instituto de Investigacion
Scripps desde 1996— dirigido al entendimiento de las bases quimicas
por las cuales los acidos nucleicos fueron escogidos por la naturaleza
como el fundamento molecular del sistema genético. La investigacion
empez6 con el estudio de las propiedades de apareamiento de las
bases de alternativas estructurales de acidos nucleicos —construidos
a partir de diferentes azlicares (hexo- & pento- piranosas y tetrofu-
ranosas) reteniendo las nucleobases y los fosfatos. Los resultados
condujeron a la conclusion de que el apareamiento tipo Watson-Crick
de las bases no es exclusivo para ARN/ADN, y que este puede ser
compatible con una amplia variedad de esqueletos. Estos resultados
proporcionaron la motivaciéon para explorar sistemas oligoméricos
informacionales potencialmente primordiales que pudieran contener
esqueletos, elementos de reconocimiento y grupos conectores diferen-
tes a los conocidos hasta ahora. Los sistemas oligoméricos escogidos
para estudio son considerados conceptualmente como (a) potencial-
mente primordiales (por la naturaleza de los materiales de partida
y las condiciones de reaccion, considerados realisticamente como
prebidticos) y (b) informacionales (basado en su habilidad de adoptar
una conformacion repetitiva tal que la informacién codificada por los
elementos de reconocimiento pueda ser transmitida intermolecular-
mente). Aunque estos estudios sugieren la posibilidad de encontrar
sistemas informacionales que pudieran considerarse como ancestros
funcionales del ARN, mas bien generan resultados que proporcionan
la oportunidad de evaluar la singularidad funcional de la seleccion de
la naturaleza.

La investigacion experimental descrita aqui se refiere a las
propiedades de apareamiento de las bases de sistemas de oligome-
ros derivados de triazinas 2,4-sustituidas, -5-aminopirimidinas y
-6-carboxi-pirimidinas como elementos de reconocimiento unidos a
esqueletos de oligopéptidos mediante diferentes grupos conectores.
Los resultados de los estudios del apareamiento cruzado inter- e
intra- sistema revelan que existe, en una primera aproximacion, una
correlacion directa entre la magnitud de la diferencia en ApKa de
los elementos de reconocimiento y la fuerza del apareamiento de las
bases. A menor ApKa entre los elementos de apareamiento, menor la

fuerza de apareamiento de las bases (en medio acuoso a pH cercano

al neutral). Estos resultados ejemplifican la singularidad inherente de
las nucleobases candnicas —su habilidad de permanecer no ionizadas
en condiciones fisiologicas de acuerdo a su constitucion— enfatizan-
do la relacion entre sus propiedades fisicoquimicas y su competencia
funcional en relacion con su papel en el apareamiento informacional
de las bases.

Palabras clave. Acidos nucleicos, alternativas estructurales, ARN,
ADN, oligonucleoétidos, oligopéptidos, propiedades de apareamiento,
nucleobases canonicas, pKa, ionizacion.

Editorial note. This account is the written version of the lecture presented by
Prof. Ramanarayanan Krishnamurthy at the Symposium Origins of Life in the
Earth, organized by El Colegio Nacional and Sociedad Quimica de México,
held at El Colegio Nacional, Donceles 104, Centro Historico, México, D.F., on
March 18, 2009.
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Introduction

The question, “why nature chose the structure type of ribofu-
ranosyl nucleic acids (RNA), rather than some other family of
molecular structures, as the molecular basis of life’s genetic
systems” [1] has led to an extensive research undertaking by
the Eschenmoser group via an approach termed “Chemical
Etiology of Nucleic Acid Stucture” [1]. Understanding the
chemical causes and origins as to why RNA has been made-up
of it components —ribofuranose, the canonical nucleobases
and phosphate— has been at the core of the research project
initiated by Eschenmoser [2,3] since the late 1980s at the
ETH in Ziirich (and since 1996 together with the author at the
Scripps Research Institute in La Jolla CA).

Alternatives from the structural neighborhood of RNA.
The inquiry began with questioning the sugar component of
RNA: (a) why a pentose and not a hexose? (b) why ribose
and not any other pentose?, and (c¢) why ribo-furanose and not
ribo-pyranose? Such questions were motivated by observations
that potentially natural reaction pathways starting from simple
precursor phosphorylated aldehydes (such as glycolaldehye &
glyceraldehyde phosphates) while leading to phosphorylated
ribose, also led to the formation of other sugars such as hexose
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phosphates and other aldo-pentose phosphates. Assuming that
the same type of chemistry that led to the formation of RNA
from ribose were operative, it would be possible to imagine a
scenario where there could be oligonucleotides derived from
alternative sugar phosphate building blocks.

The Eschenmoser group has carried out comprehensive
experimental investigations of oligonucleotides derived
from diverse sugar phosphate alternatives taken from the
structural neighborhood of RNA (Fig. 1) ranging from hexo-
pyranoses to pento-pyranoses to tetro-furanoses [4-6]. While
the B-hexopyranosyl-(6’—4’) oligonucleotide analogs [4] of
RNA derived from hexose sugars allose, altrose and glucose
display Watson-Crick base-pairing far inferior to that of
RNA with respect to both pairing strength and pairing mode
specificity, the whole family of diastereomeric pentopyrano-
syl-(4’—2’) oligonucleotide analogs [5] of RNA including
pyranosyl-RNA (“p-RNA”) show Watson-Crick base-pair-
ing within the family that is uniformly stronger than RNA
itself. All of the oligonucleotide analogs derived from the
hexopyranosyl-(6’—4’) and pentopyranosyl-(4’—2’) sugar-
phosphate backbones do not cross-pair with the natural sys-
tems RNA or DNA. In the tetrose series, the correspondingly
derived a-threofuranosyl oligonucleotide (TNA), was shown
not only to be an informational Watson-Crick base-pairing
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Fig. 1. The various oligonucleotides composed of alternative sugar phosphate backbones, chosen from the structural neighborhood of RNA.
These alternatives are considered to be accessible starting from sugar unit building blocks (HCHO), phosphates and the canonical nucleobases
by the same type of potentially natural chemistry that is presumed to have led to the formation of RNA from its corresponding building blocks.
Homo-DNA (shaded yellow), which was studied as a model system, is not considered to be a potentially natural system according to this crite-
rion. Pairing-systems (in color) exhibit inter-system base-pairing with systems of the same color.
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system but also to have the capability of Watson-Crick cross-
pairing with RNA and DNA [6].
The central conclusions from the above studies are:

»  Watson-Crick base-pairing is not unique to the ribofura-
noid oligonucleotide system.

»  Watson-Crick base-pairing is not specific to the double-
helix type of conformation characteristic of RNA (&
DNA).

* Nature has not chosen RNA (& DNA) based on the cri-
terion of maximizing base-pairing strength; rather, RNA
seems to represent the optimum with respect to base-
pairing capacity.

* A six-bond periodicity (as occurring in RNA & DNA)
is not a constitutional pre-requisite for Watson-Crick
base-pairing to be operative.

* Watson-Crick base-pairing can be compatible with a
still largely unexplored structural landscape of informa-
tional oligomer systems that may contain backbones,
recognition elements and linker groups structurally
quite different from those known so far.

That the spectrum of potentially natural structural alter-
natives could be expanded beyond the environs of sugar-
alternatives (a conclusion that is reinforced by the existence
of various backbone modified oligomers, e.g. PNA [7], in
the antisense research field [8]) led Eschenmoser to consider
a broad variety of oligomer systems that could be deemed
as potentially primordial [9]. This entailed experimentally
mapping the landscape of potential informational oligomer
systems with any type of backbone, any type of recognition
element —as long as the structures are derivable from starting
materials, and under reaction conditions, that are prebiotically
relevant. A structurally unconstrained experimental explora-
tion of this landscape with a strict focus on such potentially
primordial members represents a continuation of the research
pursued so far but in a much broader context, as the target
criterion would no longer be the search for function among
structural RNA-alternatives of a generational complexity
similar to that of RNA, but rather a search for generational
simplicity among (functional) oligomers, a simplicity that jus-
tifies a given system to be classified as potentially primordial.
Though such expanded studies would be close to research in
prebiotic chemistry and be driven by the possibility of finding
informational systems that could have been functional ances-
tors of RNA— the outcomes of these studies are more likely to
shed light on the chemical reasons as to why the constituents
of RNA are ‘special’ and represent an ‘optimum’ with respect
to its structure and function, and thereby create a perspective
for the assessment of the degree and structural and functional
uniqueness of nature’s choice.

Expanding the scope in the search for alternatives to RNA.
We have initiated a systematic experimental search for poten-
tially primordial informational oligomers. The structures of
these alternative oligomers are deduced, conceptually, by com-
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bining two strategies: (a) a forward-synthetic analysis based
on organic source compounds that may have been available
on early earth, and (b) a qualitative conformational analysis to
assess a given oligomer’s base-pairing capability.

(a) Forward-synthetic analysis: In this approach, we pro-
ceed in a methodical manner, starting from a range of elemen-
tary source materials (e.g. HCN, NH;, HCHO, NH,CN, etc.)
and organic compounds postulated to have been available
on early earth. By obeying rather strictly defined constraints
of prebiotic chemistry, relying on the basic rules of organic
chemistry we arrive at a collection of alternative, potentially
primordial, nucleobases and backbone linker units. From a
library of these “structural units”, we then identify building
blocks of potentially informational oligomer systems, to be
synthesized and studied. In spite of the enduring uncertain-
ties regarding the nature of such starting materials and envi-
ronmental conditions of the prebiotic world, this approach is
a reasonably practical one to reach an experimentally based
conclusion on the structural diversity of potentially primordial
genetic systems. (b) Qualitative conformational analysis: A
qualitative conformational analysis to gauge the potential of a
given oligonucleotide structure to base-pair was developed by
Eschenmoser [2,10] and has been used, with a large measure
of success, to predict the presence or absence of base-pairing
conformations of oligonucleotide structures based on alterna-
tive sugar-phosphate backbones. The alternative oligomer can-
didates derived from the forward-synthetic analysis approach
are subjected to this qualitative conformational analysis to
gauge their potential to function as informational base-pairing
systems; those systems that fulfill this criteria are then chosen
to be studied further.

Mapping the landscape of potentially primordial informa-
tional oligomers: The search for the building blocks of poten-
tially primordial informational oligomers, keeping in mind the
generational caveats posed above, is split into two categories:
(a) alternatives to the canonical nucleobases and (b) alterna-
tives to the backbone linkers.

In choosing alternative recognition elements, potentially
natural heterocycles that could be conceivably formed as
alternatives to the natural nucleobases, we were guided by
two important aspects —both of which are reflective of the
strengths and weaknesses of the canonical nucleobases: (a) the
potential of these alternative heterocycles to function as recog-
nition elements (i.e. to act as a hydrogen bond forming base-
pairing partner), and (b) their chemical potential for attaching
themselves to a backbone building unit. This latter aspect is
brought forcefully into play by the canonical nucleobase’s
demonstrated inability to attach themselves to the sugar build-
ing block under potentially natural conditions in an efficient
manner (‘nucleosidation problem”) [11].

The first alternative canonical heterocycle chosen for
study, belonged to the triazine family (2,4-diamino-triazine
derivatives and their oxo-analogs, Fig. 2c). We were led to
consider triazines as recognition elements while studying
another class of heterocycles, allopurines [12] —which was
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Fig. 2. The juxtaposition of (a) Watson-Crick type base-pairing
system with those derived from potentially natural alternative het-
erocycles: (b) allopurines base-pairs; (c) triazine-derived base-pairs
(the base-pair on the right hand side is composed of two tautomers of
the same base); (d) 5-aminopyrimidine derived base-pairs; (e) 6-car-
boxypyrimidine derived base-pairs. The base-pairing — backbone axis
(indicated by a bold line) in the alternative heterocycles is different
from that in the natural (Watson-Crick type) base-pairing system.

derived by a forward synthetic analysis in the context of the
nucleosidation problem. Triazines can be produced from the
combination of biguanide and glycine, two relatively simple
starting materials [13]; also, triazine heterocycles have been
shown to easily form from a variety of carboxyl derivatives
[13]. The 2,4-disubstituted triazine-rings retain the potential
to function as informational base-pairs, but through a type of
hydrogen bond arrangement (centro-symmetric) that differs
from the canonical Watson-Crick type with its pairing axis
being parallel to the nucleosidic bond (Fig. 2c¢).

The second family of heterocycle that is an etiologically
appealing alternative to natural nucleobases is the 2,4-disubsti-
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tuted S-aminopyrimidine and its derivatives (Fig. 2d). The 5-
aminopyrimidines have been shown to form from ammonium
cyanide solutions, along with a wide variety of pyrimidines
(and purines) [14]. The 5-amino group in this family of hetero-
cycles, is expected to be the most nucleophilic among all the
amino groups, and, therefore would be expected to form amide
bonds when reacted with various carboxyl groups. Analogous
to the triazine family of heterocycles, the 2,4-disubstituted 5-
aminopyrimidines exhibit the potential to function as informa-
tional base-pairs.

The third family of heterocycles that we considered is
the one derived from 6-carboxypyrimidines (Fig. 2e). The
famous member of this family is orotic acid; not only is orotic
acid relevant from a prebiotic view point (its ease of forma-
tion from hydrolysis of NH4CN solutions parallels that of the
canonical purines and other pyrimidines) [14c,15], but also
from the standpoint of contemporary biology, as a precursor in
the de-novo synthesis of uridine. The 6-carboxyl group in this
series of heterocycles could be used as an attachment point to
a backbone assembly unit while the 2,4-subsitutents allow for
it to serve as informational base-pair.

Alternative backbone linkers. The alternative heterocycles
considered above call for a carboxyl unit (for the triazines and
S-aminopyrimidines) or an amino unit (for the 6-carboxypy-
rimidine derivatives) as point of attachment at the backbone.
Out of the possible carboxyl- and amine- containing-source-
compounds, an attractive and potentially natural source is
a-amino acids. The carboxylic group and the amino group of
an amino acid lend themselves not only to oligomerization to
form peptides, but can also act as points of attaching a recogni-
tion element via the formation of an amide bond. Oligoamides
and oligopeptides have been shown to function as skeletons of
informational oligomers [16].

For our study, we selected dicarboxylic amino acids such as
aspartic and glutamic acid, where the - and y- carboxylic acid
groups can be converted to a recognition element (triazines) or
tagged with 5-amino group of the 5-aminopyrimidines, while
the a-carboxylic group can lend itself to be part of the oligomer-
ic backbone by forming peptide linkages (Fig. 3). In the case of
6-carboxypyrimidine derivatives, we chose 3-aminoalanine [17]
as the building unit; the B-amino group can be tagged with the
6-carboxyl group of orotic acid derivatives, while the a-amino
group can be part of the oligopeptide backbone. The role of an
oligopeptide as a backbone for informational oligomeric sys-
tems has been hampered by its insolubility in water. To alleviate
this problem, strategic placement of dicarboxylic acids at tacti-
cal (alternating) linking positions was adopted; the free 3- or y-
carboxylic acid groups can contribute to the water solubility of
the resultant oligopeptides. Thus, an assortment of oligopeptide
backbone linker units tagged with 2,4-disubstituted- triazines,
S-aminopyrimidines, and 6-carboxypyrimidines (in place of
conventional nucleobases) was envisaged (Fig. 3).

Qualitative conformational analysis. The strategy developed
for assessing (idealized) conformational preferences of the
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Fig. 3: An outline of the type of “forward-synthetic analysis™ that is used in proposing potentially natural alternative informational oligomeric
systems. Shown here is the one used in arriving at oligopeptides tagged with non-canonical recognition elements. These alternative systems
could be conceived to form from natural source molecules (amino acids, cyanide and urea derivatives) under potentially prebiotic constraints via
potentially primordial reactions involving the same type of elementary condensation chemistry (formation of amide bonds) at various levels.

cyclic variants derived from the structural neighborhood of
RNA was applied, with modifications, to the acyclic oligo-
meric candidates [10]. For e.g. the sugar-phosphate backbone
outline of A-form of DNA (RNA) was extracted, leaving out
the cyclic part. This resulted in an acyclic-scaffold onto which
recognition elements could be positioned at regular intervals
(Fig. 4a); this framework was used as a starting point to assist
in analyzing conformational preferences of assorted acyclic
oligopeptide systems conceived above, and to gauge their
prospect for adopting least strained conformations that would
allow them to function as informational systems, via constitu-
tionally repeating monomer base-pair units. Such an analysis
reveals that the oligopeptide backbone, which is the common
scaffold, is able to approximate the phosphodiester-backbone
outline of A-form of DNA (RNA). Moreover, this approxima-
tion requires the constitutionally repeating monomer units of
the oligopeptide to be dipeptide building blocks, so that there
is conformity between the placements of recognition units at
regular repeating intervals and those present in the A-form of
DNA (RNA). Such an outcome fits in neatly with the strategy
of having an amino acid linker unit at alternative positions to
overcome the solubility problem associated with oligopeptides

(Fig. 3). The orientation of hydrogen bonds of the recognition
elements, relative to the backbone axis, can be manipulated
by varying not only the length of the linker arm, but also by
varying the point of attachment of linker on the heterocycle.
Thus, the above qualitative conformational reasoning predicts
that oligopeptides tagged with the three different families of
heterocycles do harbor, not only the capacity to cross-pair with
RNA and DNA, but also the capability to base-pair among
themselves (Fig. 4b).

Results

Triazine and 5-aminopyrimidine tagged oligopeptides. The
synthesis of (L)-oligopeptides tagged with 2,4-disubstituted-
triazines and 5-aminopyrimidines were accomplished using
standard synthetic protocols. Their cross-pairing properties
with corresponding base-pairing counterparts in DNA and
RNA, and their propensity for base-pairing among themselves,
were studied [18].

As expected, homobasic sequences containing 2,4-diami-
no-triazine tagged oligopeptides, base-paired strongly with
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Fig. 4. General outline of a qualitative conformational analysis of an alternative oligomeric structure derived from A-type DNA (RNA) phospho-
diester backbone. (a) The phosphodiester backbone (highlighted in bold) serves as a framework for the acyclic backbone scaffold. Shown on the
right is one of the results of such an analysis: an oligopeptide backbone with linkers with varying length tagging the recognition element (six-
member ring) to the oligomeric backbone. (b) The qualitative conformational analysis of the oligopeptide backbone tagged with the three differ-
ent families of 2,4-disubsituted alternative heterocycles (with different backbone—base-pairing axis) indicate that they would be able to adopt a
(idealized) conformation conducive for their functioning as informational base-pairing systems.

complementary RNA/DNA sequences containing uracil and
thymine. In sharp contrast, the 2,4-dioxo-triazine tagged oligo-
peptide sequences showed no base-pairing with corresponding
complementary RNA/DNA sequences containing adenine, and
weak base-pairing with 2,6-diaminopurine containing DNA
sequences. This pattern of behavior was found to be wide-
spread among the various oligopeptide backbone constructed
from amino acids such as glycine, iminodiacetic acid, aspartic
acid and glutamic acid. Also, the intra-system base-pairing
between 2,4-diamino-triazine and 2,4-dioxo-triazine tagged
oligopeptides was found to be extremely weak.

Based on the results from the triazine family of het-
erocycles, we chose to study the base-pairing properties of
5-aminopyrimidines tagged to aspartyl-glutamate (Asp-Glu)
oligopeptide backbone, since this would allow for a direct
comparison between the two family of heterocycles tagged
to the same oligopeptide backbone. We began our study with
homobasic sequences of Asp-Glu oligopeptide tagged with
2,4-dioxo-5-aminopyrimidine (5-aminouracil), which showed
strong base-pairing with RNA/DNA sequences containing ade-
nine. When we examined the corresponding complementary
heterocycle 2,4-diamino-5-aminopyrimidine tagged Asp-Glu
oligopeptides, we were surprised to find weak base-pairing of
these sequences with complementary RNA/DNA sequences
containing uracil/thymine. Furthermore, weak intra-system
base-pairing behavior between 2,4-dioxo-5-aminopyrimidine

and 2,4-diamino-5-aminopyrimidine tagged oligopeptides was
observed.

Subsequently, the intra-system base-pairing between Asp-
Glu tagged triazines and 5-amino-pyrimidines was shown to
follow the traits exhibited by the two stronger base-pairing
partners from each family: the base-pairing strength between
the 2,4-diamino-triazine and 2,4-dioxo-5-aminopyrimidine
containing sequences were found to be stronger; the inverse
combination, i.e. the 2,4-dioxo-triazine and 2,4-diamino-5-
aminopyrimidine containing sequences was found to display
weak base-pairing.

This contrasting base-pairing behavior of the different
heterocycles within the two different families, while puzzling
at first, became instructive when viewed in context of their
physico-chemical properties and when contrasted with the cor-
responding properties of canonical nucleobases. The attribute
that seems to best correlate with the dichotomous base-pairing
behavior of these alternative heterocycles is their pKa values.
For e.g., 2,4-diaminotriazine (pKa = 4.5), pairs strongly with
thymine/uracil (pKa =~ 9.5), with the difference in the pKa
between the base-pairing partners (ApKa) being about 5 units;
while 2,4-dioxotriazine which has a pKa = 7.2, pairs weakly
with adenine/2,6-diaminopurine (pKa = 4.2/5), the ApKa being
2-3 units. Analogously, in the 5-amino-pyrimidine series, 2,4-
dioxo-5-aminopyrimidine (pKa = 8.9) is the better base-pair-
ing partner with adenine (pKa = 4.2), correlating with ApKa
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=~ 5, while 2,4-diamino-5-aminopyrimidine (pKa = 6.0) is the
weaker base-pairing partner with thymine/uracil (pKa = 9.5),
corresponding to a ApKa =~ 3.5. This (limited set of) data points
to a striking ApKa-base-pairing strength correlation: smaller
the ApKa of the base-pairing partners, weaker the base-pairing
strength in aqueous medium at near neutral pH. The pKa of
natural canonical nucleobases and the ApKa difference of about
6 among the base-pairing partners seem to correlate with their
functional optimum under physiological conditions.

From an etiological viewpoint, this result —when com-
bined with the earlier studies with different backbones— rais-
es the possibility that in Nature’s choice of nucleic acids, the
constitution of the recognition component may have played
a more critical role than the structure of the backbone. Such
reasoning is supported by the existence of a wide variety of
alternative backbones tagged with canonical nucleobases that
are functionally viable, while there seems to be a dearth of
(potentially natural) heterocyclic alternatives that can fulfill
the role of canonical nucleobases.

2,4-dioxo-6-carboxypyrimidine tagged oligopeptides. In this
family of heterocycles (derived from orotic acid), the presence
of a 6-carboxyl group on the pyrimidine nucleus in combina-
tion with an amide bond tagging chemistry necessitated an
amino group on the oligopeptide backbone. Therefore, we
chose an aspartyl-aminoalanine (Asp-aminoAla) peptide back-
bone on to which the recognition elements could be attached
(Fig. 4b), and focused on the synthesis of 2,4-dioxo-6-car-
boxypyrimidine tagged oligopeptide. Using standard synthetic
methodology we obtained the building blocks necessary for
automated machine assisted peptide synthesis, and assembled
the 2,4-dioxo-6-carboxypyrimidine tagged hexa-peptides,
dodeca-peptides and hexadeca-peptides. While in the case of
hexamer we were able to procure homogeneous material, in
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the case of dodecamer we could only isolate mixtures contain-
ing the 10-, 11- and 12-mer; in the case of hexadecamer we
isolated a mixture of 14-, 15- and 16-mer. Their identities were
established by MALDI-tof mass-spectroscopy. These mixtures
of oligomers, however, are suited and useful for studying their
capacity for base-pairing with natural systems.

We studied the base-pairing properties of these 2,4-dioxo-
6-carboxypyrimidine tagged Asp-aminoAla oligopeptides
with the corresponding complementary DNA [d(A);,, d(D);5,
d(A);s, poly-d(A)] and RNA sequences [1(A);,, 1(A);¢, poly-
r(A)] using established UV- and CD-spectroscopic methods
at six different wavelengths. All of the temperature dependent
UV- and CD-spectroscopic data from these studies, point to a
very weak base-pairing interaction between 2,4-dioxo-6-car-
boxypyrimidine tagged oligopeptides and DNA/RNA at the
“12-mer” and “16-mer” level (figure 5). This is also indicated
by the almost negligible effect of variations in the salt concen-
tration, and length of pairing strand, on base-pairing strength
(as judged by temperature dependent UV- and CD-absorption
curves). That there is indeed base-pairing interaction between
2,4-dioxo-6-carboxypyrimidine tagged oligopeptides with
adenine containing oligonucleotides was shown, beyond a
doubt, by a mixing curve experiment (‘Job-plot’, figure 6)
which, not surprisingly, shows the formation of a triplex with
a 2:1 ratio of 2,4-dioxo-6-carboxypyrimidine dodecapeptide
with poly-r(A).

In light of our previous studies [18] where we had discov-
ered the existence of a correlation between ApKa of the base-
pairing partners and their base-pairing propensity, we decided
to check if the observed weak pairing behavior of 2,4-dioxo-
6-carboxypyrimidine is consistent with such a phenomenon. A
literature survey [19] revealed that the pKa of orotamide or its
close analogs were not available; therefore, we measured the
pKa of the 2,4-dioxo-6-carboxypyrimidine (orotamide) unit in
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Fig. 5. UV-spectroscopic melting curves documenting weak (or no) interaction of 2,4-dioxo-6-carboxypyrimidine tagged oligopeptide (‘16-
mer’, in yellow color) with RNA (poly-rA, in red color) and DNA (poly-dA, in red color). Conditions: ca. 5+5 pM oligomer in 1.0 M NaCl, 10

mM NaH,PO,, 0.1 mM Na,EDTA, pH 7.
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Fig. 6. UV-spectroscopic mixing curves (‘Job-plot’) documenting
interaction of 2,4-dioxo-6-carboxypyrimidine tagged oligopeptide
(‘12-mer’) with RNA (poly-rA). Absorbance values at 320 nm from
UV curves, ca. 5+5 uM oligomers in 1M NaCl, 10 mM NaH,POy, 0.1
mM Na,EDTA, pH 7 at 0°C.

a Asp-aminoAla dipeptide and found it to be 6.6, a value that is
lower when compared to orotic acid itself (pKa, = 9.45) [19],
but in line with that of the methyl ester of orotic acid (pKa =
7.93 [19b]). From the standpoint of the ApK,—base-pairing
strength correlation criterion, the results from the above study
is in accordance with the previously [18] observed correlation,
‘smaller the difference in pKa between base-pairing partners,
weaker the base-pairing strength’. The difference in pKa
between adenine (pK,= 4.2) and orotamide derivative (pK, =
6.6) is small (ApK, = 2) when compared to that of uracil/thy-
mine (pK, = 9.5) with adenine (ApK, = 5). Thus, when juxta-
posed with canonical nucleobases and with alternative nucleo-
bases in the pKa—base-pairing strength correlation landscape,
orotamide seems to fit in (Fig. 7).

That this pKa value of 6.6 (of the 2,4-dioxo-6-carboxypy-
rimidine unit in a didpeptide) corresponds to the deprotonation
of the N(1)-H proton (and not the N(3)-H proton) was shown
by comparison of the UV-behavior of N(1)-methyl and N(3)-
methyl orotic acid derivatives under deprotonating conditions
[19a]. It was observed that only for the N(3)-methyl deriva-
tive (which can deprotonate only at the N(1)-H position) there
was a shift in the A,,, from 280 to 300 nm with increasing pH
of the medium [19a], a behavior that is paralleled by the 2,4-
dioxo-6-carboxypyrimidine derivative unit in didpeptide (Fig.
8). Such a bathochromic shift in the UV-spectrum with increas-
ing pH of the medium, was also observed when the tempera-
ture dependent UV-spectrum of the 2,4-dioxo-6-carboxypy-
rimidine tagged hexadecapeptide alone was recorded (Fig. 8).
This was indicative of a temperature dependent deprotonation
that was taking place on the 2,4-dioxo-6-carboxypyrimidine
units within the oligomer; moreover, this same response was
also observed for the 2,4-dioxo-6-carboxypyrimidine tagged
oligomer in the presence of its pairing partner poly-d(A).

All these facts are indicative of the 2,4-dioxo-6-carboxy-
pyrimidine unit undergoing deprotonation under the base-pair-
ing measurement conditions and existing in its N(1)-anionic
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form; this behavior seems to be contributing to its weaker
base-pairing strength [20]. This conclusion is supported by
observations that 2,4-dioxo-5-aminopyrimidine tagged Asp-
Glu oligopeptides, which have the same overall backbone—
base-pairing axis (Fig. 4b), show strong base-pairing with
complementary DNA and RNA sequences. In the context of
our search for (potentially natural) structural alternatives of
RNA, the weak base-pairing properties of 2,4-dioxo-6-car-
boxypyrimidine tagged oligomers discount the possibility that
they could have been members of the landscape of potentially
primordial informational oligomers.

Discussion

Based on the results from the study of base-pairing properties
of these potentially natural alternative recognition elements,
and pondering about the selection of canonical nucleobases
over other potentially natural alternatives, one is tempted to
ask, ‘why nature chose these canonical nucleobases and not
others’. We can, perhaps, attempt to answer it by considering
the properties of the canonical bases, and by comparing them
with those of the primordially relevant natural alternatives.
For example, when contemplating about ‘why nature chose
phosphate’, Westheimer [21] has pointed out the ‘importance
of being ionized’, emphasizing that under physiological condi-
tions (aqueous medium & near neutral pH) the phosphodies-
ters are ionized, rendering them kinetically stable and enabling
their retention within a bilayer membrane, thus making them
suitable for their primary function as a linker in an informa-
tional polymer. Considering the pKa values of the canonical
nucleobases, and by comparing them with those of the poten-
tially natural alternative heterocycles, we are led to conclude
that the exact opposite is true for the canonical nucleobases,
i.e. ‘the importance of being not ionized’ under physiological
conditions.

That the pKa of canonical nucleobases (< 4 and > 9)
allow them to be un-ionized at neutral pH has been highlighted
in the context of emphasizing the importance of hydrophobic
& stacking interactions [22] —leading to reinforcement of
hydrogen bond between the appropriate base-pairing partners.
The pyrimidine heterocycles (in our study) that have pKa
values closer to pH of the aqueous medium are ionized (by
protonation or deprotonation), and therefore, are less hydro-
phobic and tend to unstack. As a result, they are more prone to
interacting with water molecules than with their corresponding
base-pairing counterpart —leading to weak or no base-pair-
ing interaction. Therefore, in addition to the pKa difference
between base-pairing partners, the difference between pKa
of the heterocycle and pH of the medium is also a factor in
influencing the base-pairing capability of a given recognition
element.

The results from the above study of potentially natural
alternative heterocycles highlight the constitutional uniqueness
of the canonical nucleobases and (once again) call attention to
the relationship between their physicochemical properties and
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their functional fitness with respect to their role in informa-
tional base-pairing systems (in aqueous medium at near neutral
conditions).
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