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Since the structure of DNA was elucidated more than 50 years ago, Watson-Crick base
pairing has been widely speculated to be the likely mode of both information storage and
transfer in the earliest genetic polymers. The discovery of catalytic RNA molecules sub-
sequently provided support for the hypothesis that RNA was perhaps even the first polymer
of life. However, the de novo synthesis of RNA using only plausible prebiotic chemistry
has proven difficult, to say the least. Experimental investigations, made possible by the appli-
cation of synthetic and physical organic chemistry, have now provided evidence that the
nucleobases (A, G, C, and T/U), the trifunctional moiety ([deoxy]ribose), and the linkage
chemistry (phosphate esters) of contemporary nucleic acids may be optimally suited for
their present roles—a situation that suggests refinement by evolution. Here, we consider
studies of variations in these three distinct components of nucleic acids with regard to the
question: Is RNA, as is generally acknowledged of DNA, the product of evolution? If so,
what chemical and structural features might have been more likely and advantageous for a
proto-RNA?

In contemporary life, nucleic acids provide the
amino acid sequence information required

for protein synthesis, while protein enzymes
carry out the catalysis required for nucleic acid
synthesis. This mutual dependence has been
described as a “chicken-or-the-egg” dilemma
concerning which came first. However, requir-
ing that these biopolymers appeared strictly
sequentially may be an overly restrictive precon-
ception—nucleic acids and noncoded peptides
may have arisen independently and only later
become dependent on each other. Nevertheless,
the requirements for the chemical emergence of
life would appear simplified if one polymer was
initially able to store and transfer information as

well as perform selective chemical catalysis—
two essential features of life.

The discovery of catalytic RNA molecules in
the early 1980s (Kruger et al. 1982; Guerrier-
Takada et al. 1983) created widespread interest
in an earlier proposal (Woese 1967; Crick 1968;
Orgel 1968) that nucleic acids were the first bio-
polymers of life, as nucleic acids transmit
genetic information and could have once been
responsible for catalyzing a wide range of reac-
tions. The ever-increasing list of processes that
involve RNA in contemporary life continues
to strengthen this view (Mandal and Breaker
2004; Gesteland and Atkins 2006). Further-
more, the rule-based one-to-one pairing of
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complementary bases in a Watson-Crick duplex
(Fig. 1) provides a robust mechanism for infor-
mation transfer during replication that could
have been operative from the advent of oligonu-
cleotides. In contrast, there is no obvious and
general mechanism by which the amino acid se-
quence of a polypeptide can be transferred to a
new polypeptide as part of a replication process.

If we accept that nucleic acids must have
appeared without the aid of coded proteins,
we are still faced with the question of how the
first nucleic acid molecules came to be. Broadly
defined, there are two schools of thought
regarding the origin of the earliest nucleic acids.
In one school, it is proposed that abiotic chem-
ical processes initially gave rise to nucleotides
(i.e., phosphorylated nucleosides), which were
then coupled together to yield polymers identi-
cal in chemical structure to contemporary RNA.
In support of this model, Sutherland presents in
his article current progress toward discovering
possible chemical pathways for the prebiotic
synthesis of RNA mononucleotides, as well as
methods for their protein-free polymerization
(Sutherland 2010).

A second school of thought, discussed in
this article, considers RNA to be a product of
evolution, and that a different RNA-like poly-
mer (or proto-RNA) was used by the earliest
forms of life. Just as the deoxyribose sugar of

DNA was likely the product of Darwinian evo-
lution (selected for the hydrolytic stability it
provides this long-lived biopolymer), so, too,
might the sugar, phosphate, and bases of RNA
have been refined by evolution. In this scenario,
a proto-RNA is more likely to have spontane-
ously formed than RNA, because a proto-RNA
could have had more favorable chemical charac-
teristics (e.g., greater availability of precursors
and ease of assembly), but such a polymer
was eventually replaced, through evolution,
by RNA (potentially after several incremental
changes), based on functional characteristics
(e.g. nucleoside stability, versatility in forming
catalytic structures). Thus, contemporary RNA
may possess chemical traits that, although op-
timally suited for contemporary life, may have
been ill-suited for the earliest biopolymers,
with the converse being true for proto-RNA.

BACKGROUND

Challenges to “Reinventing” Proto-RNA

If proto-RNA came before RNA, possibly com-
prised of different bases and a different back-
bone, then the chemical space of proto-RNA
candidates seems almost limitless. Leslie Orgel
once called this scenario a “gloomy prospect”
with regard to solving the origin of life (Orgel
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Figure 1. Two base-paired RNA dinucleotide steps with functional units discussed in the text annotated. In
contemporary life, the nucleoside linker is phosphate, and the information unit is one of the canonical
nucleobases (A, G, C, and U). The contemporary trifunctional moiety, ribose, is coupled via N,O-acetals to
the informational unit and via phosphoesters to the nucleoside linker.
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1998). However, we do not see the prospect of
proto-RNAs as reason for pessimism. The pos-
sibility that RNA had one or more predecessors
also implies the possibility that there was a pol-
ymer with more facile chemistry of assembly,
which researchers could show to spontaneously
assemble from simple precursors. Additionally,
the chemical space within which proto-RNA
was formed is constrained by the molecules that
could have been present on the prebiotic Earth.
Although we will never know the precise con-
tents of the prebiotic chemical inventory, model
prebiotic reactions continue to provide valuable
information regarding plausible prebiotic mol-
ecules (Miyakawa et al. 2002; Plankensteiner
et al. 2004; Saladino et al. 2004; Cleaves et al.
2006). Additionally, studies of our neighboring
planets and their moons, meteorites, comets
and even interstellar space (Schwartz and Chang
2002; Hollis et al. 2004; Pizzarello 2006; Martins
et al. 2008) also provide clues to the types of
molecules from which a proto-RNA might
have emerged.

Sugars and nucleobases, two essential build-
ing blocks of nucleic acids, have been identified
as products in a rather wide range of model pre-
biotic reactions. However, feasible prebiotic
reactions have not been shown for the efficient
coupling of ribose to all four nucleobases to cre-
ate the canonical nucleosides, and only limited
evidence has been presented that preformed
nucleotides might be able to polymerize without
resorting to nonprebiotic chemical activation.
Thus, a conceptual gap still exists between our
ideas for how the building blocks of RNA might
have formed from the simple molecules that
are ubiquitous in the universe versus the chem-
ical processes that gave rise to the first RNA-like
polymers.

All the present challenges to bridging this
conceptual gap between the “small molecule
world” and the “polymer world” can be classi-
fied as belonging to one of two major problems:
molecular selection and polymerization reac-
tions. There was likely a wide variety of mole-
cules in the prebiotic chemical inventory, so
the first formidable challenge is to find an ab-
iotic mechanism by which “useful” building
blocks were selected from a complex mixture.

The second formidable challenge is to find reac-
tions by which these building blocks could have
been “correctly” joined to create “useful” (i.e.,
self-replicating, catalytic or both) proto-biopoly-
mers. In the following sections, we will elaborate
on the challenge of RNA building block selection
and assembly, as well as possible solutions to
“reinventing,” to use Albert Eschenmoser’s term
(Eschenmoser 2007), a process for the de novo
synthesis of an RNA-like polymer from plausible
prebiotic molecules and reactions.

Some Possible Constraints to Guide the
Search for Proto-RNA

Synthetic chemists have prepared numerous
nucleic acid analogs, some as part of origin of
life studies (Schneider and Benner 1990; Pitsch
et al. 1993; Herdewijn 2001b; Benner 2004; Mit-
tapalli et al. 2007a; Mittapalli et al. 2007b) and
many as part of a widespread search for thera-
peutic agents (Kurreck 2003). These analogs
have included changes to both the nucleobases
and to the polymer backbone. With regard to
origin of life investigations, some proposals
for the difference between RNA and an earlier
proto-RNA have been subtle, such as the pro-
posal that hypoxanthine once functioned in
the place of guanine (these nucleobases differ
by only a single exocyclic amino group) (Crick
1968). Other proposals are much more radical,
such as the suggestion that the nucleobases were
once connected by a completely different and
uncharged backbone, as in the synthetic poly-
mer known as peptide nucleic acid (Nelson
et al. 2000), and intermediate proposals, in
which the backbone was a peptide, but still
negatively charged (Mittapalli et al. 2007a;
Mittapalli et al. 2007b) (Fig. 2). Physical and
chemical studies of these and other nucleic
acid analogs have provided invaluable informa-
tion regarding which alternative polymers
might have predated RNA. An exhaustive review
of all proposed predecessors of RNA is beyond
the scope of this article, and several excellent
reviews have been published considering possi-
ble variations in sugars and bases, to which the
reader is referred (Benner 2004; Benner et al.
2004; Eschenmoser 2007).
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In this article, we focus on a subset of poten-
tial candidates for proto-RNA polymers that, in
our opinion, would be closest to RNA in struc-
ture and physical properties but are composed
of alternative building blocks that would have
made prebiotic assembly more feasible. One
could consider these structures as candidates
for the later predecessors of RNA that resulted
from proto-RNA evolution or, optimistically,
as potential candidates for the first proto-RNA,
if only a few changes were required to reach

RNA. Our selection of proposed proto-RNA
candidates on which to focus is guided by three
hypotheses:

(1) The original molecular components of proto-
RNA may have been different from, but
still similar to, those found in RNA. Three dis-
tinct molecular components comprise RNA:
the nucleobases, ribose and phosphate
(Fig. 1). Each component has specific roles
for which it appears to be very well (perhaps
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Figure 2. Structures of RNA and selected analogs discussed in the text. (A) RNA; (B) FNA or “flexible nucleic
acid,” originally named glycerol nucleic acid; (C) GNA, glycerol nucleic acid; (D) TNA,a-threofuranosyl nucleic
acid; (E) pRNA, b-pyranosyl-RNA; (F) homo-DNA (R ¼ H) and b-allopyranosyl (R ¼ OH); (G) gaNA,
glyoxylate-linked dinucleotide; (H ) PNA, peptide nucleic acid; (I) poly-(L-Asp-L-Glu) with the g-carboxyl
function of Glu conjugated to a nucleobase by an isopeptide linkage. For all structures shown, B represents
one of the canonical nucleobases, and B�, in structure I, represents a noncanonical base.
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optimally) suited. However, because of the
limited availability of some components,
or the difficulty in forming covalent bonds
between others, there is good reason to
entertain the possibility that alternative
components were initially used by proto-
RNA. Each of these three components could
have been replaced on different timescales
over the course of evolution. Although this
criterion may seem obvious regarding what
would be recognized as RNA-like polymers,
it does exclude from our discussion the
more radical models of “genetic takeover”
(Cairns-Smith 1982), in which an inorganic
or decidedly non-RNA-like system gave rise
to RNA, models which come with the added
burden of deciphering how a physicochem-
ical transition could have transpired between
completely different molecular systems.

(2) The covalent bonds that connected the three
molecular components of proto-RNA were
(periodically) reversible. In the early stages
of life, it would have been highly advanta-
geous for chemical building blocks to be
available for reuse. Mechanisms for recy-
cling are easy to imagine, if the covalent
bonds that joined the molecular compo-
nents of proto-biopolymers could have
been formed, broken and re-formed repeat-
edly. Such a process would have allowed
proto-biopolymers to be created that were
thermodynamically favored structures (Li
et al. 2002; Hud et al. 2007; Ura et al.
2009) and for “errors” in synthesis to be
corrected (e.g., replacement of non- or
mispaired nucleobases with pairing ones).
Proto-RNA monomers might have even
been repeatedly recycled into polymers
with different nucleotide sequences (and
corresponding functions) as survival pres-
sures changed (Ura et al. 2009). Further-
more, without some regular cycle by
which RNA or a proto-RNA could have
been depolymerized, any monomer incor-
porated into a polymer that was not func-
tionally useful would be wasted–a
condition under which there simply may

have not been enough material to get life
started.1

(3) Condensation-dehydration reactions were,
from the beginning, integral to the formation
of proto-RNA. A wide range of biological
bond-forming reactions involve the loss of
water, including amide linkages in pep-
tides, acetal linkages in polysaccharides
and ester linkages in phosphoglycerols. Per-
tinent to the present discussion are the
reactions required for nucleic acid forma-
tion—glycosylation of a nucleobase to
form a nucleoside, phosphorylation of a
nucleoside to form a nucleotide and con-
densation of nucleotides to form oligonu-
cleotides—all of which are dehydration
reactions. Such reactions are very appealing
from a prebiotic standpoint, as their equili-
bria can be modulated via water activity
(i.e., through drying-wetting cycles), sug-
gesting that many polymerization reactions
observed in contemporary life may have
ancient roots in drying reactions driven by
periodically fluctuating water activity—
perhaps even dating back to the earliest
stages of life.

We now will discuss the three molecular
components of nucleic acid polymers and con-
sider the implications of the three hypotheses
presented earlier in considering alternative can-
didates for proto-RNA.

RECENT RESULTS

Selection of the Nucleobases: Was it C, U, A,
and G from the Start?

Although nucleic acid chemists have provid-
ed some insights regarding what might have

1If the earliest effective ribozyme was 50nt in length (similar
to the hammerhead ribozyme), and the earliest genetic code
contained C, U, A, and G, this ribozyme would be one of 450

� 1030 possible sequences. A collection of one molecule of
every possible 50mer would require a carbon mass of around
107 kg. Assuming each polymer was produced in equal yield,
and by an irreversible process, production of 1 picomole of
the ribozyme would require 1019 kg of carbon (roughly the
total weight of carbon in the Earth’s crust).
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predated RNA, as we hope we have conveyed
herein, we concede that it is still not obvious
by what mechanism the nucleobases were orig-
inally selected. The ability to form Watson-
Crick base pairs should not be assumed to
have been the sole criterion. One observation
that runs counter to this assumption is that
the free nucleobases and their nucleosides do
not form Watson-Crick base pairs in aqueous
solution (Ts’o et al. 1963), but rather, they
form co-planar stacks, with their Watson-Crick
edges interacting with the solvent. The hydro-
gen bonds formed with water are of comparable
enthalpy to those that would be formed
between paired bases. The local preorganization
of nucleobases in oligonucleotides, on the other
hand, promotes intra- and interstrand stacking
of base pairs, which contributes substantial free
energy to duplex stability, whereas Watson-Crick
hydrogen bonds have been reported to contrib-
ute virtually no net free energy (De Voe and
Tinoco 1962; Yakovchuk et al. 2006).

The observation that free nucleobases do
not form Watson-Crick base pairs in aqueous
solution inspired us to articulate a “paradox of
base pairing” with regard to the emergence of
RNA (Hud and Anet 2000; Hud et al. 2007).
Why would the nucleobases have been selected
for inclusion in RNA or proto-RNA polymers for
the purpose of Watson-Crick base pairing if they
did not form base pairs before being linked by a
common backbone? To argue that the nucleo-
bases formed nucleotides with ribose and phos-
phate before being involved in base pairing
seems to imply that nature either predicted
that the nucleobases would be useful for pairing
polymers in the future (which would violate the
nonpredictive property of evolution); that
nature was simply lucky, and a series of chemical
reactions coincidentally created rather complex
molecules (i.e., nucleotides) that happened to
form base pairs after polymerization; or that
such molecules existed in a metabolism-first
origin of life scenario, and these molecules
were later incorporated into a genetic polymer.
Serious conceptual challenges have been raised
against metabolism-first scenarios (Anet 2004;
Orgel 2008; Vasa et al. 2009). In any case, argu-
ments for the prepolymer production and use

of nucleotides by an abiotic metabolic cycle
remain largely philosophical, as we simply do
not know at what point in evolution (of both
metabolism and genetic polymers) that the spe-
cific components of contemporary nucleotides
were selected. It is feasible, for example, that
phosphate was used first as a metabolic co-
factor before being incorporated into genetic
polymers.

As one possible solution to the paradox of
base pairing, we have proposed that there was
a template molecule, or a class of molecules,
present in the prebiotic chemical inventory,
that formed stacks with the nucleobases that
were energetically favored over stacks with
themselves. Each template, or “molecular mid-
wife,” would have been large enough to accom-
modate two or more nucleobases, if the bases
were arranged in a particular hydrogen-bonded
structure (e.g., a Watson-Crick base pair) (Hud
and Anet 2000; Hud et al. 2007). The stacking of
multiple midwife molecules, interleaved with
nucleobases, would have locally concentrated
and organized the bases, thereby aiding in the
polymerization of the earliest proto-RNA.
These midwife molecules would have no longer
been necessary for polymer synthesis (and rep-
lication) once evolution had produced a supe-
rior means for carrying out these reactions
(e.g., catalysis via protein or RNA enzymes).
We envision that the midwife molecules would
have been similar to the small planar molecules
known to intercalate the bases of contemporary
RNA and DNA (Ihmels and Otto 2005). Beyond
a purely speculative model, dye molecules that
intercalate DNA and RNA base pairs have
been shown to promote the template-directed
synthesis of nucleic acids. For example, interca-
lators can provide a .1000-fold enhancement
to the ligation of short oligonucleotides (i.e.,
tri- and tetranucleotides) (Jain et al. 2004),
and promote a specific base pairing (Hud, Jain
et al. 2007; Horowitz et al. 2010).

Should we assume that Watson-Crick base
pairs (i.e., adenine paired with uracil, guanine
paired with cytosine) were used by the earliest
proto-RNA? The successful incorporation of
nonnatural base pairs into nucleic acid duplexes
has given ample reason to seriously consider
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this question (Switzer et al. 1989; Piccirilli et al.
1990; Geyer et al. 2003). Most of the nonnatural
base pairs studied thus far have maintained the
form of a base comprised of a six-membered
ring (like a pyrimidine) paired with a base com-
prised of fused five- and six-membered rings
(like a purine), which can be accommodated
in a helix also containing canonical Watson-
Crick base pairs. However, duplexes that con-
tain all noncanonical base pairs have also been
shown, including duplexes with only purine–
purine base pairs (Groebke et al. 1998; Battersby
et al. 2007; Heuberger and Switzer 2008b;
Engelhart et al. 2009), pyrimidine–pyrimidine
base pairs (Mittapalli et al. 2007a; Mittapalli
et al. 2007b), and even duplexes with tricyclic
bases (Krueger et al. 2007).

If we restrict our consideration of potential
proto-RNA base pairs to those with a Watson-
Crick pairing geometry, there are still twelve
possible types of nucleobases that can form six
types of base pairs with distinct hydrogen
bond donor–acceptor arrangements (Fig. 3)
(Benner et al. 2004), of which only two types

are commonly found in contemporary life.
Some of these base pairs, at first glance, seem
like reasonable candidates as proto-RNA alter-
natives to the canonical base pairs, such as
isoC paired with isoG (Fig. 3, bottom left).
However, even this close analog of the guanine-
cytosine base pair comes with significant chem-
ical challenges that could have prevented it from
being a component of proto-RNA (Jaworski
et al. 1985). In particular, isoguanine exists to
about 10% as its enol tautomer in water (Sepiol
et al. 1976; Voegel et al. 1993; Seela et al. 1995),
which has a hydrogen-bonding pattern that is
complementary to U/T. Moreover, some of
the four noncanonical Watson-Crick-like base
pairs could only be realized experimentally by
using a nonpyrimidine or a nonpurine base, or
by the connection of the base to the sugar
through a carbon-carbon bond (C-nucleosides)
(Fig. 3) (Benner 2004). The use of non- purine
or pyrimidine heterocycles may not be so prob-
lematic from a prebiotic standpoint. Although
purines are abundant in model reactions of the
prebiotic chemical inventory using, for instance,
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formamide and HCN, other, helix-compatible
parent heterocycles were surely present in the
prebiotic chemical inventory (Mittapalli et al.
2007a; Mittapalli et al. 2007b), and these should
be considered. With respect to C-nucleosides,
although they are well-known, they have been
less well-examined from a prebiotic standpoint
than the canonical N,O-acetal linked nucleo-
sides. Regardless of any potential difficulties in
prebiotic synthesis, the demonstration of all
six possible base pairs with a Watson-Crick
paring geometry, made possible through the
application of synthetic and physical organic
chemistry, has provided invaluable constraints
regarding what should be considered more or
less likely as possible ancestral proto-RNA build-
ing blocks.

Among the proposals for proto-RNA non-
canonical base pairs, that of purine-purine base
pairs is one of the oldest (Crick 1968). The abio-
tic formation of proto-RNA containing only pu-
rine bases is appealing for several reasons. First,
an all purine system requires only one type of
heterocycle, and the variety of conditions under
which purine production has been shown sug-
gests that purines may be formed more easily
in model prebiotic reactions than pyrimidines
(Oro 1961; Sanchez et al. 1966; Saladino et al.
2004). Second, nucleoside formation, as dis-
cussed later, might have occured more effi-
ciently with purine bases. Third, the purine
bases have much more favorable stacking inter-
actions in aqueous solution than the pyrimi-
dine bases (Ts’o, Melvin et al. 1963; Inoue and
Orgel 1983). The potential prebiotic obstacles
presented by poor pyrimidine stacking in aque-
ous solution is illustrated by the inhibition
of template-directed polymerization reactions
that require the coupling of successive pyrimi-
dine nucleotides (Joyce 1987). With respect to
the molecular midwife hypothesis discussed
earlier, purine–purine base pairs would also
be expected to form assemblies with midwife
molecules at lower concentrations and over a
wider temperature range than Watson-Crick
base pairs.

Crick was among the first to propose that
life originally used purine-purine base pairs.
In particular, he proposed that A.I base pairs

might have come first (Fig. 4) (Crick 1968).
However, duplexes formed by homo-A and
homo-I polymers proved to be relatively unsta-
ble, and these polymers were prone to forming
triplexes (Howard and Miles 1977). Eschen-
moser and coworkers have subsequently shown
that homo-purine oligonucleotides (with G.isoG
base pairs) can form very stable duplexes when
the standard ribofuranose nucleosides are re-
placed by either a ribopyranose or a dideoxy-
hexopyranose sugar (Krishnamurthy et al.
1996; Groebke et al. 1998) (other sugar mod-
ifications are discussed later). More recently,
evidence has been presented that standard oli-
godeoxynucleotides can form duplexes with
mixed G.isoG and diaminopurine.xanthine
base pairs (Fig. 4) that are of comparable stabil-
ity to Watson-Crick duplexes (Heuberger and
Switzer 2008a). In light of these recent advan-
ces, the decades-old idea of purine-purine
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base pairs in proto-RNA now looks even more
attractive.

The Trifunctional Moiety: Was It Ribose from
the Start?

In RNA, ribose serves as the branch point
between the polymer backbone and the side
chains (i.e., the nucleobases). This role requires
a chemical moiety that is, at least, trifunctional.
Sugars with three or more carbons meet this
minimum criterion and have been studied;
among those investigated thus far, ribose appears
optimal (Eschenmoser 1999). The conforma-
tional landscape of the b-furanose anomer of
ribose is well accommodated in a helical arrange-
ment when its nucleosides are linked by phos-
phate. Although some nucleic acids synthesized
with alternative sugars form more stable Watson-
Crick duplexes than RNA (Eschenmoser 1999),
ribose appears to provide an optimal balance
between duplex stability and the ability to adopt
the more globular structures required for creat-
ing a catalytically active ribozyme, as exemplified
by the variety of RNA structures observed in
the ribosome (Ban et al. 2000; Wimberly et al.
2000).

The optimal functionality of ribose suggests
that its inclusion in RNA is more the result of
evolutionary refinement than prebiotic avail-
ability. The yield of ribose in the formose reac-
tion, which is often cited as a prebiotically
plausible synthetic route to sugars, is low with
respect to the numerous other sugars produced
in this reaction (Decker et al. 1982). Possible
solutions to these challenges have included pro-
posals that prebiotic ribose was preferentially
stabilized by adduct formation with cyanamide
(Springsteen and Joyce 2004), borate (Ricardo
et al. 2004) or phosphate (Müller et al. 1990),
each of these adducts being more stable than
the unmodified sugar.

If ribose does not stand out for its ease of
abiotic synthesis or chemical stability, then
what sugars would have been more likely to
have come before ribose in proto-RNA? Twenty
years ago, Joyce et al. thoughtfully discussed
this question (Joyce et al. 1987). With the goal
of identifying a predecessor to ribose with

enhanced prebiotic availability and tolerance
for incorporation of mixed stereoisomers (i.e.,
D- and L-sugars), these authors proposed a
proto-RNA with acyclic analogs of ribose,
including an acyclic flexible nucleic acid (FNA)
backbone that is tantamount to an RNA back-
bone with “deletion” of the 20 carbon (Fig. 2).
Subsequently, the Benner laboratory synthe-
sized oligonucleotides containing these link-
ages and found that each substitution within a
DNA oligonucleotide resulted in significantly
depressed duplex stability, and complemen-
tary thirteen-base oligonucleotides containing
eleven FNA thymine residues failed to hybridize
to a DNA template (Schneider and Benner
1990). Later work by Merle and colleagues
showed weak interaction of FNA oligomers
with DNA—the strongest pairing being ob-
served for a homo-FNA-adenine oligomer
with the homo-dT complement, although this
pairing was still depressed relative to the analo-
gous DNA-DNA duplex (Merle et al. 1995).
Thus, in addition to being well-accommodated
in a Watson-Crick duplex, the conformational
preorganization of ribose nucleosides is clearly
an important component of duplex stability.

The Eschenmoser laboratory has performed
an extensive and systematic investigation of how
changes to the natural b-furanosyl ribonucleo-
sides of RNA, to nucleosides with a sugar of dif-
ferent stereochemical configuration, phosphate
connectivity, carbon chain length or ring form
(i.e., pyranose or furanose), affect the ability
of nucleic acids to base pair (Eschenmoser
2007). A few examples are shown as Figure 1
D–F. Among their findings was the observation
that oligomers incorporating the pyranosyl
form of nucleosides with a pentose sugar
(including ribose) can form more stable
duplexes than their furanosyl forms. This obser-
vation is intriguing, particularly taken in light
of the observation that pyranosyl nucleosides
are apparently formed along with furanosyl
nucleosides in heating-drying reactions (Bean
et al. 2007), suggesting that both forms could
have been available for proto-RNA. Eschen-
moser has interpreted the intermediate helical
stability of the contemporary furanose nucleo-
sides as an indication that the contemporary
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form of RNA prevailed due, in part, to an opti-
mal, intermediate helical stability, not maximal
helical stability. He suggests that the strong
hybridization of pentopyranosyl backbones
could have come at a price in a proto-RNA
world—in the form of product inhibition and
depressed sequence fidelity in replication.

The four carbon sugar threose is of particu-
lar interest as a potential ancestor of ribose
(Schöning et al. 2000; Herdewijn 2001a; Wilds
et al. 2002). The nucleosides of this threose
can be connected by phosphate esters to create
a backbone with a five-atom repeat (Fig. 2D),
one atom shorter than the RNA backbone.
Experiments with 30,20-linked threofuranose
nucleic acid, or TNA, have generated significant
excitement in the origin of life community. In
addition to the potential relative ease of forma-
tion of threose in a prebiotic environment,
duplexes of TNA oligonucleotides are of com-
parable stability to RNA and DNA duplexes,
and TNA forms hybrid duplexes with RNA
and DNA (Schöning et al. 2000; Wilds et al.
2002). It has often been speculated that cross-
hybridization with RNA is an essential feature
for an alternative nucleic acid to be considered
a possible ancestor of RNA (Orgel 2000), as
this ability would have been necessary for trans-
fer of sequence information between the two
polymers over the course of evolution.

A backbone containing even fewer atoms,
but of the same polymer repeat length as TNA,
has been termed GNA (Fig. 2C). The structure
and stability of duplexes formed by oligonucleo-
tides with this backbone have been examined in
detail by Meggers and coworkers (Zhang and
Meggers 2005; Schlegel et al. 2009). These inves-
tigators have shown that GNA oligonucleotides
with Watson-Crick complementary sequences
form antiparallel duplexes that are even more
stable than DNA or RNA duplexes of the same
nucleobase sequence (Zhang and Meggers
2005). In contrast, little or no hybridization is
observed between complementary GNA and
DNA oligonucleotides (relative to the DNA
homoduplex) and base pairing with RNA is of
roughly equal stability relative to homoduplex
RNA. Meggers and coworkers have also pro-
vided solution-state evidence (by CD and

NMR) for the preorganization of GNA (on the
single-strand and single-residue levels) into a
helix-compatible conformer. These data illus-
trate that even an acyclic backbone can be
conformationally preorganized. A subsequent
X-ray crystal structure revealed that the GNA
duplex makes extensive interstrand stacking
contacts and minimal intrastrand contacts (in
contrast to RNA and DNA, for which the con-
verse is true).

The Szostak laboratory recently showed that
a GNA region of a DNA-GNA chimeric strand
could act as a template for Bst polymerase
(Tsai et al. 2007). Despite little or no hybridiza-
tion between GNA and DNA, full-length poly-
merization of the dodecamer GNA template
was achieved. Although it is unlikely that
polymerase-catalyzed replication was contem-
poraneous with the first self-replicating poly-
mers (which these authors do not suggest),
their results show that, even if cross-hybridiza-
tion is disfavored, the presence of a duplex-stabi-
lizing molecule (a protein or RNA polymerase,
or a small molecule) can relax this requirement
for information transfer. A parallel line of evi-
dence for this principle comes from the Switzer
laboratory, who have shown that 20,50-linked
DNA and FNA can also act as substrates for nat-
ural DNA polymerases, even though 20,50-linked
DNA and FNA hybridize weakly or not at all to
natural DNA (Sinha et al. 2004; Heuberger and
Switzer 2008b).

Overall, synthetic organic chemists have
shown that numerous alternative sugars from
among the tetroses, pentoses, and hexoses,
and alternative conformations of ribose (e.g.,
b-pyranosyl) can produce backbones that form
double-stranded structures with Watson-Crick
base pairs, with some of these being even
more stable than duplex RNA (Bolli et al.
1997; Eschenmoser 1999; Schöning, Scholz
et al. 2000; Eschenmoser 2004; Egli et al.
2006). These results support the proposal that
proto-RNA backbones may have been con-
structed from a sugar (or a mixture of sugars)
other than ribose. The search through sugar
space is by no means complete. As one example,
the ketose sugars have not been explored as pos-
sible ancestors to ribose, but they should also be
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considered as potentially simpler ancestors of
ribose given the remarkably high yield with
which the ketohexoses, such as fructose, are
formed from DL-glyceraldehyde in a model pre-
biotic reaction (Weber 1992).

Finally, from a reactivity perspective, amino
sugars are also an attractive possibility. As dis-
cussed later, the formation of phosphodiester
bonds in aqueous solution is problematic.
Recent work by Szostak and coworkers (Mansy
et al. 2008; Chen et al. 2009; Schrum et al.
2009), as well as earlier work by Orgel and cow-
orkers (Zielinski and Orgel 1985, 1987; Sievers
and von Kiedrowski 1994), have shown the use
of amino sugars in promoting polymerization
because of the greater nucleophicity of amines
compared with alcohols. The amino-substituted
phosphoimidazole-activated nucleosides used
in these studies were, obviously, prepared using
classical synthetic organic techniques. Neverthe-
less, given the promising polymerization results
that have been achieved with such nucleosides,
as well as the presence of amino sugars in con-
temporary life (e.g., glucosamine), potential
prebiotic reactions for the production of amino-
substituted sugars are an intriguing area for
future investigation.

Nucleoside Formation: How Did the
Nucleobase and Trifunctional Moiety First
Connect?

The prebiotic origin of the glycosidic bond (an
N,O-acetal) that connects the nucleobase to
ribose in a nucleoside has turned out to be
one of the most vexing problems facing the ori-
gin of RNA. Given that the synthesis of adenine
by HCN polymerization was one of the earliest
successes of prebiotic chemistry (Oró 1960),
and sugar formation from formaldehyde was
known for a century prior (Butlerow 1861),
many have speculated that prebiotic nucleoside
formation resulted from the heating and drying
of preexisting nucleobases and ribose. Orgel
and coworkers first reported the formation of
adenosine, inosine and guanosine when sam-
ples of free adenine, hypoxanthine and guanine,
respectively, were dried and heated with ribose
in the presence of magnesium salts (Fuller

et al. 1972a, b). However, yields were low, and
the synthesis of guanosine was especially prob-
lematic, because of the low solubility of guanine.
More troublesome is the observation that the
canonical pyrimidine bases of RNA, uracil and
cytosine, do not form nucleosides when dried
and heated with ribose (Orgel 2004). It is worth
noting that even the previously reported forma-
tion of adenosine in heating-drying reactions has
been described as difficult to reproduce (Zubay
and Mui 2001).

Several alternative hypotheses for prebiotic
nucleoside formation have emerged as a result
of the difficulty of glycosidic bond formation.
These hypotheses include the possibility that
the nucleobases were formed on a preexisting
sugar, or the converse, that the sugar was built
off of the nucleobase. The earliest exploration
of these alternative routes was again reported by
the Orgel laboratory (Sanchez and Orgel 1970).
Starting with 50-phosphorylated ribose, followed
by multiple steps, including chemical reagent
addition, UV anomerization, and hydrolysis,
Sanchez and Orgel showed the synthesis of cyti-
dine monophosphate. The Sutherland labora-
tory has recently revisited this hypothesis with
great vigor and has made impressive strides
toward the presentation of a comprehensive
pathway for the stepwise abiotic formation of
b-DL-cytidine-20,30-cyclic phosphate, using cy-
anamide, cyanoacetylene, glycolaldehyde, glyc-
eraldehyde and inorganic phosphate as starting
molecules (Ingar et al. 2003; Anastasi et al.
2006; Crowe and Sutherland 2006; Powner
et al. 2009; Sutherland 2010).

The possibility that the nucleoside sugar
was originally synthesized on the nucleobases,
the converse of the previously described nuc-
leosidation hypothesis, has also received some
experimental support. Simply heating forma-
mide in the presence of various mineral cata-
lysts, as performed with a great variety of
minerals by the Saladino and DiMauro labora-
tories (Saladino et al. 2007), have produced all
four canonical RNA bases, as well as purine
acyclonucleosides (albeit with rudimentary
“sugar” moieties) (Saladino et al. 2003). Given
the plausibly prebiotic nature of formamide as
a starting material and solvent (Benner et al.
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2004), the one-pot synthesis of a proto-nucleo-
side is a remarkable observation that certainly
merits serious consideration as an alternative
route to nucleosides.

The concept of nucleic acid evolution also
opens the door to that possibility that proto-
RNA contained nucleobases and/or a trifunc-
tional moiety that more easily formed nucleo-
sides. The merit of this hypothesis was first
demonstrated by Miller and co-workers, who
showed that urazole, a five-membered hetero-
cycle with the same Watson-Crick hydrogen
bonding pattern as uracil, reacts spontaneously
with ribose to give a- and b- pyrano- and fura-
nosides (Kolb et al. 1994; Dworkin and Miller
2000). More recently, Bean et al. investigated
nucleoside formation with ribose and 2-
pyrimidinone (Bean et al. 2007), a pyrimidine
with the same 2-oxo functional group as uracil
and cytosine, but with a proton instead of
oxo- or amino-substitution at the 4 position.
This base was shown to form nucleosides in
heating-drying reactions, in which up to 12%
of the remaining base was converted to the
b-furanoside, possibly the highest conversion
of a base to a nucleoside observed to date in a
simple heating-drying reaction. Computational
studies of this reaction have confirmed the
importance of the in-plane lone pair of 2-
pyrimidinone in nucleoside formation, which
is also present in the imidazole ring of purines,
and the importance of divalent cations in lower-
ing the activation barrier to glycosidation
(Bean, Sheng et al. 2007; Sheng et al. 2009).
Together, the results obtained for urazole and 2-
pyrimidinone illustrate that nucleoside forma-
tion from a preexisting base and sugar may
not have been such a difficult step in proto-RNA
formation, if the proto-nucleobases differed
somewhat from those of contemporary RNA.

Selection of the Nucleoside Linker: When Did
Nature Choose Phosphate?

The phosphate backbone is a chemical hallmark
of contemporary nucleic acids. As a triacid,
phosphate provides nucleic acids with a means
to connect two alcohols, in the form of sugars,

via ester linkages, while maintaining a negative
charge (a key contributor to nucleic acid solu-
bility in water). As Westheimer pointed out in
his insightful paper entitled “Why Nature
Chose Phosphates” (Westheimer 1987), it is dif-
ficult to conceive of a chemical arrangement
that would provide better functional character-
istics. The ester linkages provide connectivity
that is sufficiently labile so that enzymes can
hydrolyze the polymer (for proofreading or
monomer salvage), whereas the negative charge
provides sufficient screening of the phosphorus
center from nucleophilic attack to stabilize the
polymer against hydrolysis. Additionally, the
intrastrand electrostatic repulsion afforded by
the regularly-spaced negative charges may be cru-
cial to an extended helical conformation and for
information transfer that is rigorously dependent
on Watson-Crick base pairing (contrast proteins,
in which self-assembly via molecular recognition
occurs, but not by the rule-based Watson-Crick
system observed in nucleic acids). Westheimer
noted that phosphate is unique here, as well: as
a polyvalent acid with all acidic protons in close
proximity, its negative charge will afford greater
protection from nucleophilic attack and intraresi-
due repulsion than would a polyvalent acid with
its ionizable moieties more distant from one
another (e.g., citrate).

Benner and coworkers have experimentally
explored the importance of backbone charge
on the ability for RNA-like molecules to form
duplexes with Watson-Crick base pairs. As a
neutral structural analog of the phosphodiester-
linkage, they studied dimethylenesulfone-
linked nucleosides (in which the O30 and O50

sugar atoms are replaced by methyelene groups
and phosphorus is replaced by sulfur) (Huang
et al. 1991; Richert et al. 1996). The results
from these studies were intriguing, but less
than straightforward to interpret. Although
short sulfone-linked DNA analogs (sNAs)
were shown to support Watson-Crick base pair-
ing (Roughton et al. 1995), longer oligosulfones
appeared to have somewhat compromised
pairing abilities (Huang et al. 1991; Richert
et al. 1996) and small changes in nucleobase
oligosulfone sequence resulted in appreciable
changes in oligomer solubility, folding and
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aggregation (Eschgfaller et al. 2003; Schmidt
et al. 2003). These authors interpreted the
results of these studies as evidence that (1)
charged linkages are important for molecular
recognition by providing a repulsive energetic
term between the two backbones of a duplex,
ensuring molecular recognition is largely a
function of the nucleobases, (2) that the regular
repeating charge limits intramolecular folding
of oligomers, thereby allowing these polymers
to function well as linear duplexes and as tem-
plates for the same during replication, and (3)
that, given the dominance of charge in govern-
ing the physical properties of these nucleic acids
in aqueous solution, changes in DNA/RNA
nucleobase sequence have only a second-order
effect on polymer properties (i.e., sequence
exerts more effect on the molecular recognition
of a complementary strand and less effect on
helical parameters), thereby allowing the use
of virtually any possible nucleotide sequence
(Benner et al. 2004).

Studies from the fields of biological and
medicinal chemistry have also provided some
insight regarding the importance of backbone
charge on nucleic acid base pairing. For exam-
ple, methylphosphonates, in which one phos-
phate oxygen is replaced by a methyl group,
provide a neutral linkage that is among the clos-
est possible structural analogs of the natural
backbone (Miller et al. 1981). Oligonucleotides
with methylphosphonate substitutions support
Watson-Crick base pairing in water, as homo-
duplexes and as hybrid duplexes with natural
nucleic acids (Miller et al. 1981; Kiblerherzog
et al. 1991; Schweitzer and Engels 1999). Sur-
prisingly, removal of negative charges does not
result in a substantial increase in duplex stabil-
ity, as might be expected because of the reduced
Coulombic repulsion between backbones com-
pared with DNA and RNA. In contrast, two
neutral polymers with more radical structural
changes, “morpholinos” and PNAs, have been
shown to form hybrid duplexes with RNA and
DNA that are of greater stability than homo-
DNA or homo-RNA duplexes (Summerton and
Weller 1989; Egholm et al. 1993; Brown et al.
1994; Summerton and Weller 1997), and PNA
will form homoduplexes with Watson-Crick

molecular recognition (Rasmussen et al. 1997;
He et al. 2008). The hybridization of nucleic
acids is the result of a complex interplay of
numerous factors, including hydrogen bonds,
nucleobase stacking interactions, backbone
conformational landscapes, electrostatic inter-
actions and hydration effects. Thus, the sensi-
tivity of duplex stability to backbone charge is
consistent with the predicted importance of
the phosphate backbone in facilitating base
pairing, but the observation of several success-
ful neutral polymers suggest we presently lack
sufficient information to understand the precise
origin of the observed charge-dependent differ-
ential stabilities.

Although phosphate esters are functionally
superior linkages, they show several chemical
characteristics that may have made it difficult
to incorporate them into the earliest biopoly-
mers. The first is solubility. In the presence of
divalent cations, free phosphate tends to form
insoluble minerals; outside of living organisms,
the phosphate resources on Earth even today are
found as insoluble mineral deposits (Keefe and
Miller 1995). Indeed, phosphate is a limiting
reagent in much of contemporary life. Although
recent hypotheses have been proposed for the
availability of reduced forms of phosphorus
on the earth which are more soluble (De Graaf
and Schwartz 2000; Bryant and Kee 2006;
Schwartz 2006; Pasek 2008), the low aqueous
solubility of the contemporary (V) oxidation
state of phosphorus, in the presence of divalent
cations, and the positive DH associated with
phosphoester formation present problems for
prebiotic phosphate chemistry.

Another chemical characteristic of phos-
phate that would have made polymer formation
challenging is the kinetic barrier to spontaneous
phosphate ester formation. The negative charge
of phosphate above pH � 1 presents a barrier to
ester formation, which, like hydrolysis, must pro-
ceed via nucleophilic attack on the phosphorus
atom. It is possible to activate phosphate for
ester formation (e.g., using methylimidazolides).
However, such activated phosphates are neces-
sarily high-energy compounds and, as would
be expected, hydrolysis competes with polymer-
ization.
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Phosphate activation poses problems for
both de novo production of oligomers from
monomers and the incorporation of oligomers
into higher polymers. In the case of monomer
polymerization, Ferris and coworkers have
shown that activated imidazolide derivatives
of adenosine nucleotides will polymerize on
mineral surfaces, but a large proportion of the
monomer is incorporated into cyclic dimers
(Miyakawa et al. 2006). In attempting to poly-
merize tiled half-complementary hexanucleo-
tides into higher oligo- and polymers by
carbodiimide activation, Kawamura and Oka-
moto also observed substantial amounts of
cyclized starting material (Kawamura and Oka-
moto 2001). In both of these examples, a signif-
icant amount of starting material is irreversibly
incorporated into an undesired side product. In
addition to being a nuisance in the lab, these
side products would have amounted to a fatal
and committed step in the synthesis of a nascent
proto-RNA. This problem illustrates a difficulty
in nonenzymatic polymerization that must be
taken into account when considering how the
nature of the synthetic routes to and structural
identities of early genetic polymers: irreversible
linkages are adaptive for an informational
polymer only when mechanisms exist to make
them conditionally reversible (so as to allow
proofreading).

The difficulties described earlier confound
the efficient prebiotic chemical synthesis of
phosphate esters—ligation of activated sub-
strates yields mixed regioisomers and poor rep-
lication fidelity because of strand cyclization,
base misincorporation, and premature product
chain termination (Joyce and Orgel 1999; Kawa-
mura and Okamoto 2001; Miyakawa al. 2006).
Work by Usher and colleagues has provided
encouraging evidence that the 20,50 linkage
is more labile than the contemporary 30,50

regioisomer, suggesting that thermodynamic
selection may be helpful in addressing a subset
of the aforementioned problems with phospho-
diester linkages (Usher and McHale 1976).
However, all these difficulties can be circum-
vented by the use of a linker chemistry that ini-
tially forms a low-energy, reversible bond,
allowing for selection of the thermodynamic

product (i.e., in the case of RNA, the Watson-
Crick base-paired product).

One remarkable example of the power of
reversible linkages was provided by Lynn and
coworkers, who showed that 50-deoxy,50-amino,
30-deoxy, 30-formylmethyl-dT could polymer-
ize via reductive amination in aqueous solution
(Li et al. 2002). Polymerization occurred only in
the presence of a d(A8) template; without a tem-
plate, no oligomer product was detected. Inter-
estingly, only linear polymers were observed.
Here, polymerization decreases the entropic
cost of hybridization, driving base pairing
(which is disfavored at the mononucleotide
level in water) (Yakovchuk et al. 2006). In turn,
hybridization increases the local concentration
of amines and aldehydes, driving the formation
of imine linkages (which are otherwise disfa-
vored in 55 M water). Since the irreversible
reduction step requires the imine linkage to be
present, and imine formation was template
dependent, only linear polymers were formed.
In this system, the subtle interplay between
base pairing and linkage formation drives the
simultaneous formation of reversible covalent
and noncovalent interactions which are other-
wise disfavored. Several other intriguing exam-
ples of self-assembling reversible polymers have
been shown, particularly by the Lehn laboratory
(Sreenivasachary and Lehn 2005; Sreenivasach-
ary et al. 2006; Sreenivasachary and Lehn 2008).

Acetal linkages have the potential to provide
reversible bonds, thereby providing the benefits
showed by the reversible imine chemistry of
Lynn. For example, the 30, 50-formacetal linkage
(i.e., phosphate replaced by -O-CH2-O-), has
been examined by a number of laboratories
(albeit not in fully modified oligonucleotides).
Phosphorus (V) esters and acetals are both
tetrahedral and approximately isosteric, and
it is known that aNAs can base pair with RNAs
(Matteucci and Bischofberger 1991). Speci-
fically, point substitutions of this linkage
impart a modest destabilization to DNA-DNA
and DNA–RNA duplexes and show salt-
dependent effects on RNA-RNA duplexes (sta-
bilization at low salt, destabilization at high
salt) (Jones et al. 1993; Rice and Gao 1997;
Rozners et al. 2007; Kolarovic et al. 2009).
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Investigators have invoked compatibility with
the B-versus A-form helices, electrostatic, and
hydration effects for these observed differential
effects. Further, some evidence has been pre-
sented that the destabilization associated with
this substitution in DNA–DNA duplexes is
sequence-dependent (Pitulescu et al. 2008).
Finally, the 30-thioformacetal linkage has been
shown to slightly destabilize DNA-DNA
duplexes and slightly stabilize DNA-RNA
duplexes (Jones et al. 1993). The latter stabiliza-
tion was explained by a combination of sugar
pucker, bond lengths, and accessible torsion
angles resulting from the 30-thio substitution.
This sugar pucker effect was later confirmed
by NMR spectroscopy (Rice and Gao 1997).

With the proper choice of aldehyde or
ketone, these linkages can provide a negative
charge that has proven critical to the phospho-
diester backbone. For these reasons, acetal-
linked nucleic acids (aNAs) are an intriguing
potential ancestral polymer (Hud and Anet
2000). Acetal bond formation is favored over
hydrolysis on water removal (Wiberg et al.
1994). The concentration of substrates that
occurs during dry-down, driving bond forma-
tion, would also favor the hybridization of
short, complementary sequences, providing
an accessible means by which to drive polymer-
ization.

The functionalization of an acetal with a
negatively charged group, such as carboxylate
group in the case of the aldehyde glyoxylate,
would provide a localized charge near the back-
bone acetal linkage, thereby providing many of
the favorable electrostatic properties afforded
by phosphate. Glyoxylate has been shown to
form in a prebiotically plausible reaction from
glycolaldehyde (Weber 2001). We have specu-
lated that glyoxylate could have preceded phos-
phate in an early proto-RNA, in the form of
glyoxylate-acetal nucleic acids (gaNAs, Fig. 2G)
(Bean et al. 2006). Based on energy minimized
molecular models, it appears that a gaNA du-
plex would show helical properties very similar
to RNA, suggesting that information transfer
could occur between the two polymers. The for-
mation of gaNA dinucleotides has been shown
on heating and drying of a neutral solution

containing nucleosides, glyoxylate and mono-
or divalent cations (Bean et al. 2006). These ace-
tal linkages formed by glyoxylate and nucleo-
sides are surprisingly stable to hydrolysis—no
detectable decomposition occurs after two
weeks at room temperature and neutral pH.
Importantly, gaNAs can be hydrolyzed at mod-
erately elevated temperature in the presence of
salt (i.e., 60 8C, 1 M MgCl2). An accessible
means to modulate polymer stability (in this
case, temperature and salt concentration),
which provides an attractive means by which
to “turn on and off” thermodynamic control
of polymerization—a crucial feature in the
chemical synthesis of an early informational
polymer.

It is possible that other, similar, molecules
could form suitable linkages. For instance, pyr-
uvate, like glyoxylate, provides a negative charge
and tetrahedral geometry, and ketal bond for-
mation is still expected to be more facile than
phosphodiester bond formation. Further, pyru-
vate is ubiquitous in life and formed in excellent
yield in model prebiotic reactions (Weber
2001).

It is important to note that additional pro-
mising models have presented for the prebiotic
formation of oligonucleotides that begin with
either a reduced form of phosphorus or mono-
nucleotides activated as cyclic monophos-
phates. Reduced phosphorus species, such
as phosphite, in addition to showing the afore-
mentioned enhanced solubility relative to phos-
phates, enjoy enhanced reactivity. Schwartz and
coworkers reported high yields of uridine
50-H-phosphonate (as high as 44% in the pres-
ence of urea) in 60 8C drying reactions of aque-
ous ammonium phosphite, uridine and,
optionally, urea. Additionally, when dried at
110 8C, these authors reported production of
small amounts of putative higher-order prod-
ucts, the most abundant of which was produced
in 4% yield, which they tentatively assigned as
the 50,50 H-phosphonate-linked dinucleotide.
This species could be oxidized with iodine to
a second species, assigned as the phosphate-
linked dinucleotide (De Graaf and Schwartz
2005). Like acetals, H-phosphonate diesters are
a conditionally reversible, low-energy linkage.
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Although they are uncharged and hydrolyti-
cally labile, upon oxidation, they become nega-
tively charged, comparatively hydrolytically
inert phosphate diesters, making phosphonates
another attractive, conditionally reversible back-
bone linkage. Finally, DiMauro and coworkers
have recently reported that 30, 50-cyclic AMP
and GMP will spontaneously form homo-A
and homo-G oligonucleotides, respectively, in
aqueous solution (Costanzo et al. 2009). These
authors propose that nucleotides activated as
cyclic monophosphates are potentially prebio-
tic, based on their earlier demonstration of
30, 50-cyclic AMP formation in formamide sol-
utions containing phosphate minerals (Cos-
tanzo et al. 2007).

As Westheimer, Benner, and others have ele-
gantly discussed, phosphate affords RNA nu-
merous positive characteristics (Westheimer
1987; Benner et al. 2004). When considering
some of the adaptive traits of RNA as a poly-
mer—hydrolytic resistance, water solubility,
extended conformation, and heritability of an
arbitrary sequence because of rule-based mole-
cular recognition—it is tempting to speculate
that phosphate might be the optimal linker for
all possible RNA-like polymers. The roles of
phosphate in contemporary life, however, are
possible only because of a highly optimized
suite of catalysts, which enable the transfer of
energy between disparate substrates and the
“phosphate economy” (i.e., via the agency of
ATP and similar compounds). Absent such ca-
talysis, the chemical synthesis (and subsequent
proofreading) of phosphate esters and anhy-
drides is problematic. Many of the same attributes
of phosphate that are adaptive in contemporary
life could have been maladaptive in the proto-
biopolymer world. We therefore suggest that other
chemistries, including those discussed here, be
considered as possible linkers for the nucleosides
of proto-RNA. These linkers could have incor-
porated some of the favorable traits of phosphate
(e.g., electrostatic benefits, significant hydrolytic
stability) while addressing some of the problem-
atic ones (e.g., disfavored bond formation,
lack of a proofreading mechanism in chemical
synthesis) (Westheimer 1987; Bean, Anet et al.
2006).

CHALLENGES AND FUTURE DIRECTIONS

Our primary objective in this article has been to
present some of the known challenges for the
prebiotic synthesis of RNA, as well as potential
solutions to these challenges that become avail-
able if we accept the possibility that one or more
proto-RNAs predated RNA. More than a mere
academic exercise, the discovery (or “reinven-
tion”) of a self-assembling RNA-like polymer
would have tremendous potential for applica-
tions in biotechnology, medicine, and materials
science.

Although our current examples of self-
assembling polymers with reversible linkages are
limited, the properties of these polymers are
impressive and indicative of the promise held
by the development of this area of polymer sci-
ence. For example, dynamic covalent assemblies
have been examined by the Lehn laboratory in
the form of guanosine hydrogels, and they
have shown that these self-assembling materials
can act as controlled release media for bioactive
small molecules (Sreenivasachary and Lehn
2005, 2008). Similarly, these investigators, as
well as Leibler and coworkers, have also shown
that polymers with the capacity for constitu-
tional reorganization show a number of intrigu-
ing material properties, including self-healing
and chemoresponsive characteristics (Sreeniva-
sachary et al. 2006; Cordier et al. 2008).

Most recently, Ghadiri and coworkers have
showed the ability for peptide nucleic acid
polymer with reversible linkages between a poly-
cysteine backbone and thioester acyclonucleo-
sides to undergo a form of evolution in
response to the presence of different DNA tem-
plates (Ura et al. 2009). Almost simultaneously,
the Liu group reported a similar system, involv-
ing amidation and reductive amination of a
PNA backbone with acyclonucleosides contain-
ing carboxylate and aldehyde functional groups
(Heemstra and Liu 2009). Acyclonucleosides
formed in formamide mixtures recently
reported by Di Mauro and coworkers share at
least some structural similarity with those
used by the Ghadiri and Liu laboratories, sug-
gesting that prebiotic routes may exist to
nucleosides that multiple investigators have
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now shown could couple to varied preformed
backbones. One can now imagine the develop-
ment of RNA-like polymers following a similar
theme, creating functional polymers that are
environmentally responsive, perhaps even
evolving new functions in response to unantici-
pated environmental signals, which is com-
pletely feasible for polymers with reversible
linkages that can assume the thermodynami-
cally most favored state, as defined by their local
environment.

Finally, the prospect of proto-RNA is reason
for optimism that we will yet discover RNA-like
polymers with self-assembling properties that
are superior to any currently known. The chem-
ical space that still must be searched is vast, but
it is not infinite, and the studies discussed ear-
lier have certainly provided clues to where we
will most likely find such polymers, and perhaps
even the origin of RNA.
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at 2.4 Ångstrom resolution. Science 289: 905–920.

Battersby TR, Albalos M, Friesenhahn MJ. 2007. An unusual
mode of DNA duplex association: Watson-Crick interac-
tion of all-purine deoxyribonucleic acids. Chem Biol 14:
525–531.

Bean HD, Anet FAL, Gould IR, Hud NV. 2006. Glyoxylate as
a backbone linkage for a prebiotic ancestor of RNA. Orig
Life Evol B 36: 39–63.

Bean HD, Sheng YH, Collins JP, Anet FAL, Leszczynski J,
Hud NV. 2007. Formation of a b-pyrimidine nucleoside
by a free pyrimidine base and ribose in a plausible prebi-
otic reaction. J Am Chem Soc 129: 9556–9557.

Benner SA. 2004. Understanding nucleic acids using syn-
thetic chemistry. Acc Chem Res 37: 784–797.

Benner SA, Ricardo A, Carrigan MA. 2004. Is there a com-
mon chemical model for life in the universe? Curr Opin
Chem Biol 8: 672–689.

Bolli M, Micura R, Eschenmoser A. 1997. Pyranosyl-RNA:
chiroselective self-assembly of base sequences by ligative
oligomerization of tetra nucleotide-20,30-cyclophos-
phates (with a commentary concerning the origin of bio-
molecular homochirality). Chem Biol 4: 309–320.

Brown S, Thomson S, Veal J, Davis D. 1994. NMR solution
structure of a peptide nucleic acid complexed with RNA
Science 265: 777–780.

Bryant DE, Kee TP. 2006. Direct evidence for the availability
of reactive, water soluble phosphorus on the early Earth.
H-Phosphinic acid from the Nantan meteorite. Chem
Commun: 2344–2346.

Butlerow A. 1861. Bildung einer zuckerartigen substanz
durch synthese. Liebigs Ann Chem 120: 295–298.

Cairns-Smith AG. 1982. Genetic takeover and the mineral
origins of life. Cambridge University Press, Cambridge.

Chen JJ, Cai X, Szostak JW. 2009. N20!P30 phosphorami-
date glycerol nucleic acid as a potential alternative genetic
system. J Am Chem Soc 131: 2119–2121.

Cleaves HJ, Nelson KE, Miller SL. 2006. The prebiotic syn-
thesis of pyrimidines in frozen solution. Naturwissen-
schaften 93: 228–231.

Cordier P, Tournilhac F, Soulié-Ziakovic C, Leibler L. 2008.
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