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Cytosine TNA promotes nonenzymatic, template-directed oligomerization of complementary activated rGMP, leading to selective and efficient
formation of RNA products. This process models “genetic takeover” of a pre-RNA by RNA.

Accurate transfer of genetic information is critical for the
survival of an organism. In a prebiotic environment, however,

the sophisticated enzymes that facilitate replication of modern= ffi,,o REE

nucleic acids would have been absent. As a result, prebiotic nik d \ &
informational polymers need to access other, nonenzymatic, w k—? ‘HT‘D
modes of replication. Yet, to date, RNA monomer synthesis K - Q/_\g ﬁ
via prebiotic model reactions has proven elusive, although §°_\j 1;0\3

several milestones have been attained in the area of ribose & 4 ou

N S

synthesis and stability Thus, a pre-RNA may have aided

the transition from prebiotic materials to the RNA wofld.  Figure 1. Structures of (a) DNA, (b) RNA, (c) TNA, and (d)
(L)-o-Threose nucleic acitlTNA, is a variant of natural ~ 2-MelmpG.

nucleic acids wherein ribose is replaced by a four-carbon

sugar (Figure 1). TNA has the capacity to form stable duplex structures with both DNA and RNA Further, threose is

formed during condensation of simple aldehydes in prebiotic
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to serve as a template for nonenzymatic transfer of geneticjj N NN

information®7 Specifically, we report successful nonenzy-

matic oligomerization of RNA on a TNA template (Scheme 1 2 3 4 5 6 7 8
1), a process that models genetic take®wdra pre-RNA _
by RNA. 71 TGCCGG .a Zhes

T TCGGCC1CCCCCCCs e -

Scheme 1. Nonenzymatic, Template-Directed Oligomerization
Reaction Conducted with Templatés-3

— Template

N. N+ -
i " -
: 1T TGCCGG - NES
A7 T T CGGCC-CCCCCCCs-32 -
TT TGLCGG 2MelmpG TT T GCCGrGrGrGrGrGrGrGrG - “ ' Hiad
T TCGGLCACCCCICHCeCC532P T T CGGCCACHCCHCCtCeCC-5-329 Template 2

all other residues= DNA.

— N+7
— N+6

Template3 from Figure 2 shown; tG= TNA-C, rG = ribo-G, '

=
TTaecaG -
Three hairpin templates with varying numbers of TNA TrrcGecciaaaaaaccss .“‘ -
residues were synthesized (Figure 2, left of panel) on an ABI- Template 3 M — Template
394 oligonucleotide synthesizer and purified by 20% dena-

turing PAGE? Hairpin templates enable low concentrations
of template/primers to be used without interference of off- Figure 2. Time course study of nonenzymatic oligomerization
template reaction®.All three TNA-bearing templates were  reactions or??P-end-labeled TNA bearing templatés-3 (tC =
TNA-C, rG = ribo-G, all other residuess DNA). The extent of
oligomerization was assessed at 30 min, 1 h, 4 h, 12 h, 1 day, 3
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11 TGCCGIG3P
T T CGGCCACCCrCrCeCrCC-532p .

Figure 3. RNase T1 digests of oligomerization products from

templatesl, 2, and3 (panels a, b, and c, respectively). Lanes

contain: template only (lane 1), oligomerization products only (lane
2), oligomerization products and buffer with no enzyme (lane 3),
and oligomerization products, buffer, and RNase T1 (lane 4).

first phosphodiester bond formed during oligomerization on
all three templates is 3',5'-linked.

Pyrophosphate byproducts may form when 2-MelmpG
reacts with the terminal’phosphate instead of the terminal
2'/3'-hydroxyl group of a hairpin template. Pyrophosphate
byproducts may be revealed by treating the products from
an oligomerization reaction with calf intestinal alkaline
phosphatase (CIAP). In the assay,

11 TGCCGG
T T CGGCCACHCrCtCrCrCrCC5-32p
Template 3 L —

Figure 4. Evaluation of template-directed oligomerization fidelity
and divalent ion performance using templat€onditions: 10 day
reaction time, 1.2 M NaCl, 200 mM 2,6-lutidifdCI pH 8.0, 0.5
uM template3, 100 mM 2-MelmpA (lane 1), 100 mM 2-MelmpG
(lanes 2—9), 5°C. Divalent metal ion content [200 mM], lanes
1-9: MgCh, no divalent ions, MgGl MnCl,, CoCh, Ni(NOz),,
ZnSQ,, HgChL, Pb(NQG),.

may be attributed to nucleation of intrinsic 2-MelmpA
stacking at the hairpin templateé@G terminus and subsequent
bond formation, possibly enhanced by weak interactions with
the template.

Effects of different divalent ions on oligomerization were
explored with template3 incubated in the presence of
2-MelmpG. The results are shown in Figure 4, lanes 2—9.
Full-length oligomerization products were only observed
when the reaction contained MgCAll other divalent ions
used essentially led to no oligomerization.

Our results demonstrate that TNA is capable of nonen-
zymatic, template-directed oligomerization of RNA, a neces-
sary capability of pre-RNA. In past work, PNA has been
investigated as a pre-RNA candidate, showing both a capacity
for formation from plausible prebiotic chemic&lisand
template-directed RNA oligomerizatidh!2 Although rates
of both PNA®2and TNA template-directed oligomerization

hairpin templates whose?"® less than that of DNA or RNA templates, it is notable

5'32P group has undergone pyrophosphate bond formationthat the 2-methylimidazole leaving group was optimized for

with 2-MelmpG will be protected from CIAP and revealed

the latter polymer$® Nevertheless, the data reported here

by subsequent PAGE autoradiographic analysis, whereadndicate that TNA rivals PNA in effectively promoting

those hairpin templates retaining a free’® group after

10 day incubation will have this group cleaved by CIAP and
be invisible to autoradiography. When the oligomerization
products from all three templates were treated with CIAP,

template-directed synthesis of RNA. Further studies explor-
ing nonenzymatic replication with TNA are ongoing.
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