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The template-directed extension of polynucleotide chains by
individual residues underlies DNA replication. In nature, this
reaction is catalyzed by DNA polymerase$hese are unusual
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by a study on the effect of mppended cholic acid residues on
terminal T:A base pairs of DNA duplexésTheir stabilizing and
mismatch suppressing effect was also found for C:G base 3airs.
It was suspected that the cholic acid residue could promote the
association between templating bases and activated residues.
For our study, we adapted a monitoring technique for nuclease
selection experimenfsemploying quantitative MALDI-TOF mass
spectrometry# Since extension products can be detected indi-
vidually, the technique allowed for assays in which four activated
nucleotides compete for the primer in one solution. Our assays
employed DNA templates of general sequerieé@-B*ACGTGCG-
3, where R is an acyl group and B* is &-&mino-2,5-
dideoxynucleotide residuel#—g, 5a,g, 6a,g), and 5-CGCACGT*-
3 as primer ), where T is a 3-amino-3-deoxythymidine

enzymes that accept four different substrates. Polymerases argesique (Scheme 1). The amino-terminal primer is isoelectronic

also employed in key biomedical applications, including sequen-
cing, PCR amplification, and SNP genotypih@he fidelity of
polymerase-catalyzed replication is critical both for the integrity
of genomes and for any of the applications named aBduee
selectivity of nucleotideoligonucleotide interactions alone is
insufficient to provide the fidelity required even for small
genomes.

Nonenzymatic, template-directed synthesis of oligonucleotides
has been demonstrated in a number of molecular systéme!

and isosteric to its deoxyribo counterpart, but reacts faster with
imidazolides®®'®It was prepared from’3azido-3-deoxythymidine

via 4t, as described in the Supporting Informatié.emplates
la—6g were synthesized using known protoclsThe B-acyl
groups tested included arginine-containing residuls, (Lc)
capable of activatinGa—t toward nucleophilic attack, an electron-
rich arene {d), a quinolone previously shown to stabilize T:A-
terminated duplexeslé),'® an electron-deficient arenéff, and

the cholic acid residuel, 5g, 6g). The duplex oflaand2 has

cases, the replication requires high concentrations of the reactantsg 5iculated melting point of 58 at 0.1 mM strand concentra-

long reaction times, and certain sequences. Since RNA probablytion,

had a pivotal role in prebiotic evolutidhand ribonucleotide
primers are more reactive than theif-dzoxyribonucleotide

leaving practically no single strands under our assay
conditions (23°C, 0.2-0.4 mM strands). The synthesis of
methylimidazolide8a—t'8°and of the 5terminal residues for

counterparts, many studies focused on RNA-based systems. Buty aparingsa, 5¢, 6a, and6g followed literature precedents.

as in transcription, DNA can also act as a template for the
formation of complementary RNA strands. However, dinucle-
otides such as AA, AT, TA, GA, and AG in a DNA template
cannot be replicated with sufficient rate and fidefitin 1993,
Hill, Orgel, and Wu concluded that “the origin of polynucleotide
replication probably involved catalysts that “smoothed away” the

sequence-dependent differences in configuration that occurred a

the end of growing chain$” Though this view has been
challenged, T, U, and A residues in the template still produce
obstacles that are difficult to surmount in nonenzymatic replica-
tion. Efficient self-replicating systems based on DNA are also
limited to sequences with templating G and C residdes.

Here we report on'Sacylamido-substituted templates that are

capable of accelerating the incorporation of deoxyadenosine,
deoxyguanosine, and thymidine residues in single nucleotide

extensions. The design of therbodified templates was prompted
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Calculated rate constants for extension reactions are listed in
Table 1. Compared to the acetyl grouplia all 5'-acyl groups
in 1b—g accelerated the extensions, with up to 5-fold shorter half-
life times for primer2. However, cholic acid-bearing template
1gwas the only residue making the reaction more specific. With
leas the template, the error rate was 89%, compared to 42% for

tla, while cholic acid-bearindggave 27%. The rate of the desired

extension (fromlg?2 to 1gi4a) was accelerated 6.5-fold. To
exclude that this required the presence of the other nucleotides
(accelerating effects of mixtures have been described for ribo-
nucleotide-based systerffsyve performed control experiments
with 1g:2, or 2 alone, and3a as the only activated nucleotide.
With single strande@, only about 60% conversion was found
after 3 d (numerical half-life time 45 h). Witig:2, complete
conversion oR to 4a occurred with a half-life time of 1.% 0.2

h, confirming the effect found in the competitive reaction.

With 5aand5g as cytosine-containing templates, the expécted
rapid extension wittbawas further accelerated by the cholic acid
residue in5g. A 5.2-fold rate increase for the overall reaction
and a half-life time of the primer of under 35 min were measured.
The selectivity of the reaction increased from 32% to 23% non-
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Table 1. Kinetic Parameters for Extension Reactibns changing the templating effect of the thymidine does not
duplex  tyPimer (h) KA Ke S KT errors (%) necess_arily Qecelerate the rea_lctipr}. In fact, for neither of the
aromatic residues tested, an inhibitory effect that could have
13{2 20.8 19 3 9 2 42 resulted from stacking on the last intact base pair of the duplex
1222 ig'g 22 2 %g g gg (blocking the 3-amine of the prim_er_) was observed._ _
1d-2 179 15 5 15 3 60 Though our molecular system, in its current form, is unsuitable
1e2 55 14 8 102 3 89 for catalyzing extensions by more than one residue, the results
1f:2 105 24 9 28 5 64 are encouraging in the context of simple self-replicating systems.
1g2 4.1 123 7 35 4 27 If a natural product as small as cholic acid can accelerate extension
542 28 51 16 169 13 32 _reactions and smooth outa fidelity bias toward C—_templates: there
5¢:2 0.54 188 59 991 48 23 is r:ppg that the recrunmdgnt of é:q;‘tactors C(i:e;]r] r}ngr/(é/e simple
. replication systems, avoiding a drift toward hig -content.
23‘,% 11'3 %g 18 %i 1% 3573 Synthetic methodology for the preparation of-aninoacyl

oligoribonucleotides is currently being develogédhese oli-

a2 Rate constants in I®h%, calculated from results of fits to kinetics; ~ goribonucleotides may allow an extension to all-RNA systems.
second-order rate constants may be calculated by dividing &) c( Since the reaction rates measured are far from the diffusion
(0.0193 M). See Supporting Information for a detailed table with |imit and the cholic acid residue is devoid of cationic groups
standard deviations. providing electrostatic attraction or electrostatic catalysis, there
is little doubt that the catalytic microenvironment set up by this
residue can be substantially improved. Since our results also
"Yemonstrate that the cholic acid “cap” exerts its accelerating effect
on more than one substrate/template pair, the combination of
promiscuity and fidelity also found in polymerases may be
retained during this optimization. Further extension of this work
to “molecular caps” anchored noncovalently on primer-template
duplexes is planned.

Watson-Crick incorporations. For reactions witha and 6g,
whose templating base is an adenine, the overall rate acceleratio
was 2.8-fold and the error rate was reduced from 57% to 25%.
Thus, the steroid residue adjusted the fidelity of thymine-,
cytosine-, and adenine-templated reactions to very similar values.
The rates of incorporation still differ between the T- or A-
templated reactions and the C-templated reaction (by a factor of
up to 9.8), but so do the rates of polymerase-catalyzed reaétions.
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