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We demonstrate a triplex-based architecture for DNA-templated synthesis. This study is motivated by pro-
gress towards the development of a synthetic ribosome — autonomous, genetically programmable, mole-
cular machinery for synthesis. Such schemes for the creation and evolution of chemically diverse DNA-
tagged chemical libraries rely on hybridization reactions of oligonucleotide adapters to control sequential,
DNA-templated reactions of covalently attached building blocks. To enable parallel one-pot library syn-
thesis it is desirable that any building block can be incorporated at any position in a product oligomer: this
is incompatible with geometries commonly used for DNA-templated synthesis which require alternate
reactants to be attached to 3" and 5’ termini of their adapters. Our triplex-based architecture overcomes
this problem by templating reactions between building blocks attached to adapters with identical struc-
tures. It is intended to form the core of programmable molecular machinery for multistep synthesis. Here,
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Introduction

Combinatorial synthesis has transformed lead compound
development.' Split-and-pool techniques can generate libraries
with millions of compounds but identifying active members of
a complex library presents a challenge.> DNA-encoded chemi-
cal libraries (DECLs) address this issue by associating each
product with a DNA tag which records synthetic steps:*>* tags
can be amplified and sequenced to identify selected library
members. Autonomous DECLs streamline multistep synthesis
by employing the DNA tag to direct or encode the sequential
addition of DNA-labelled building blocks without external
intervention.>® Building blocks attached to identifying DNA
adapters (analogous to tRNAs) remain effectively unreactive,
due to their low concentrations® or protective sequestration,’
until held in close proximity through hybridization reactions
of their adapters. Colocalization increases the effective concen-
trations of the selected building blocks and thus promotes
their reaction, enabling control of reaction sequence.>® If the
identifying DNA tag acts as a program to direct synthesis, then
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we use single-step coupling reactions to characterize the triplex reaction template.

multiple rounds of in vitro selection could be achieved by
amplifying and reusing selected tags. Mutation and recombi-
nation of DNA-encoded programs would allow evolution of
products not present in the original library.®°

An ideal architecture for programmed DNA-templated oligo-
mer synthesis would allow any building block to be incorpor-
ated at any position in the product. It would also provide an
identical environment for each reaction">"" so the efficiency of
chain extension would be independent of chain length. DNA-
templated reactions often occur across the end of a double
helix, formed by hybridization of two adapters to each other,
or where adapters are brought together by hybridization to
contiguous domains of a common template, i.e., across a nick
in the backbone of one strand of a duplex.'®™ In either case,
if an oligomer is to be created by a defined sequence of trans-
fer reactions (as in the ribosome) then alternate building
blocks must be attached to the 5’ and 3’ ends of their respect-
ive DNA adapters (Fig. S1). This is inelegant and has the practi-
cal disadvantage that a given building block can only be incor-
porated at odd or even positions in the product. To avoid this
restriction, parallel duplexes, triplexes or quadruplexes'®™®
could be used to juxtapose like ends of oligonucleotide
adapters. Like ends of two adapters have been juxtaposed to
template reactions at a triplex-duplex junction;'® however, this
architecture is intrinsically asymmetric — one adapter forms a
triplex, one a duplex - and is ill-adapted to template sequential
reactions. The principle that like ends of two triplex-forming
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oligonucleotides (TFOs) can be colocalized was demonstrated
in experiments in which alkylating agents tethered to the 5'-
ends of TFOs bound to adjacent inverted purine tracts were
used to cleave dsDNA at the junction between the
triplexes.'®*° Here, we introduce and test a similar triplex
architecture that juxtaposes like ends (5’ or 3') of adapters
for DNA-templated synthesis (Fig. 1). This architecture
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Fig. 1 The triplex template architecture. (a) Components: two DNA
adapters (Al and A2), the templating gene (T) and its partial complement
(T€). Each adapter comprises an identifying anticodon domain separated
by a flexible ssDNA linker from a universal triplex-forming domain adja-
cent to the attached building block (R). Adapters are identical except for
their attached building blocks and corresponding anticodons.
Palindromic central sections of T and TS comprise polypurine and poly-
pyrimidine domains. (b) T and T form a templating duplex with adja-
cent, inverted, triplex-forming domains, formed by hybridization of the
palindromic sections, and overhanging ssDNA codons. Al and A2 bind
to the template through their anticodon and triplex-forming domains
(c). Triplexes formed by the 3" ends of the adapters and the template
duplex bring 3’ ends of Al and A2 into proximity. (c) Base sequences of
the templating triplex.
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enables specific recruitment of any two DNA-conjugated reac-
tants from a diverse pool and places them in an identical
reaction environment. Adapters comprise two functional
domains: an anticodon that identifies the attached building
block and a universal triplex-forming sequence used to colo-
calize reactants.

Results

Fig. 1 shows an implementation of the templating architec-
ture that juxtaposes building blocks attached to 3’ termini
(for 5'-functionalized adapters see Fig. S2). The templating
gene (T) is designed to hybridize to its partial complement
(T°) to create a duplex with, at its centre, two identical,
inverted (palindromic) polypurine/polypyrimidine duplexes
flanked by 10 bp spacer duplexes. Codons at either end of
the gene hybridize to the anticodons of two DNA adapters
(A1 and A2) which carry the corresponding reactive building
blocks at their 3’ termini. Triplex-forming domains at the
functionalized ends of the adapters bind, by reverse
Hoogsteen base pairing, to the polypurine domains at the
centre of the template duplex to form identical, inverted tri-
plexes. Triplex formation juxtaposes the 3’ termini of the
adapters in the major groove of the templating duplex,
holding the reactive building blocks in close proximity and
thus promoting their reaction. A key feature of the design is
that the reaction-templating triplexes should not be
sufficiently stable to recruit adapters without the cooperative
binding of the codon domains. Both adapters have the same
structure comprising anticodon, spacer, universal triplex-
forming domain and reactive building block. This means
that any one of a pool of adapters could be recruited by a
matching codon to either position (red or green) on the tem-
plating complex. The reaction-templating triplex could thus
form the core of a synthetic molecular machine that brings
together adapters, recruited from a pool of reactants by
specific binding of their anticodon domains, in a pro-
grammed sequence. In such a machine, after the n™ syn-
thesis step the growing chain (concatenated building blocks
1 .. n + 1) would be attached to the n + 1™ adapter
bound at one codon, with the spent n™ adapter bound to
the other. The machinery would then replace the n™ codon
with the n + 2™, recruiting adapter n + 2 and promoting
transfer of the growing chain to building block n + 2. The
cycle would be repeated, with each transfer reaction taking
place in the same environment at the end of the growing
oligomer.

The base sequence of the triplex-forming domain is purine-
rich and binds in an antiparallel orientation to the polypurine
tract of the dsDNA template in a pH-independent manner.>*">?
The antiparallel triplex motif is stabilized by specific reverse
Hoogsteen hydrogen bonds: thymine recognises adenine-
thymine base pairs and guanine recognises guanine-
cytosine.>*>* The specific sequence chosen was adapted from
those studied by the Dervan group;*°>* weaker A-AT bonds
could also be incorporated.””?> The two adapters bind to
opposite strands of the templating duplex on either side of the
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major groove with their 3’ (or 5) ends juxtaposed, in the
required configuration for DNA-templated synthesis. We chose
not to investigate the alternative parallel triplex motif,”* which
incorporates protonated cytosines, because the requirement
for low pH would constrain the chemistries used for DNA-tem-
plated synthesis.

To test the ability of the triplex-forming sequence to form
juxtaposed, inverted triplexes in this duplex-triplex hybrid
architecture,”® we used a restriction endonuclease protection
assay (Fig. $3).>® The palindromic domain in the dsDNA tem-
plate is designed to overlap a 6 bp sequence recognised and
cut by a restriction endonuclease. Triplex-forming oligonucleo-
tides inhibit the activity of DNA-binding proteins, including
endonucleases.>®>° Adapters (whether juxtaposing 3' or 5
ends) thus protect the template from digestion; adapters with
mismatched triplex-forming domains provide no protection.
These measurements demonstrate binding of the triplex-
forming domains of the adapters, as designed.

We also evaluated the stability of the architecture using
Forster resonant energy transfer (FRET) between Cy3 and Cy5
fluorophores in place of the building blocks (Fig. S4 & S5). A
single, well-defined melting transition of the four-strand
complex at approximately 70 °C is observed. In contrast, when
the triplex-forming domains of the template were mutated to
prevent triplex formation a broader transition with a lower
melting temperature was observed. These observations are
consistent with cooperative binding of the anticodon and
triplex domains of the adapters.

We tested the effectiveness of the palindromic triplex archi-
tecture at templating synthesis, with reactants tethered to jux-
taposed 3'-3' or 5'-5' termini, using three established DNA-
templated coupling reactions: amide bond formation, copper-
free azide-alkyne cycloaddition (copper-free click) and thiazoli-
dine synthesis®'**° (Fig. 2-4). For 3’ modifications we
employed amino-Cs linkers to the oligonucleotide adapters,
while amino-Cj5 linkers were used for 5’ modifications (Fig. S6)
to compensate for the additional 4’C-5'C bond between the
functionalized phosphate group and the ribose sugar at the 5'
terminus; the linkers therefore had closely similar lengths.
Results obtained using a longer amino-Cy, linker are presented
in SI (Fig. S6, S9-514). Reactions were analysed using denatur-
ing polyacrylamide gel electrophoresis (PAGE) (SI Methods).
Templated amide bond formation between 5'-linked reactants
resulted in higher yields than for 3’ modifications (Fig. 2, S9-
S14); copper-free click (Fig. 3 and S7) and thiazolidine syn-
thesis (Fig. 4 and S8) showed the opposite bias.

Energy-minimized structural models of the adjacent
inverted triplexes show that the distance between juxtaposed 5’
termini is significantly shorter than that between 3’ termini
(Fig. S15), as observed in studies of alternate-strand triplexes
formed by TFOs with polarity-inverting backbone linkages.*"*>
This is consistent with our measurement of greater amide
coupling yields with 5-linked reactants (Fig. 2). The opposite
bias observed with copper-free click and thiazolidine synthesis
may reflect additional localizing interactions between building
blocks (or their linkers) and nearby nucleobases.'®**7°
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Fig. 2 DNA-templated amide bond formation. (a) Reactive building
blocks. (b) Product of reaction across 3'-3' and (c) 5-5 ends (S|
Methods). Strands T, TS, A1-NH, and A2-COOH were annealed in MOPS
buffer (pH 7.7) supplemented with MgCl,. After annealing then equili-
bration at 24 °C for 20 h, DMT-MM was added to activate amide coup-
ling (final concentrations: 91 nM T, 98 nM T<, 99 nM A1-NH,, 99 nM A2-
COOH, 23 mM MOPS buffer, 18 mM MgCl,, 45 mM DMT-MM in a total
volume of 35.2 pL). The reaction was run at 25 °C for 20 h. Lane C: fully
complementary triplex sequences. Lane M: templating duplex mutated
to disrupt triplex formation.

Exploration of other factors affecting the yield of the tem-
plated amide coupling reaction is presented in SI. Higher
yields, up to 62% for 5'-5’ and 28% for 3'-3’ reactions, were
obtained using a longer linker to the amine group (Fig. S9-
S14). The efficiency of amide bond formation between 5'-
linked reactants (Fig. S9) is comparable to the across-the-nick
architecture, widely used to template synthesis, in which
adapters functionalized at 3’ and 5’ termini are brought
together by hybridization to a common template (Fig. $1).">™**
Non-templated controls (NTC) in which the template duplex
was absent or mismatched in the triplex-forming region pro-
duced significantly lower yields. Triplex-templated yields are
insensitive to temperature up to 55 °C; yields with mismatched
triplex domains decrease strongly with increasing temperature
(Fig. S9). The relationship between ionic concentrations and
templated amide bond formation is complex (Fig. S10-S13). At
55 °C yield is increased by increasing magnesium ion concen-
tration but decreased by increasing sodium ion concentration.
At 25 °C, increasing sodium ion concentration increases yield
for magnesium ion concentrations less than approximately

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 DNA-templated copper-free click. (a) Reactive building blocks.
(b) Product of reaction across 3'-3" and (c) 5'-5 ends. (d) Time-course
of the reaction. The reaction proceeds more rapidly across 3'-3" ends.
Conditions (see S| Methods): T, T were annealed in MOPS buffer (pH
7.7) with MgCl,. After annealing then equilibration at 24 °C for one hour,
A1-DBCO was added and allowed to assemble at 45 °C for one hour.
A2-azidobenzoate was then added. The reaction was run at 45 °C (final
concentrations: 100 nM T, 108 nM T, 109 nM A1-DBCO, 109 nM A2-azi-
dobenzoate, 25 mM MOPS buffer and 20 mM MgCl; in a total volume of
32 pL). C: fully complementary triplex sequences. M: templating duplex
mutated to disrupt triplex formation.

15 mM but decreases yield at higher magnesium concen-
trations. Optimum combinations of sodium and magnesium
are different for 5-5' and 3'-3' coupling. Screening, most
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Fig. 4 DNA-templated thiazolidine synthesis. (a) Reactive building
blocks. (b) Product of reaction across 3'-3" and (c) 5'-5" ends. (d) Time
course of the reaction. The reaction proceeds more rapidly across 3'-3'
ends. Conditions (see SI Methods): strands T, T, Al-benzaldehyde and
tert-butylthio protected A2-cysteine were annealed in MOPS buffer (pH
7.7) with MgCl,. After annealing, then equilibration at 24 °C for 20 h,
TCEP-HCl was added. The reaction was run at 45 °C (final concen-
trations: 91 nM T, 98 nM TS, 99 nM Al-benzaldehyde, 99 nM A2-
cysteine, 23 mM MOPS buffer, 18 mM MgCl,, 6 mM TCEP.HCl in a total
volume of 35.2 pL).

effectively by dications, is necessary to stabilize both double
and triple helices; the complex dependence of reaction yield
on salt conditions observed®® is likely to reflect the stabilities
of the designed structure and of competing patterns of base
pairing.

When intervening base pairs were introduced between the
two triplex domains the yield of triplex-templated amide bond
formation was reduced to below the yield with mismatched
triplex-forming domains (Fig. S14). This provides supporting
evidence that the triplex-forming domains of the adapters are
bound to the corresponding regions of the templating duplex
and for the hypothesis that the yield of the templated reaction
depends strongly on the separation of the tethered reactants.
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Conclusions

The proposed triplex-based architecture is capable of templat-
ing diverse reactions between reactive building blocks coupled
to identically structured DNA adapters. Reaction yields are
comparable to more conventional architectures for DNA-tem-
plated synthesis but without the requirement for alternating
5'- and 3'-conjugated adapters, allowing any building block to
be incorporated at any position in multistep oligomer syn-
thesis. The triplex architecture fulfils a key requirement of the
functional core of a synthetic ribosome, that it be capable of
controlling multiple reactions between DNA-labelled building
blocks in an identical environment in an arbitrarily program-
mable sequence.
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